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ABSTRACT

Chapter 3 (Studies 1 and 2 — Paper 1)

Purpose: To examine the reliability of a single (CMJ1) amr duration 5 repeated

(CMJ5) countermovement jump ethods: Two studies were conducted in which 15
elite Australian Rules Football (ARF) subjects peried AM and PM trials of either a
CMJ1 or CMJ5 on two days one week apart. Trialssve®nducted using a portable
forceplate. The Typical ErroffE) and Coefficient of variationQ\VWbo) were calculated
to assess intra-day, inter-day and overall religbiResults: Mean ForceCV 1.08%)
and Relative mean forc€Y 1.57%) were the most reliable variables in the Cl&idd
CMJ5 conditions respectively. Only CMJ1Mean forcspthyed alE < smallest
worthwhile changegWQ@. Conclusion: Selected CMJ1 and CMJ5 variables display
levels of reliability acceptable for them to be dise the assessment of the impact of

chronic and acute training and competition in eNEF players.

Chapter 4 (Study 3 — Paper 2)

Purpose: To examine the acute and short term responseiablelCMJ1 and CMJ5
variables in addition to salivary Testosterone d9rtisol (C) and T:C to an elite ARF
match.Methods. Twenty-two elite ARF players provided CMJ and salsamples
from 48h pre match to 120h post match. The mageitfcchange in variables was
analysed using the effect size (ES) statistic ardifférence to pre match and 48h pre
match.Results: CMJ1Flight time:Contraction time displayed a subtta decrement
(ES -0.65 + 0.28) from pre to post match. Cort{&®$ + 1.06) and T:C (ES -0.52
0.42) also displayed large pre to post match char@elJ1Flight time:Contraction time
was the only CMJ variable capable of detecting@eataent compared to 48h pre

match. Cortisol displayed a clear pattern of respaompared to 48h pre match.



Conclusion: CMJ1Flight time:Contraction time appears to berttwst useful variable
for monitoring neuromuscular status in elite ARRy@rs whilst C may provide the

most useful measure of hormonal status.

Chapter 5 (Study 4 — Paper 3)

Purpose: To examine neuromuscular and hormonal responsésgdaiseason of elite
ARF competition and assess the relationship betweese variables and performance,
training and competition loadl ethods: Fifteen elite ARF players performed CMJ1
and CMJ5 trials and provided saliva samples padhé commencement of the season
(Pre) and between matches of the 22 match seakerma@gnitude of change in
variables compared to pre was assessed using teaiSic and % change.
Correlations were conducted to assess relationbleifygeen these variables and training
and competition load and performanBesults: CMJ1Flight time:Contraction time
was substantially reduced at 60% of measurementpoompared to pre with
magnitudes of change up to ES -0.77 + 0.81 (-17.Baitisol was up to 40% lower in
all but one comparison against pre, whilst theaasp of T was varied. Large increases
in T:C (up to ES 2.03 £ 0.76) were evident compacepre. CMJ1Flight
time:Contraction timer(= 0.24 + 0.13and C ( = -0.16 + 0.1) displayed small
correlations with performanc&onclusion: The response of CMJ1Flight
time:Contraction time suggests periods of neuromasdatigue. The response evident
in hormonal measures indicates subjects were uplikehave been in a catabolic state
during the season. Both CMJ1Flight time:Contractiore and C may be useful

monitoring variables in elite ARF athletes.
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PREFACE

This thesis comprises 4 Experimental studies ptedaas 3 papers in the form
accepted for publication. These papers are supgpbyténtroduction, Review of
Literature and Conclusion chapters. Each experireiids on the previous one in an
attempt to understand neuromuscular fatigue andaime responses as they relate to
elite Australian Rules Football (ARF) athletes.

The first paper comprises Experimental Studiesdlza(Chapter 3).
Cormack, S.J., Newton, R.U., McGuigan, M.R., angIBoTim L. A., Reliability of

Measures Obtained During Single and Repeated Conatement Jumps.

International Journal of Sports Physiology and Peniance In press.

Chapter 4 contains the second paper (ExperimetidyS3).

Cormack, S.J., Newton, R.U., and McGuigan, M.Rufdenuscular and Endocrine
Responses of Elite Players to an Australian Ruteghiall Match

International Journal of Sports Physiology and féemance In press.

Chapter 5 reflects Experimental Study 4 (Paper 3).

Cormack, S.J., Newton, R.U., McGuigan, M.R., andnd@e, P., Neuromuscular and
Endocrine Responses of Elite Players During anraliah Rules Football Season.

International Journal of Sports Physiology and Peniance In press.

In addition to these papers, the following preséona relate to research

conducted contributing to completion of this thesis
Conference Presentation: Cormack, S. Performangettding — The Use of

Repeat Jump TestalS Team Sport Conference,
Canberra 2006
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CHAPTER 1

1.0 INTRODUCTION

Australian Rules Football (ARF) is played by twartes of 22 players, with each
match lasting between 100 and 120 minutes. At augytione there are 18 players from
each team on the field and 4 interchange playarsulimited number of interchange
rotations is allowed. Although specific field pasits exist, there is no limitation on
where players can move. Typically, players are attarised as forwards, backs and
midfielders. Previous work has shown midfield glesyin the Australian Football
League (AFL) cover distances of between 14 and 20Rrerage speed has been
reported as 6.78 + 0.94 kim with maximums of 29.7 + 2.2kiw.2 Distance covered
and the amount of sprinting, jogging and walkingears to be influenced by positidn
and during the course of an elite ARF game, plagszsnvolved in 52 to 91 game
activities that are also generally dependant oitipas In addition, players can be
involved in large amounts of physical contact sashackling and bumping during a

match and this may also contribute to the fatigagponse.

The AFL comprises 16 teams that play in a Nati@oahpetition lasting 22
matches, followed by a 4 week finals series. Tleesgteams based in 5 of Australia’s
capital cities, although 10 are based in Melbouvfietoria. The AFL is currently the
largest spectator sport in Australia but despigehtighly professional nature of this
competition, there is limited data available on plogentially fatiguing affects of week
to week competition in elite players. Due to thggastion that overtraining syndrome
is a dysfunction of both the nervous and endosistem3 it is possible that various
measures, such as those related to neuromuscudldwoamonal status may be useful
monitoring tools in an elite ARF population. Additially, such variables may have a

relationship to performance measures and trainirgpmpetition loads.



There have been numerous attempts to establigitéhef neuromuscular
fatigue and determine its influence on musculafgperance’”’ Neuromuscular fatigue
is traditionally associated with changes anywhetsvben the brain and muscle fibre
with distinctions made between central and periglfatigue based on the specific site
of disruption® A limitation to a number of studies examining timpact of
neuromuscular fatigue is the requirement for complguipment and time consuming
protocols*®® These limitations decrease the usefulness of wsth when there is a
requirement for rapid assessment of large numbeathtetes. In order to overcome
these limitations, some attempt has been madalisefunctional athletic tasks to
measure neuromuscular fatigue. However, performaname of these tasks is likely
to be affected by metabolic factd¥$® which makes it difficult to isolate the role of
neuromuscular fatigue in their performance. A fartlimitation to functional tests of
neuromuscular fatigue is the reliability of variedblkthat can be measured in these types
of movements. It is important that variables ol#diduring a functional test are highly
repeatable so that any change in performance cattrii®ited to changes in function.
The impact of high level contact team sport pgstitipn on these variables is largely
unknown and so little data exists to clarify thesefulness as measures of
neuromuscular status. Therefore, how these measaspsnd to changes in workload
or how changes in neuromuscular status influendeqmeance in elite ARF players is

uncertain.

In addition to the impact of neuromuscular fatigueperformance, the
hormonal response to exercise has also been walhaented®*° However, there is
little work examining the hormonal response toedivel contact team sport
performancé®?* particularly over entire competitive seasonss bassible that
measures such as the Testosterone (T) to Cor@3ah(io (T:C) may be useful in
assessing the relative anabolic or catabolic stedé® athlete and provide a potential
marker of the response to training and competitiorkloads®>%° However, the link
between endocrine measures and training or conguekitad and performance in elite
level ARF players is unknown. Due to this, an ipttleanalysis of endocrine response

in elite ARF athletes appears warranted.



1.1 Purpose of the Research

The first purpose of this research was to estaltishreliability of numerous
measures obtained from a single and short duragipeated countermovement jump
(CMJ) utilising a portable forceplate (Experimerailidies 1 and 2). Secondly, the
response of reliable CMJ variables and T, C andtd:&single elite level ARF match
was assessed to identify the pattern of resporgséighlight those measures with the
greatest potential for usefulness as monitoringstaoross longer periods (Experimental
Study 3). Finally, those variables identified assin@luable in Experimental Study 3 in
addition to T, C and T:C; were measured througlacsgason of elite ARF competition
in order to examine the manner of their responseaasess the magnitude of change in
these variables in relation to performance anaimmgiand competition loads

(Experimental Study 4).

1.2 Significance of the Research

The development of an easy to administer test ofamuscular fatigue with
high reliability would be useful to both sport sttists and coaches involved in the
preparation of high level athletes. An in depthlgsia of neuromuscular and hormonal
measures obtained during an extended period oirigaand competition for elite level
contact team sport would provide an insight inIttng term responses expected in
such athletes. It is possible that these variadnlesapable of detecting various degrees
of acute fatigue, overreaching, or overtraininge@iically, this analysis may shed light
on the value of these measures in elite ARF, pdatty in relation to issues regarding

the impact of training and competition load and@@nance.

1.3 Research Questions

1. What is the level of intra-day, inter-day and olleriability in a range of
variables that can be obtained from a single and sluration repeated CMJ in
elite ARF athletes? What is the ability of thesdalkales to detect the smallest
worthwhile change (SWC)?



. What impact does a single ARF match have on neusouolar status, as
measured by the response of variables identifigélable in Experimental
Studies 1 and 2?

. As a result, which CMJ variables appear to be thstreensitive and useful
indicators of neuromuscular status in elite ARFypta?

How do the hormones T, C and T:C respond to ae ARF match and what is
the potential value of these endocrine measurdsiigier term tracking?

. What is the response of neuromuscular and hornmmeakures to a season of
elite ARF competition and how do changes in thesebles reflect

performance and training or competition loads?



CHAPTER 2

2.0 REVIEW OF LITERATURE

2.1 Synopsis

This review begins with an analysis of the conadpatigue, and specifically
with neuromuscular fatigue and its origins. Methotlassessing neuromuscular fatigue
are then examined with particular reference toegithperformance and the limitations
to the use of various measurement techniques iisg@nvironments. This is
followed by an evaluation of the efficacy of ussiggle and repeated stretch shorten
cycle (SSC) movements as indicators of fatigueustat athletic populations, especially
those involved in team sports. This section ofrhwew concludes with an assessment
of previously reported vertical jump reliabilityusiies and technical issues associated

with the measurement and reporting of reliability.

The next section of the review examines the usndbcrine variables as
indicators of fatigue status. The measurement sto&terone (T), Cortisol (C) and their
ratio value (T:C) is discussed in addition to tesponse of these measures in various
individual and team sports. This includes previwosk assessing the ability of these
variables to reflect changes in training volume entensity or performance. Analysis of
the relationship between neuromuscular and hormoealkures has also been included.
Finally, an assessment of previous work in whichramuscular fatigue and hormonal

response has been measured in elite ARF playeanducted.



2.2 Fatigue

A commonly accepted principle of training is thatexiod of loading followed
by adequate rest results in improved performahé&Due to this; an imbalance
between training and recovery can result in fatigu@ch if continued, can negatively
impact performanc&.? This imbalance has sometimes been referred to as
overtraining®2*which is reflected as a combined reduction ingrenfince and
altered mood stat®.It has been suggested that short term overtraimiryerreaching
is a reversible occurrence where performance caadmvered within days or weeks,
whilst staleness or overtraining syndrome is a éorigsting phenomena where
performance continues to be suppressed despitetiedsiin training stresg:?°*In
situations where athletes have deliberately underdatigue inducing training prior to
periods of recovery, they are likely to enter deskaown as functional
overreaching®**=*Conversely, where insufficient recovery is allovielfowing high
load training, athletes can suffer from non-funcéiboverreaching®**=>*It has been
suggested that overtraining is a dysfunction ohtibe nervous and endocrine systéms.
Although this suggests measures of change in thedems could be worthwhile, it is
possible that performance measures are the mosttamp criteria for the diagnosis of
overreaching and particularly overtraining ang iaiso conceivable that other systems

(eg. muscular) are experiencing dysfunction dutimgs of overtraining®3>>°

Whilst the concept of an imbalance between traiaind recovery resulting in
fatigue may be widely accepted, the term “fatigmely have various connotations
depending on the context in which it is applféd‘although it has been consistently
defined as a reduction in maximal force generatepcity>®*°that is thought to

involve many factors at various sites within theneenuscular systeff.

A number of models have been proposed to desdriattors that contribute
to fatigue, including the cardiovascular/anaerobadel, energy supply/depletion
model, muscle trauma model, thermoregulatory mdaemechanical model and
neuromuscular modéf:** Although all of these models provide some insigtu the

possible origins of reduced force production calgbthe study of neuromuscular



fatigue is potentially one of the most useful fetetmining both acute and longer term

fatigue responses to training and competition ghhevel athletes.
2.2.1 Neuromuscular Fatigue

Neuromuscular fatigue is traditionally associatétthwhanges anywhere on the
pathway between the brain and muscle fibre, withot$ at the motor unit level
considered peripheral and events occurring in thator spinal cord considered
central® The level of force produced by a muscle in a vi@nncontraction is
determined by the firing frequency and pattern otan unit recruitment, and increasing
either of these aspects plays a role in increasiadorce of the contractiof.Fatigued
muscle is known to develop tension more slowly than-fatigued muscle and displays
a simultaneous extension of the relaxation pHaseonjunction with a decrease in
peak force production capability it has also been suggested that this reversible
reduction in efficiency may be present regardldssh®ther or not a given workload
can be maintainedThe exact site on the chain from the Central Nesv®ystem (CNS)
(Central Activation Failure) to the contractilestie (neuromuscular propagation failure)
where neuromuscular fatigue is controlled is unglaad it has been reported that both
central and peripheral factors are responsibledduced force production capabilffy.
Research aimed at determining the site and masbppate method of measuring

neuromuscular fatigue has been pursued quite vighyd 9384254

2.2.2 Central Fatigue

Central or supraspinal fatigdéias been referred to as an “activity induced”
inability to fully activate a muscle and as a pexgive reduction in voluntary activation
during exercisé.It is thought that central fatigue exists as agutive mechanism to
guard against irreparable exercise induced muscteade (EIMD) or systemic
failure >® During maximum fatiguing contractions, the incee#s centrally mediated
neural drive is insufficient to compensate forued at a peripheral levél.The precise
cause of central fatigue is inconclusive but map$sociated with intracortical
inhibition. Changes in serotonin, dopamine andyédclebline concentrations in the brain

may reduce neural drive, resulting in decreasee fiecruitment®**



The CNS contribution to fatigue is often assumedeol on the comparison of
the force of contraction elicited by electricahstilation of motor axons (which removes
the contribution of the CNS to the contractionytduntary contractions. If there is no
difference in contraction measures between thenvaty and electrically stimulated

conditions, it is taken to represent the absenaenfral fatigué?

2.2.3 Peripheral Fatigue

A contrasting explanation for decreased force pectidu is the contribution of
peripheral mechanisms. Peripheral fatigue suggedéesreased ability of the muscle
itself to produce forcé The Neuromuscular Propagation Failure Theory sstggbat
the ability of a muscle to produce force is deteeni by the muscles response to an
electrical stimulus? Inhibition is believed to occur at the sarcolenwna-motor
neuron level where a reflex response from the neusdults in reduced neural
activation. The mechanism underlying this resp@pm®ears related to increased Na
and reduced Kgradients via less than optimal activation of tre& N<" pump. This in
turn causes a decrease in action potential andatkly less Cdrelease from the
sarcoplasmic reticulum and/or a total loss of exlity in selected fibres resulting in
decreased force productii®*! Similarly, the Muscle Power or Peripheral Failure
Theory proposes that changes occur at the musak [Ehis theory suggests that force
production limitations occur as a result o Caelease and/or regulation and variations
in cross bridge cycliny**and proposes that individual motor units may eiepee

fatigue.

2.2.4 Central and Peripheral Contributions to

Neuromuscular Fatigue

Numerous studies have been conducted in an attengpiantify the relative
contributions of central and peripheral factoratigue®® Exercise induced central
fatigue can be studied with the use of the twitiknpolation technique which assesses
the degree of voluntary activation of a musc@entral fatigue can also be analysed by

the response of a particular muscle to transcrateatrical or magnetic stimulatiorin



a study where central and peripheral fatigue wdsdad by electromyostimulation
(EMS), subjects were required to complete a batténeuromuscular tests before and
after 13 min of EMS-induced resistance exertibe results of this study showed the
maximum voluntary contraction (MVC) of the plantxor muscles to be significantly
decreased after EMS (9.4%< 0.01). The authors concluded that both centrdl an
peripheral factors contributed to the musculagisidetected and importantly that the
EMS induced reduction in neural drive came in respgao decreased motor unit
recruitment and/or firing rate within the centrarvous system. Whilst this data
provides some insight into the mechanisms that coayribute to neuromuscular
fatigue, the non-functional nature of the protaoeblved raises the question of
applicability to sporting tasks. It may also betjararly difficult to utilise these

methods of neuromuscular fatigue assessment ietigtskettings.

Another study investigating central and peripheaadtributions to fatigue
examined fatigue during repeated maximal volunisoynetric plantar flexionS.
During the fatiguing bouts (9 bouts of 10 MVC), oas in joint torque, level of
activation, resting twitch amplitude, electromyqumg (EMG) signals, and presynaptic
inhibition were investigated. These researchersloded that MVC'’s induced both
peripheral and central fatigue and that only pexiphfatigue was correlated with a
decrease in plantar flexor strength< 0.57). An interesting outcome of this study was
that those subjects who had a poor ability to aehfall voluntary activation during the
MVC'’s developed less peripheral fatigue. This ssig¢hat the lack of ability to
completely activate a muscle may actually leadrtdgmged endurance, however as
these results also reflect the response of a smadtle mass, this research may not be

representative of the factors important duringdamguscle mass sporting performance.

A potentially important consideration in understagdneuromuscular fatigue is
the distinction between high and low frequencygiagi. High frequency fatigue
(> 50 Hz) is characterised by a rapid loss ofdégrooduction capability at high
frequency and an equally rapid recovery when tinewsation frequency is reducéd.
However, frequencies in excess of 50 Hz are reglyriecncommon in voluntary
activation> Conversely, low frequency fatigue results in éreduction at low
frequency. Reduced &arelease in each action potential has been imptidateausing

low frequency fatigue after submaximal stretch-socycle (SSC) exercié®® In the



case of low frequency fatigue, recovery is slow aocurs over hours or days, which
suggests this type of fatigue may have the mosbitapt implications for exercisa.
Therefore, it may be important to assess neuronfausfatigue in elite ARF players
over an extended post match period to gain anhibgigo the influence of low
frequency fatigue, the pattern of response, angsagbe ability of variables to monitor

this potentially important phenomenon.

2.3 Assessing Neuromuscular Fatigue

Reduced output of motor neurons is thought to oasta result of the attempt
by the CNS to optimise force output under fatigorditions. Due to this, various EMG
measures are considered effective in quantifyingerauscular fatigug® A study
examining EMG signs of neuromuscular fatigue invthstus lateralis muscle during
cycling performance discovered changes in one oeMG variables in the majority
of subjects’® Notably, these investigators reported large irtiiai differences in the
pattern of EMG variations in response to the fatigiexercise. This group concluded
that neuromuscular fatigue accompanied ventilatoryshold and that the accumulation
of metabolic by-products was potentially resporestfBHowever, as demonstrated
previously, it may be that other fatigue modelsabke to partly explain the mechanism
of neuromuscular fatigue evident in this resedféhThe large inter-individual
differences demonstrated in this study may haveoitapt implications for the
assessment of neuromuscular fatigue and it isylitkelt individual response patterns,
including appropriate baseline data, should bergeted prior to assessing

neuromuscular fatigue status.

In another study utilising EMG to measure fatigBenato et af’ examined
fatigue related changes in the EMG signal of tran#l limb musculature during a
repetitive lifting task. They calculated an EMG &dgatigue index for dynamic
contractions utilising the instantaneous mediaquescy. This measure showed a
significant decrease during a cyclic lifting tagk<(0.05) and mean MVC force
recorded immediately after the task was also sigamtly reducedy< 0.01) when
compared to baseline measures, but significantiseased again after a 1 minute

recovery p < 0.05). This apparently short recovery time mayehianplications for the
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assessment of neuromuscular fatiglie the same study, maximum torque of working
muscles significantly decreased during the liftiagk. As MVC'’s performed in static
situations immediately before and after dynamigtang exercise displayed different
patterns from those seen in the dynamically obthitega; these researchers have
guestioned the validity of previous studies wheneatnic fatigue is inferred from
performance on static tasksAs the response and impact of neuromuscular fatigu
athletes is related to dynamic activity, the usaaf-functional static tasks appears
guestionable and it is possible that a movemesetyarelated to that performed in

athletic events would produce the most valid assess of neuromuscular status.

In addition to the use of EMG, the mechanomyogriihi() has been
suggested as a useful tool in the detection of gésin mechanical properties of muscle
due to fatigue. This is because during fatiguingt@ctions, similar responses in EMG
and MMG signals (ie. increased amplitude and dese@&requency) have been
reporteo‘?O It is assumed that oscillations measured on thfasei of the muscle are
based on mechanical events within the muscle asrefibre changes in motor unit
recruitment, firing pattern and synchronisationldcee measured via MM&.

However, there is still uncertainty as to which gibjogical changes due to fatigue are
detectable through changes in MMG, although itissible that MMG may be able to
more accurately reflect the decrease in MVC tharGE/A study examining EMG and
MMG responses of the biceps brachii muscle to 3tueis of isometric elbow flexion,
found clear evidence of fatigue after intermitteomtractions at extremely low force
levels (10% and 30% of MVCY.The fatigue was still detectable after 30 minuates
recovery. Interestingly, this long lasting fatigwas displayed differently in EMG and
MMG signals. These results appear to raise questibout the ability of these two
methods to be used interchangeably when assessiuyial fatigue. There also appears
to be similar limitations to the use of MMG in atit populations that exist with regard
to EMG.

Despite the capacity of these studies to indidaeotigins and mechanisms
associated with neuromuscular fatigue, they areduirby the non-functional nature of
the fatigue protocols and the complexity of the sueament equipment and variabiés.

In addition, the assessment of central activatimeschot usually occur during the
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exercise intervention, and measures of centrauatare often made using activities
that are different from the fatigue taSK. From this data, it is unclear as to whether
fatigue interventions more representative of spgrperformance exhibit the same

pattern of response in EMG and MMG measures.

2.4 Neuromuscular Fatigue and Athletic Performance

The use of various EMG and MMG parameters in tisessment of
neuromuscular fatigue is well established. Howetlare is less work examining the
fatiguing effect of functional athletic activitie®ga EMG, MMG or the use of non-
invasive performance oriented tasks. In suppottiigfconcept, it has been suggested
that a practical test capable of assessing lovwéeqgy fatigue in hard training athletes
is warranted?® In fact, it has been claimed that the use of dqdar fatigue measure
can be justified depending on whether the intaseist underlying physiological

mechanisms or functional relevance measured viameance outcome¥.

In one study utilising athletic performance ané&msfunctional assessment
task, 9 well trained endurance runners and trisgbleompleted a treadmill run for 300
min at 55% of previously determined maximal aerakilocity 3® Each hour, subjects
were required to perform neuromuscular tests inofy@ x 5s MVC of the knee
extensor muscles with 1 min rest between trialsluggons in MVC were significant
after the & hour and reached -28% ¢ 0.01) at the end of exercise. MVC was still
significantly depressed after a 30 min recoverygaeWhilst the results of this study
indicated changes in MVC as a result of athletiovay, it is questionable whether the

fatiguing task employed is representative of mgmyrting events.

Ten kilometre run performance has been used rafigats an intervention in
fatigue studies?*°One projec® monitored a number of variables including EMG
activity, ground reaction forces, MVC and 20m spparformance. The results showed
a decrease in maximal running speed and an increasatact time during the 20m
sprint. These authors concluded that the 10km egatively affected neuromuscular
function, resulting in an impairment of force geatéerg capacity. This project provides

evidence of the effect of athletic activity on nemuscular function and how its
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impairment can affect subsequent explosive perfoo@alt may be that high intensity
functional tasks such as a 20m sprint or otherasnpé actions are useful tools for

monitoring neuromuscular fatigue.

Further evidence of the impact of athletic activigs been demonstrated via
examination of the fatigue effects of marathon genfance. The impact of this
endurance event were measured via isometric MVQjmea M waves, Hoffman reflex
and stretch reflex during a repeated SSC actitilynhaximal drop jumps from a
predetermined optimal height) Maximal isometric force and maximal rate of force
production in the soleus and gastrocnemius musates reduced by 29.8 + 10.9% and
29.5 + 27.1% respectively, immediately after theatfzon. Scores obtained 2h after
completion had recovered significantly< 0.05). Values continued to return to pre
marathon levels until full recovery was reachedgsdpost exercise, however the
maximal rate of force production was still signéitly lower than pre marathon levels
(p < 0.05) at this time point. The authors concludet the most significant changes
were seen in landing responses from the SSC activitich did not appear to have
improved 6 days post exercise. Push off force amd tvas significantlyg < 0.05)
reduced resulting in a decreased takeoff velo€ityese findings lend support to the
notion that SSC activities, particularly those meament variables reflecting force-
time parameters, may be capable of detecting lastinlg low frequency neuromuscular

fatigue resulting from athletic events.

The results of EMG research suggest that a nunflarameters may be useful
in assessing both the level and site of fatiguethtetic populations, however there
appear to be numerous limitations to use of thesasorement techniques. Part of this
limitation lies in the regular use of MVC'’s, whiethough able to assist in the
assessment of total muscle fatigue, are distimttfgrent from dynamic movements
where contractions often involve less than 50%tslItmuscle mass activated
concurrently’’ Importantly, the use of isokinetic contractionsiisepresentative of
normal movements that have regular velocity chaagelsthe protocols used often
involve contraction velocities well below those rsé® dynamic activity” Some
authors have also raised methodological concetatedeto surface EMG which

suggests results should be viewed with cadtion.
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Although determining the precise origin of decreafece production capability
as a result of neuromuscular fatigue is importesrnfa mechanistic perspective, it is
potentially less important from a practical viewpoilt is arguable that the choice of
model for examining neuromuscular fatigue depemdthe specific purpose of the
assessment.In the case of elite ARF players, the detectioth iampact of
neuromuscular fatigue may be the most critical eis@ad a simple athletic task may be
more useful than complex methods of assessmenidesimgy the limitations involved
with complicated equipment, a large number of a#islend the requirement for prompt
feedback. Given the results of previous wbrk SSC activities may be capable of

detecting neuromuscular fatigue resulting fromegtblperformance.

2.4.1 Stretch Shorten Cycle Assessment of

Neuromuscular Fatigue

Consistent with this notion, previous studies ssgtfgat SSC activities may be
useful in the study of neuromuscular fatigfi€"®*This is related to the fact that in such
movements; metabolic, mechanical and neural elesvaettaxed in conjunction with
disturbances of stretch-reflex activatitrRecovery from SSC exercise occurs in two
phases that are characterised by an initial largp ith performance, followed by a
transient recovery and then a further drop thaegaly peaks 48 to 72h post exerci§e.
The initial decline in the ability to produce forhas been attributed to metabolic
processes and the secondary reduction to inflamnptocesse®’ although as
suggested earlier this may be considered a simogiin of the mechanisms responsible

for low frequency neuromuscular fatigtfe'

Various forms of vertical jump (VJ) have been usédely in the assessment of
athletic performand&'222335375nd it has been proposed that assessing repatiive
power may also be importahtlt is interesting that the elastic behaviour ofstias has
been shown to be similar in VJ and running, sudgag3tJ may be highly relevant for
assessing various parameters important in $p&ignificantly, a number of factors
have been identified as critical in the performaota VJ including the contribution of
arm swing, sequencing and timing of segmental astiand speed and amplitude of the

countermovemerft Any assessment in which a version of a singlepeated VJ is

14



utilised should ensure a technigue is chosen ithéslthe potential for change in, and
therefore influence of these factors. A distinctidrvertical jump type can be made on
the basis of the inclusion or absence of an armgwand/or countermovement in the
performance. For the purpose of this review, a it wo preparatory
countermovement has been defined as a Squat JU®) &8d a VJ with a preceding

countermovement phase is referred to as a CMJ.

Countermovement jump peak force, power and jumghtdiave been used to
assess the impact of both SSC and isometric cdiunac® Interestingly, there was no
difference in jump height decrease (15.8 v 17.3@t)vben the two fatigue protocols.
Kinematic analysis revealed no change in concephracse duration maximal hip
flexion (i.e. squat depth) following the fatigueofcol. Importantly, the fatigue
protocol produced a significant decrease& (.05) in work at the knee joint during the
concentric phase of the CMJ and a decrepse((03) in knee joint stiffness during the
eccentric phase (as measured by the eccentricamsltion phases in the SSC fatigue
group). The decreased jump performance was atabtat a reduction in the ability of
the knee extensors to generate force via a decieasescle-tendon stiffness. This
group suggested that the mechanisms involved iredsed performance in high
stretch-no impact movements were different to Isigatch-high impact performance. If
this is the case, single and repeated CMJ protocalsassess quite different fatigue

mechanisms and possibly follow a different recoveneline.

In a similar study to investigate the segmentaldimation of a CMJ, subjects
were required to perform a maximal CMJ with anchwitt fatigue’® In this case,
fatigue was induced via maximal knee flexion antéegion movements at 50% of the
subject’s body weight. The results of this reseaesiealed no change in jump height
due to the fatigue protocol, however reductionseweted in peak joint angular
velocity and power at the knee joint and these patkes occurred earlier when
compared to the non fatigued state. These autlooiduwded that neural input during the
fatigued performance may have played a role irchi@ges noted and speculated
training programs aiming to increase jump heigloiLsth avoid severe fatigue, as this
may result in the adoption of sub optimal and noectic coordination patterns. In
conjunction with previous resear&hthis suggests that whilst CMJ height may be

minimally effected by fatigue interventions, thespibility exists for changes in other
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mechanical variables or technique during CMJ perforce under fatigue. If this is the
case, an examination of changes in variables tiagrheight appears warranted and
results of previous wofR " suggest a variable capable of reflecting technique

alterations could be useful.

Whilst the preceding research has utilised varloMsl parameters to assess
neuromuscular fatigue, the protocols utilised haeen largely unrepresentative of
sporting performance. Therefore, studies involvieglistic sporting fatigue protocols
may be the most relevant. One attempt to utilisé suprotocol was a study aimed at
assessing the fatigue response to 180min of temaiish play which was also assessed
with the use of a SQJ, CMJ and 15s of repeated eMcountermovement jump peak
power post match was significantly different to fpec 0.05) whilst both SQJ and CMJ
peak power continued to be depressed 30min post gampared to pre 0.001 and
p < 0.05 respectively). Interestingly there was nargje to leg stiffness as measured via
the repeated CMJ test.

In another realistic fatigue intervention studylisiig 10km run performance,
the authors hypothesized that any muscular fordeateon evident immediately post
race would be due to acute fatigue from the exeraigl that changes that continued
long after the event would be the result of chrdatigue within the contractile urfit.
This research utilised various isokinetic strengtasures, a treadmill test of aerobic
power and a CMJ. Results showed a significant téolu knee flexion peak torque
and CMJ peak force immediately post rage (0.05). Countermovement jump rate of
force development was also significantly reduged 0.05) post race but there was no
significant change in peak power at any post ragetpThe results of this research
provide further support for the role of functiol®$C activities in measuring fatigue
from athletic events; however the lack of relidpitiata for the CMJ measures suggests
the results should be viewed with some cautiois. iliteresting to note the contrasting
response of power measures (assuming they arbledlgeen in this study and 180min
of tennis match plaff It could be that the response and sensitivityasfables is
affected by the dominant movement patterns of We@e The constant requirement to
accelerate, decelerate, and change direction arseqaent high eccentric loading

experienced in an intermittent sport such as temméy exceed that required for more
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steady state activities and specifically impactfigue response as measured via CMJ

variables.

The preceding research has primarily utilised vezifmrms of single CMJ to
assess the impact of athletic performance. In imahdio this, multiple jump and hop
performance has also been used to investigatestin®@muscular response to exercise.
10616275 one study, subjects performed a single legzootal hop onto a forceplate in
fatigued and non-fatigued stafésThe results of this study showed an increase @ekn
range of motion during landing when in a fatigutates o = 0.012). Peak horizontal and
vertical ground reaction forces were not differeatn those prior to the fatigue
intervention® A study by Augustsson et #linvolving horizontal hops for maximal
distance showed decreased hip and knee angles@mbgeaction forces during take-
off in the fatigued hop condition. As previouslysdebed, it appears that critical
technique manipulations might occur with neuromtesciatigue that may result in

functional measures with an ability to reflect edetechnique proving useful.

A potentially confounding influence in the use diltiple jumps or hops is the
impact of metabolic limitations on performance. pigsthis, numerous works have
utilised such protocols. For example, Bosco éf abmpared performance on a 60s
continuous jump test to performance on a modifiadgate cycle test, Margaria stair
climb test and 60m sprint. These authors suggdstgdhe results of their study
demonstrated a close relationship between theusfging test and Wingate test. Blood
lactate levels recorded after the 60s jump testaaesl 8.1 mmol/l, whilst the Wingate
and Margaria tests produced blood lactate meah5.dfand 14.3 mmol/l respectively.
The high levels of blood lactate produced by akéhtests suggest that metabolic
limitations are most detrimental to their performetf Further evidence of metabolic
limitations to long duration protocols exists innkanvolving completion of 40
repeated CMJ’s at 1 Hz with and without femoraggricuff occlusiort! In this study,
power output decreased by approximately 20% regssdbf condition, leading the

authors to conclude that performance was limitedhieyabolic capacity.

In another protocol likely to be limited by metailodhctors, 60s of continuous
jumping was used to establish the relationship eetwpower, fibre type distribution

and fatigu€® In this study, well trained long jumpers were rieegi to utilise a
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standardised knee bend of approximately 90 degfdmsresults indicated that average
mechanical power for the first 15s period of the &t was significantly related to fast
twitch fibre % of the vastus lateralis musale=(0.69,p < 0.05). This finding led the
authors to the conclusion that such a test mayusetul discriminator of fibre type
distribution. It is questionable whether a protosiatilar to that employed in this study
would be useful for assessing neuromuscular fatigedite ARF footballers. In

addition to the potential metabolic constraintperformance, it may be difficult to

illicit a maximum response throughout competitieasons if such a test was to be used
for monitoring purposes because of its length angigally taxing nature. Furthermore,
a test of this duration would take considerablettmimplement with large squads of

athletes which may therefore make it impractical.

Although repeated CMJ protocols may be useful §seasing different
capacities than single jump protocols, their abtiit detect neuromuscular fatigue, as
opposed to fatigue limited by metabolic factorgeqrs to depend on their duration. In
addition, as the positional error of repeated juimps been shown to be approximately
6%, it is possible that this error may be decreasetheyerformance of less
repetitions in a shorter duration test. Despitelithéations of previously examined
protocols, the potential exists for repeated juegtst to be useful in the assessment of

low frequency neuromuscular fatigtfe.

Further to earlier research relying on repeated @Mibcols of extended
duration, some attempt has been made to utilissated SSC activities of relatively
short duration. In a study aimed at establishimgubefulness of practical tests for
monitoring performance, fatigue and recovery imvde triathletes, Coultts et 3.
examined numerous variables including a 5 singjebteund for distance. Subjects were
divided into normal and intensified training groufpbe performance of the intensified
training group was significantlyp(= 0.04) reduced during the 4 week overload tranin
period and returned to pre training levels follogven2 week taper. The 5 bound
distance remained unchanged across the study partbd normal training load group.
These results may provide evidence that short idura¢peated SSC movements are
sensitive to neuromuscular changes brought abourtdogases in training load, or at
least those loads deliberately increased abovealoWhether these results apply to

different repetitive SSC tasks, different trainprgtocols or a variety of sports is
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unclear. Furthermore, the level of neuromusculagde (sensitivity) required to illicit

reductions in performance on this type of testds anknown.

2.4.2 Team Sport and Stretch Shorten Cycle Assessnief

Neuromuscular Fatigue

The use of CMJ or SQJ protocols to study the fatgeffect of team game
performance is limited. A study by Hoffman ef%&xamined the effect of a soccer
game on maximal performance whilst changes duriognapetitive college football
game have also been analyé&dihe impact of handball training and match play has
been assessed with various performance tests ingladCMJ? and the influence of a
season of collegiate big ten soccer on numerowsmeters including CMJ has also
been evaluateff.In addition, the impact of simulated soccer matigly on SQJ and

CMJ performance has also been investigated.

In an examination of the impact of soccer perforoeaisubjects completed a
SQJ and CMJ 24h pre match, immediately pre mat&imihutes post match and again
24h post match® Analysis was made comparing starters and noressafResults
showed no significant differences between stagrdsnon starters in SQJ performance
at any time point. Starters showed a significarit 0.05) decline in peak power from
pre to post match in the CMJ and there was a sigmif difference in this measure
between starters and non-starters at 24 hrs pashngeak force declined significantly
in both jump conditions from immediately pre matol24h post match in the starting
group. Significant correlations were found betwptying time and a number of
variables including CMJ and SQJ peak power immetjigiost gamer(= -0.49 and -
0.57 respectively). Playing time and SQJ peak faras significantly correlated € -
0.47) 24 hours post game. The authors of this gbadyted to the interesting fact that
there was no correlation between playing time drahge in jump performance
measures. Although speculative, it may be thabimescases performance of a single
jump does not allow a significant distinction beémegore and post event scores and this
limitation may apply more to some variables (edggh® than others. Multiple jumps or

the measurement of alternative variables from glsi@MJ may allow greater scope for
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the appearance of contrasting scores. Differentspeay also elicit unique responses

in the same variables or highlight the value afralative measures.

The impact of simulated soccer match play on $p4J and drop jump
performance has been evaluated with a protocogusimon-motorised treadmill in
which fatigue was induced with 42min of intermittenccer specific activit{/. In this
study SQJ and CMJ height was significanfly<(0.05) decreased after the treadmill
protocol. Interestingly the authors noted a tengdacgreater performance reductions
in the jumps that utilise the SSC. It may be th&trimittent and continuous fatigue
protocols induce different neuromuscular respoaseiit would seem logical to
investigate neuromuscular fatigue in team spotetgh with the use of contraction

modes that most closely mimic performance requirdme

The performance of starters and non-starters douw&a6QJ and CMJ measures
pre and post match and at the end of each qudnay (Quarter 1 — Quarter 4) was
analysed in collegiate Americémotball subject$? The results of this study showed a
significant decline in SQJ peak force (19% and 1&%€)uarter 1 for starters and non-
starters respectively. Squat jump peak power deetthy 22% at Quarter 1 in the non-
starters group, and 18% in the starters group art®u2. There was no significant
difference in SQJ maximum rate of force developnatr@ny measurement point. The
CMJ revealed a significantly lower (20%< 0.05) peak force in the starters group at
Quarter 2 compared to pre match. It was concldllatfatigue in jumping movements
occurs within the first quarter of play during afioall match. The authors hypothesised
that elevated lactate levels may precede neurabfstigue and that such central
fatigue may have a greater effect on performanhis Aypothesis may have important
applications to ARF, as fatigue due to metabolatdes is probably transient, whilst
centrally generated neuromuscular fatigue may kavger lasting implications. In
addition, if the aim is to examine neuromusculéigtee independently of metabolic
factors, it is likely that sufficient recovery tinstould be allowed between completion

of intense performance and maximum jump testing.

The preceding work examining neuromuscular fatigueam sport athletes
with the use of SSC tasks provides an importamnglmsnto the potential value of these

measurements in real world athletic settings. Harethe majority of team sport
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competitions involve more than single matches andralerstanding of longer term,
tournament or season long responses seems impaktantnber of researchers have

attempted to address this is$tié- ">

An evaluation of responses in starters and nonessain collegiate soccer
players involved in a big ten season of 19 games b¥ weeks showed significant
change<® In this study, starters displayed a significantq.05) decrease in jump
height at the end of the competition season condparbaseline scores. Jump height of
non-starters was highgp € 0.05) than starters at the end of the seasomamdtarters
displayed no change in jump height across the sed$® authors of this study
suggested the force decrements responsible foetheeed CMJ performance were
brought about by a catabolic physiological stafie results of this study suggest that
jump height, as measured with a Vertec devicesnsisive to a season of high level
soccer performance. Whether this response occuthér team sport athletes,
particularly those at the elite level is yet todsermined. It is also unclear as to
whether jump height, due to limited resolution urcls a test apparatus, lacks the level of
sensitivity to detect and track smaller changesritey be functionally important in

high performance subjects.

Neuromuscular fatigue in elite female handballypls during a training camp
and tournament has been assessed via isokinetcaxtension, 20m sprint and CM3.
These researchers revealed reductions of 6.9 + (h¥J height on the second and
third day of a training camp. Over the course af&@ches in 3 days there was a 6.7 +
1.3% reduction in CMJ height. This report indicatied average jump score to be 6%
lower than baseline on day 5 of the training calmigrestingly this test had been
preceded by 48h of recovery. The authors concltiticblayers developed
neuromuscular fatigue during the training camp twedinternational tournament and
that recovery periods during these events werdfiognt to allow return to baseline
levels. The fact that CMJ performance had not rece/ to baseline after 48h rest adds
further support to the notion of SSC tasks beingsisiwe to disturbance from high
training and competition loads and therefore uskliuimonitoring purposes in team

sport subjects as measures of low frequency newsoufar fatigue.
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In addition to competition responses in team splaiyers, the response of this
type of athlete to deliberate overreaching trairpngfocols has also been analysed with
a CMJI**™In one study, Coultts et %ﬂcompared responses in semi-professional rugby
league players to 6 weeks of normal or deliberatensified training. Numerous
variables including CMJ height were measured bugigoificant difference in CMJ
performance between groups was found. In anothdysising semi-professional rugby
league players as subjects, CMJ height was unchaaftgr an overload training phase
followed by a tapef*

There appears to be some variation in the abifi§yRC tasks to detect changes
in neuromuscular status as a result of team gamferpgnce. This may be related to
the sensitivity of the variables utilised or thepawt of particular team sports. It is also
possible that an examination of responses oveogetonger than single matches may
provide insight into the relationships between Giwkhsures and training and
competition load and performance. It could therefoe valuable to assess the response
of numerous single and repeated CMJ variablest®telhm sport performance with a
view to determining those that are most usefuldentifying changes due to specific

activities.

2.4.3 Influence of Exercise Induced Muscle Damage

The influence of exercise induced muscle damagdBlIresulting in delayed
onset muscle soreness (DOMS) on performance mesalsasereceived considerable
attention’®®’ Defined as muscular discomfort or pain resultimgf unaccustomed
activity, particularly of the type involving ecceistcontractions® it is generally
accepted that DOMS peaks 24 -72h after exeftiShe exact mechanism responsible
for DOMS is yet to be identified; although it istight that disruption to the contractile
mechanism may play a r8feén conjunction with various inflammatory responéés
including increases in serum levels of creatimage (CK). Some studies have shown

y81,82,84,8

EIMD to result in a decrease in force productiopatalit whilst others have

shown no decrement in concentric strength scoressiponse to EIME’
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In a study using isometric elbow flexor strengthmeasure the influence of
previous intense eccentric exercise, a decreaséowad to have occurred immediately
after exercisef(< 0.01)® Strength scores were lowest (46% lower than bassliore
p < 0.01) at 24h post exercise. A 20p6<(0.01) deficit remained 11 days post
intervention. A study by Harrison and Gafffitgxamined performance on a number of
variables after a fatiguing exercise involving peniance on 7 sets of 10 maximal
eccentric knee extensions. The authors of thisystodcluded that this protocol
produced temporary muscle damage and decremepésformance as evidenced by
decreases in SQJ, CMJ and drop jump performanasy, dlso suggested that jump
performance may be an early indicator of muscleatgmSimilar results were obtained
by Smith et al®" who discovered the greatest loss of 1RM concestrangth to have
occurred at 48h post exercige<0.0001). This strength loss followed completié3 o
sets of 12 repetitions of eccentric bench pre89%t of concentric 1RM. Studies
utilising isokinetic strength measures have produgeEmparable results with decreased

force at various angular velocities following fating eccentric contractiof&.

In contrast to the results of these studies, noghavas found in concentric
elbow flexor strength after performance of 7 séts(bicep curls at 70% of 1RM,
although the authors suggested this may have heetodh lack of sensitivity in the
concentric strength measure (ie. minimum increnf@massessment of 1RM concentric
strength was 2.5 kd¥. This finding highlights the importance of highiaglility and
sensitivity in measures that are being utilised eH&iMD and subsequent DOMS are

potential outcomes.

An interesting occurrence associated with EIMDriswn as the repeated bout
effect. The repeated bout effect suggests thaba lpout of eccentric exercise provides
protection against damage from subsequent Bo&t8% It appears that even low
volumes of eccentric exercise confer this protecéffect as it has been demonstrated
prior exposure to 2 and 6 maximal eccentric cotittas provided a blunting of
responses such as decrements in isometric strengtbases in plasma CK and muscle
soreness to a subsequent bout of 24 maximal eaentrtractiond? In agreement with
this finding, a 46% decrease in maximal isomewicé @ < 0.05) was discovered
immediately after an initial eccentric exercise ti6Force then gradually recovered

despite the application of subsequent eccentriccese3 and 6 days after the initial
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bout. Further evidence of the existence of theatgzEbout effect exists in a study
where maximal isometric force measured immedigtelst exercise in a second and
third bout was significantly lesp € 0.05) than after the original bout of damaging
exercis€’ An important conclusion of this study was that ol@soreness was not an

indicator of the extent of muscle damage.

The results of muscle damage studies may have tangdmplications for the
training and testing of high performance athletes & likely that they will sometimes
be required to perform in the presence of DOMS. rEpeated bout effect is likely to
influence the response to eccentric exercise imta@rity of high level athletic,
particularly field team sport settings, as athletethese programs undergo regular
training with exposure to repeated eccentric catitvas. Due to this regular, and
usually progressive loading, it is likely that sopretective effect is conferred on
athletes in these environments. Therefore, it neagdrticularly important to utilise
tests of neuromuscular fatigue, rather than relyemorts of muscle soreness levels
alone. These reports may underestimate the degreastle damage, whereas an
objective performance measure capable of assessingequency fatigue might
provide a more useful indication of the degree IME. The existence of the repeated
bout effect is also likely to be of some benefitiacriminating between decrements to
performance resulting from EIMD or other causesairomuscular fatigue (eg.
reduced C4 release). Those familiar with a particular programd group of athletes
may be able to identify whether any unaccustomedaise is likely to have resulted in
muscle damage and a resultant change in measurear@atiles, or sufficient previous
loading has conferred a protective effect agaih9lE This may suggest alternate

sources of neuromuscular fatigue are responsiblpeidormance decrements.
2.5 Countermovement Jump Reliability

Although VJ measurement has been described ag eokeponent in any
training study’>**limited data exists detailing the reliability cinables other than
jump height and power obtained during performaridé@se movements in elite team

sport athletes. This is despite the suggestionrétiability in physical tests is a critical
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factor in the ability of tests to determine chanigesthletic capaciy®’ and the fact

that VJ scores may be dependent on the methode$sment:

Assessment of the protocols and usefulness of wanwethods used to calculate
test reliability has received considerable attenttd’*°*These methods include the
Intraclass correlation, Regression analysis, Teahiirror of Measurement (TEM),
Limits of Agreement and Coefficient of VariatioB\%).%>°"%1%%n simple terms,
reliability reflects the variation of a subject®se on repeated testsThis variation
arises from both biological and technological seafe¢®’ Although numerous
calculations exist for the determination of relldyj it has previously been suggested
thatC\WWo may be the most appropriate expression of rdilyaim sports science as it is
a dimensionless measufe”? In addition, calculation of the TEM and smallest
worthwhile change (SWC) important to athletes peaformance setting has also been
advocated® This approach allows classification of the sewigjtiof tests in line with
their capacity to detect the smallest magnitudeshahge important to high level
athletes and determine with more certainty whetdhelmtange of biological origin has
occurred™?In elite athlete settings, it seems paramountdhahges in performance
can be attributed to improved or decreased capdity to this, calculation of
reliability is critical and this may be particukaiimportant in the assessment of changes

in variables reflecting variation in neuromuscudtatus.

Whilst a number of methods exist for examining Cidl SQJ performance, it
has been suggested that the most accurate mettmdakulate the change in height of
the centre of mass utilising high speed video tetdgy >>*°* The utility of this
methodology may be limited where large numbergiuktées are required to be tested in
a short period of time or access to expensive eagip is difficult. Other methods
include the use of linear position transducersitectly measure jump height and

excellent reliability has been reported with tiishnology-*?

Although the use of such technology may be an optlte use of methods
involving mathematical assumptions to calculateigalfor variables such as power
have been develop&nd these equations has received considerabigiatt& % |t
has been demonstrated that significant differeegest between jump height measured

via change in centre of mass and jump height catledlusing assumptions such as
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flight time or take-off velocity’. However although each method is claimed to passes
excellent reliability CV%13.4-18.3)° it may be argued that such values do not
represent high reliability. The reliability of vahles in addition to height measured
during single and relatively high repetition CMJfpemance has been assessed
previously®'%and these variables have also been used to ex#meif@pact of

athletic performanc&-2%6°68

Power measured during 60s of a repeated maximal i@z been shown to be
reliable (CC = 0.95}° and continuous CMJ’s conducted for 30s on a fptate
showed mean jump height to be a reliable measwd(97) although peak height
scores were less reliabf® The authors of this study concluded that this maye been
partially due to the requirement to achieve a murmB0° knee angle during each
countermovement. This suggests that a protocolevaeself selected knee angle is
utilised, may provide higher reliability and thaslzorter test duration may minimise the

error if multiple jumps are being assessed.

Another study involving a high number of repetistfi investigated the
reliability of mean power, peak power, mean velggieak velocity, and work during
30s of continuous bench throws and SQJ’s using 80%repetition maximum. Results
revealedCC'’s of between 0.80 and 0.96 wi@V of between 3.0% and 7.6%. The
results of this research suggest that numerouablas obtained during repetitive jump
performance have the potential to display highakelity; however it is questionable
whether a test of duration similar to the one is #tudy is capable of isolating the

contribution of neuromuscular fatigue to performanc

In a study to establish the influence of familiatian on reliability in SQJ,CMJ
and sprinting, Moir et &’ tested male recreational athletes in a SQJ and CMJ
performed on a timing mat at body weight and load#&ll a 10kg jacket. Subjects were
tested on 5 separate days over a 3 week periodawitmimum of 48h separating test
occasions. The results of this study showed CNghheluring body weight jumps to
be highly reliable with &£V of 2.4% and ahCC of 0.93. In a similar protocol,
displacement of the centre of gravity in the SQJ @WJ performed on a timing mat
proved to be a reliable measure across 6 daystidge withCV of 5.4% and 6.3%

respectively’® Further research using a contact mat to deter@Ma reliability has
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reported CC and TE values 00.98 and 2.8% respectivel{f Interestingly, the use of a
contact or timing mat requires the application efthematical assumptions to substitute
for the fact that no force measures are obtainatitethis type of equipment. It would
seem feasible that reliability may be enhancedcbyutilisation of equipment that limits
the requirement for mathematical assumption tordete variable values even though
such calculations may be useful providing appraeriachnique is maintained.
Alternatively, the use of variables that are meadwirectly by particular apparatus

may improve reliability.

Little data is available describing the reliabildffan extensive number of
variables obtained during a short duration (~5g¢ated CMJ or a single CMJ in an
elite team sport population. In a study examinhginfluence of vibration on jumping
performance Bosco et &Y’ utilised a 5s repeated countermovement jump.ifn th
protocol subjects were required to produce a maxiqump effort with minimal knee
bend. They reported power variables to have ahiétiaof r = 0.95. Technical
restrictions imposed on subjects such as minimikiree bend may make
implementation of such a protocol difficult in tekte athlete setting. It may be
advantageous to limit technical requirements taenmaximum subject compliance
and reliability. In a protocol of similar duratioan alternate left and right leg 5 bound
for distance has also been used to assess fatigueeovery in triathlete’s. The
authors reported that the position of the heehefrear foot after thé"§ump had a TE
of 0.25 m or 2.3%. Whilst the authors of this stuated this reliability level as good, it
is possible that such a test is a comparativelggperformance measure. Variables
obtained from more precise measurement devicesasufdrce plates or timing mats
may increase the likelihood of not only high reiligyp but also allow investigation of

numerous parameters from a single performance.

For valid conclusions to be drawn regarding chamggse and post scores, the
reliability of the variables in question must fitst established. There appears to be no
reported data available that providésor CV%data for a wide range of variables that
can be obtained in single or repeated CMJ’s ie édiam sport athletes. It may be of
particular importance to examine the reliabilitytioése variables in relation to their

ability to detect the SWC that is of importancetbletic performanc®
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2.6 Neuromuscular Fatigue Summary

There is a substantial body of work that has gitechto describe the
mechanisms and relative contributions of centrdl geripheral factors to
neuromuscular fatigue. In addition, previous rededias utilised EMG, MMG and
functional movements such as a CMJ to assess thectrof athletic performance on
neuromuscular status. Despite this, little work inasstigated the impact of elite level
team sport on a wide range of reliable CMJ jumpaldes in an attempt to determine
their expected pattern of response or their sditalior both acute and longer term
monitoring of neuromuscular fatigue. The typicatt@an of response and the impact of
change in measured variables on performance s A&RF players is unknown.

Therefore, clarification of these issues appearsaméed.

2.7 Endocrine Variables as Indicators of

Fatigue Status

The influence of exercise on the levels of varibaemones, particularly T, C
and their ratio value T:C, has been studied extehsin both laborator§? **1%**%nd
field settings?>212324.303335. 7111318 5 rtiso| is a major glucocorticoid and has an
important role in both metabolism and immune funedi® Release of C is stimulated
by adrenocorticotrophic hormone (ACTH) which is psecreted as a response to the
increased sensitivity of the hypthalamo-pituitaxyisgHPA) to stress, and the rise in C
occurs approximately 15-30mins after ACTH rele$€ortisol stimulates
gluconeogenesis which results in the sparing addlgiucose and protein storé&in
metabolism, C causes increases in protein degoadistimuscle and connective tissue,
amino acid transport into the liver, liver glycoggmthesis, gluconeogenesis and
lipolysis*?” In contrast, reductions are caused to muscle iprey@thesis, amino acid
transport to muscle and glucose uptake and utdisAt®'?’ Cortisol is considered an
important stress hormone and its presence is samlicate the neuroendocrine
system’s response to exerciéé>'?®There is believed to be an intensity thresholdJor
secretion that is close to the lactate threshotduther increases in C are not

dependant on an equivalent increase in exercisasity*?° Cortisol response is also
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likely to be related to exercise duration and insgsl by sprint interval trainirg® In
addition, C is influenced by circadian rhythms witidues higher in the morning and

decreasing across the day.

Testosterone is anabolic in nature, important iseteuhypertrophy and
increasing muscle glycogen synthesis:*°and has also been implicated in aggressive
behaviour:*! Testosterone synthesis and secretion increase® due effects of
catecolamines, and plasma concentrations of Taseren response to acute exercise of
a moderate or higher intensity/. Testosterone response appears inverse to exercise
duration, with levels declining with increases uration, whilst increases in intensity
beyond 60-80% V@max are not associated with increased T concentrstl Like C,

T follows a diurnal pattern with levels decreadinyg30-40% between early morning

and late evening®'*

2.7.1 Hormonal Measurement

As mentioned earlier, an imbalance between traistrgss and recovery can
lead to overreaching or overtraining syndréfriéand it appears possible that various
hormonal measures may assist in assessing thengespmtraining~?° Cortisol and T
vary in opposite directions in response to exeraiggthis may represent and imbalance
between anabolic and catabolic hormones resultirgdecreased T:C when training
and performance loads are increaS&dHowever, the results of studies analysing the
response of T, C and T:C in relation to training aompetition and performance are

varied EI.5,18,30,35,109,114,116,117,121,122,125,134—136

A potential limitation for analysis of the hormomakponse to exercise has been
the need for a blood sampfeln an examination of the efficacy of obtaining &lues
via salivary samples Neary et. &l compared blood and saliva values. This group
reported an ICC of = 0.995 between serum and salivary C values, stiggethat
salivary C accurately reflects free (unbound) GsThasult has been confirmed in other
work reporting a strong relationship between sajivand serum unbound C both at rest
(r = 0.93) and during exercise¥ 0.90)**’ It has also been reported that salivary

measures of C and T concentrations are independeativa flow rate*® The use of
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saliva samples for monitoring hormonal responsexéucise greatly increases the

opportunity to obtain data in athletic populati@ssthe procedure is less invasive.

2.7.2 Hormonal Response to Exercise

In an attempt to quantify the hormonal responsextycise, a number of
laboratory based experiments have been conductadsmiying resultg®*910811%
study using recreationally trained males who pentt 1h cycle ergometer efforts at
various intensities (44.5 — 76% ¥ @eak), determined that C concentrations were
significantly higher g < 0.004) during high intensity than low intensieecise or
rest’® These researchers further concluded that theseywahange in C at any

intensity with durations of less than 40 minutes.

Tremblay et at!* evaluated the effect of endurance exercise duratiopost-
exercise hormone response. This group requiredktainale volunteer's complete 40,
80, and 120min runs at 50 - 55% of Q. Results of this study revealed C levels were
higher during the 120min run compared to all othanations and that C decreased
across time in all efforts apart from the 120miheTncrease in C during the 120min
run, despite its low intensity, was suggested i@hasulted from reaching a threshold
work volume. In the same study, T was significahilyher < 0.05) in the 80min run
compared to the 40min run. Testosterone:Cortida veas greaterg< 0.05) at rest
than during the 80min and 120min runs. A major @asion was that at a constant
intensity, exercise duration influences the end@cresponse to endurance exercise in
trained males. This finding may have important icgtions for manipulating the
training volume and intensity for athletes throughdifferent phases of the training
cycle, although the results of this study do natity whether chronic variations are

likely to mimic acute responses.

Research on the influence of periodised versus fimighotony cycle training
provides some interesting insights into their reé&ainfluence on hormonal and
performance responses over the longer t8f@ne study demonstrated a 51% increase
in T in a periodised training group and a 55% dasedn the monotony training

group® There was also an 11.5% increase in maximum powgut in the periodised
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group (ES = 0.91). Whilst neither group displaybdmges in C; T:C increased by 19%
in the periodised group and fell by 64% in the ntong group. It may be concluded
from this research that a manipulation in trainmed that provides for periods of high
volume or intensity interspersed with periods d¢atigely lighter load results in a more

favourable endocrine response.

In a study examining the effect of high intensiygle training on a number of
endocrine parameters, there was no significanteffethe training program on
hormonal measures at rest; although T was 20% la¥ter the high intensity training
intervention**? Cortisol: Testosterone (as opposed to T:C) incibageapproximately
35%, however this was also not considered impartamias concluded that there is a
stimulatory effect of T on immune parameters irreational cyclists but this is lost
with an increase in training volume. The impactlodnges in levels of T on immune
function may have important implications for tegnoid environments. If the results of
this study apply to other sports environments,qaisriof training and competition
resulting in chronic reductions of T may exposgdanumbers of athletes to potential
illness. It is also possible that the changes fanridand C:T were practically important

despite the fact that the results were not consttistatistically significant.

In addition to a large body of work that has exadithe hormonal response to
endurance exercise in laboratory settings; the boahresponse to strength training has
also been investigated. Bosco et:’aksearched the hormonal response of male
sprinters to a strength training session and fdaotd T and C were significantly lower
(p < 0.05) after the session. It has been hypothesisg#dhe specific organisation of the
strength training stimulus may affect the hormaeaponseé® The acute and long term
(12 week) hormonal responses of untrained men3e&ts of 10 repetitions with and
without a 30s intra-set rest found no differenee$ concentrations between the
regimens->® At 30min post activity, T was significantly highgr< 0.05) in both groups
after the period of training. It was concluded taléhough the two regimens produced
markedly different lactate responses, the simylantT response suggested that this
marker is unaffected by metabolic acidosis. Inltmger term, no difference was seen
in the resting concentration of T and C betweenrtestrength training groups. As the
volume was equated in this study, it may be thia t®lume and/or intensity are more

important from a hormonal response point of vieantindividual set configuration. It
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is also possible that athletes with a high trairstegus may respond differently,
particularly over periods longer than 12 weekssThay be important for long term
adaptations, similar to those that may occur is@edong team sport environments,
where athletes are exposed to a regular strergjtiirtg stimulus in conjunction with

other training modalities.

One study has examined the impact of multiple ingiistimuli via the response
of various hormones to a block of training in powained athlete¥ This work
involved subjects completing 5 weeks of strengbleesl, and plyometric training.
Results of this study showed an increase (17.6.3-1230l/l,p < 0.01) in the fasting
level of T after the 5 week training period. Fagtiavels of C and T:C were not
different from pre test levels. Following a sesbbrt repeated sprints (3 x 4 x 60m)
there was no change in hormonal levels, althousgt af repeated 20s sprints to
exhaustion caused significant increases ip ¥ 0.02), C p = 0.006) and T:C{=
0.006). These researchers concluded that the iparits were in an anabolic state
during the 5 week training period. Although prowigisome evidence that an anabolic
status can be maintained for a relatively shoribpenf time, the effect of multiple
training stimuli over extended training and comipeti phases on relative anabolic and

catabolic status is unclear.

The hormonal response to resistance training uhe@enfluence of DOMS has
also been evaluatéd|n this study, subjects performed 7 sets of hitdtenee
extensions at 40% of 1RM which they repeated 4&ir.Idestosterone increased after
both the first and second bouts whilst C decreaséie same way. The results of this
study did not suggest any alteration to increas€or T as a result of the influence of
DOMS. This may be important for analysing the rem@oto training loads in a sport

such as ARF as it suggests that hormonal respaneast affected by DOMS.
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2.7.3 Hormonal Response in Athletic Environments

Despite providing an important platform for thedstwf hormonal responses to
exercise, results obtained in laboratory studiesbealimited in terms of their
applicability to elite training and competition émnments. Numerous researchers have
attempted to address the limitations associateu laftoratory based projects by
examining hormonal response in athletic settfigs?32430:34.113-119.123.124.133- 13, ¢
hormonal response to sports such as swimming, gpaa running has been
extensively evaluateff:*****¢11913¢yen though a large number of studies have been
conducted previously, the response of hormonal nreado this type of exercise in
individual sport athletes is not universal. A latigly of research raises doubts about
the efficacy of hormonal variables such as T, @:@*>30:35114.116.121.122.125.184 ¢, ding
the possibility that increased C is an early madfentensified training and
overreaching whilst decreased C may be a late martk®ther work!’**¥ndicates

potential value for regular sampling of hormonaiiatles.

An analysis of the influence of a taper in compegiswimmers on hormonal
responses found that levels of T, C, and T:C diddiféer from other times in training.
Despite this, changes in T:C mirrored performarwnges* As a result, T:C may be
a useful measure of the relationship between hoatrgiatus and performance. In
another study conducted using swimmers, there walkfference between levels of C
when comparing stale and non-stale athi&és this study, a period of tapering was
insufficient to allow stale swimmers to recoverithevel of performance. From the
results of a further swimming stud§where performance, psychological and blood
markers were analysed; it was concluded that TGanetre not reliable markers of
overreaching or overtraining. This conclusion weeched because the swimmers
performance did not change in response to a twd wageer period. The results of these
swimming studies suggest that hormonal markers aachand C may not be useful as
monitoring variables. However, it may be prematoreule out the use of these
variables for measuring the response to trainingfoumber of reasons. It could be that
longer training and taper periods are requiredatsse meaningful changes, or that

sports involving different muscle actions (eg. fl@ghccentric loads) may produce
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markedly different responses. The potential retesiop between T:C and performance

appears worthy of detailed long term investigatioa team sport environment.

In another study using elite level swimmers asextbj saliva samples were
collected 30min and 15min post treadmill run toaaxstion and these were compared to
samples collected pre and post swim competifi@amples were also collected on a
rest day to serve as a comparison. The treadrsiltésulted in C rising from a pre test
mean of 4.44 nmol/l to a post test mean of 8.46lfrfw< 0.0001) and this was not
influenced by time of day. Cortisol concentrati@fier the swimming competition rose
from a mean of 6.59 nmol/l to 9.65 nmojdl€ 0.0025). These findings suggest that the
psychological stress related to competition caasgeater rise in C. The results of this
study would have been even more interesting anticapye to elite sport if values had
been obtained for an out of competition swim tater than a treadmill test and

compared to those obtained in competition.

The influence of a period of intensified trainir@léwed by a taper in well
trained middle distance runners found T correlatéd a low intensity taper
(r = -0.78)'*? Testosterone was also related to high intensiiping distance during the
taper periodr(= 0.68) and percentage change in T during the @pe&rell as high
intensity distance during the 3 weeks prior totdper ¢( = 0.73). A similar study
measured the impact of training frequency duritgper in well trained middle distance
runners:*® After 18 weeks of a training season, subjects \eesigned to either a high
frequency taper where loads were progressivelyedsed each day, or moderate
frequency taper where loads were also progressieelyced and in addition subjects
rested every third day. Results showed an incrieasgal T and free T to total T ratio
after the taper period. However, this responseneaslifferent between groups.
Cortisol and free T:C were unaffected by eitheetafphe authors hypothesised that the
post taper increase in total T may have been @ansgpio the preceding intense training.
Although it was concluded that high frequency tapas more effective, the
performance changes could not be explained by athedlood measures. This study
also raises questions regarding the ability of lmorah measures to reflect variations in
performance, however the change noted in T aftetatper highlights the potential for
this measure and therefore anabolic processesitdlbbenced by training and recovery

cycles.
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Similar results were noted in a study to deterntireeeffects of cross training on
well trained runners, where participants were a&gigo a run only or cross training
groupX?* The run only group completed their normal ruinire load and an
additional 3 run sessions per week whilst the ci@ssing group completed their
normal run training load plus 3 additional bicyelgometer sessions. Cortisol, T and

T:C were not different between the run only andsrivaining groups.

The change in C over ten months of training inaingd men and triathletes,
has been assessed in relation to training loadaimgie** Subjects in this study
provided samples on 3 occasions during differeasph of the training period. Samples
were collected at each occasion on waking at 0ad@hat 0730h. Cortisol was
significantly effected by training periog € 0.04). This seasonal variation in hormonal
response may be highly important in designing éffedong term training programs. In
addition, where urinary C excretion was similamzesn the untrained group and
triathletes, overnight urinary cortisone excretwaas significantly highem(= 0.003) in
the trained group, suggesting an enhanced abiflitiyeotriathletes to inactivate C into
cortisone. This has been proposed as a protectehamism against prolonged increase
in C secretiort** A potentially important finding of the researchsathe increase in C
response noted in the untrained group between Niogeand June (prior to
competition commencing) that did not occur in ttiathletes. In both groups, a 24h rest
period resulted in similar urinary C excretion. kit this study, a sub-group of
triathletes who were considered to be overtraingtbéed the same salivary C pattern
as the other triathletes. This suggests that meith&ing nor morning salivary C are
effective markers of overtraining, however thisdasion may not apply to athletes in

different sports, particularly those involved ighilevel weekly competitions.

A study by Coutts et af> examined hormonal response to intensified traiiting
experienced male triathletes. They found no cham@eor C between the normal
training and intensified training groups during theveeks of the study. However T:C
ratio significantly increased and C significantlycdeased in the intensified group
during the taper period compared to the post ingimeasure, indicating an increase in
anabolic:catabolic balance. The researchers coedltitht performance measures are
the only definitive measure of overreaching in eadae athletes and that a decrease in

physiological state occurs with increased trainoagl. Whilst such a conclusion seems
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appropriate, the response of endocrine measutagistudy suggest they may be
capable of providing an early indication of relatanabolic:catabolic status that in turn

could allow manipulation of the training stimulasavoid unplanned fatigue.

Changes in C have been analysed in relation ty$ ofaincreased training
volume (approximately 50% more than the weekly reduluring the preceding month)
in international canoeists in order to determinetlibr these changes were reflective of
overreaching indicated by decreased performaficene authors concluded that the
subjects decreased performance was evidence afeacftoverreaching, however C
was significantly lowerg < 0.05) after the camp than in the baseline measumay
have been expected that C would increase in resgoran increased load, however 6
days may be an insufficient period to cause sudn@ease. It is also possible that the
baseline measure was actually an elevated resaitodpsychological stress about the
impending training camp and therefore the post careasure appeared lower.
Alternatively, different modes of exercise may prod different C responses. These
results pose interesting questions about the raegpoinC to increased training loads. It
may be that responses differ according to exeraisge and in the case of this
particular study, that 6 days of loading or theunoé of overload may have been

insufficient to cause an increase in C.

Analysis of the hormonal response in elite speetiesk over an 8 month period
showed T:C to be significantly differerm € 0.05) after periods of heavy training and
competition™>* Importantly, this study showed variations in periance followed
fluctuations in T:C. These researchers concludatiftee T:C was a reliable marker for
the study of training and recovery during a sead@peed skating. A unique study
examining hormonal responses to a 36 hole golf eitign revealed significant
increases in (< 0.05) during competition, whilst T did not chardjging
competition compared to baseline. Testosteroneagobfell during competition and
there were high correlations betweenrT=0.71) and T:Cr(= 0.82) measured prior to

competition and score at the end of 36 hofés.

Although analysis in a variety of sports providegportant data on the potential
value and mechanisms associated with changes otend status, their non-contact

nature is in contrast to many team sports and AR#articular. Due to this, studies
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involving combat sport athletes may provide impatriasights, and responses in this
type of athlete have been studied on multiple dooas*”** A study using Judo
players found that the duration of attacks in a petition were related to pre fight T
levels <0.04)M" In another study using Judo players, Filaird.&taliscovered C
levels measured on the day of a competition tddréfeantly higher p < 0.01) than
rest day scores. The researchers also found Glevee higher before the first fight of
an inter-regional competition than before the fiigit of a regional competition. This
suggests a psychological component to the riseasg0ciated with the more important
competition. Interestingly these researchers caledihat the mean fight time was too
short to cause a high post competition C respdhteere is a critical duration required
to elicit such a response in a highly physical aggressive sport, it is worth
considering whether contact team sport athletealageprone to a variation in response

linked to performance duration.

It is arguable that the major conclusion to be drénom previous work
examining endocrine response in individual athlet¢bat a large variation in response
is possible. This may be due to the variety ohiraj load interventions utilised and the
length of study periods. It is also possible tHarges in the endocrine measures
studied do not reflect modifications to trainingdbor performance. Therefore, it may
be critical to evaluate the usefulness of thesesorea via analysis of results from
sports similar to the one of interest and ultimgtedsearch in specific environments
may be the only method of obtaining valid and pcatfy meaningful results to make
definitive conclusions regarding the value of endwmeasures for monitoring

training and performance.

2.7.4 Hormonal Response in Team Sport

A number of researchers have examined the influehtesam sport competition
on endocrine response to both single matches ardded training and competition
periods?®:#1:23:24.33:34, 7112312418 5 mj et. al*** examined the behaviour of T, C and
T:C during and after a rugby match. Both T and eswere lower at 2000h on a rest
day than at 0800h on the same day and competitigivalues for these hormones were

comparable to rest day levels. Samples taken imatedgipost game revealed T had
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decreased by 16% & 0.05) and C increased by 148p0<0.001). In the days

following the match, T was highep € 0.05) than the rest day and C levels decreased
from the first to the fourth rest dag € 0.05). Whilst 8am T:C on match day was
similar to rest day values, post match values deddyy 62 % 1§ < 0.001) compared to
the rest day. Testosterone:Cortisol values at 8anme Wwigher in the four days post-
match than at 8am on the rest day. These researctrecluded that the high T:C was
associated with fatigue from the match. This figdis extremely interesting and raises
a number of issues. It may be that T:C in rugbyeia is elevated in response to high
workloads and is a reflection of the body’s anabstate. Conversely, T:C response in
this case may not be indicative of cellular lexweponses and the subjects may have in
fact been in a catabolic state. It may also beiplesthat the rest day values in this
study do not reflect a true fatigue free baselinerefore confounding the results and

subsequent conclusions.

Another study in rugby league found no correlabetween C levels and results
from an overtraining questionnaffeéCoutts et al**> came to a similar conclusion after
discovering no significant difference between T and in normal or intensive training
groups of semi professional rugby league playelthofgh in this case, both measures
were significantly decreased € 0.05)by overload training. A further study using
semi-professional rugby league players found afsigmt reduction in T:C following a
6 week period of increased trainifigrhe researchers suggested that the change in T:C
was due to inadequate recovery between trainirgj@ses The apparent interaction
between T:C and training loads and periods of regpin team sport athletes warrants
further investigation. If a decrease in T:C is ableeflect periods of hard training
and/or inadequate recovery in this type of teamtsyiblete, this measure may be
extremely valuable in assisting the identificatadthose athletes who have responded
differently than expected. Therefore, T:C may bipfuéin early diagnosis of various

fatigue states in athletes involved in contact tsaorts.

Further work in a high contact football code exasuithe hormonal response to
an American Football training camp and in-seasoiogeand reported C levels to be
elevated during the competition phase but withimmal range$! These researchers
found a 20% reduction in @ € 0.05)and a lowered T:((< 0.09 at the end of the 10

day training camp. Testosterone:Cortisol was loatehe end of the seasqmn< 0.05),
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although the authors suggested its effect was hexsgdevels were still within a normal
range. Testosterone levels remained at baselinaghout the season. It may have been
expected that C would have increased after theitgicamp, although the specific
organisation of the training stimulus may haverdluence on endocrine response.
Interestingly, this study showed large changes 0.05)in blood CK when comparing
measures taken at the start and end of the tragaing, however levels remained static
across the competitive season. This was interptetbd a reflection of a “contact”
adaptation to the pre season training camp. If smcadaptation occurs it could have
important implications for the training of ARF, iaularly in terms of manipulating

periods and loads of contact stress in training.

Another study in American Football analysed resperis collegiate level skill
position player$? This group found T levels to be within normal rasdollowing 4
weeks of strength training only, however a sigaifit( < 0.05) decline was evident 5
weeks later following a period of combined strengéining and conditioning.
Testosterone then returned to baseline levelsviolig 4 weeks of football specific
practise. Cortisol and T:C remained unchanged traseline levels throughout the
study period, however the authors noted that whdividual results were examined,
T:C had decreased in 6 subjects by more than 30#hwnay suggest a catabolic
status. It was concluded that hormone responsesureghin this group indicated
athletes did not enter an overreaching or oveitrgistate. A potentially critical result
in this study was a non-significant rise in T:Cidgrone period of training that
mirrored performance changes. This may provide sevidence of the value of T:C as
a marker of training adaptation. In addition, itssuggested that the lack of
improvement or decrease in performance measurgsioft speed, VJ and agility were
indicative of functional overreaching. As pointadt by the authors of this study, it
would be interesting to examine responses in thasables in athletes involved in
more physically demanding roles and therefore nmdsnse training programs. The
hormonal response noted in this project indicatas T, C and T:C may have a role in
assisting the monitoring of adaptations to trairang this may particularly be the case

with the higher training loads experienced by eNRF players.

A group of college soccer players served as subjeatxamine differences in C

response between practice and match situatfSms.this study, C samples were
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provided immediately pre and post match and pracBsth starters and non-starters
displayed large increases (ES = 1.54) from preo&i match although starters showed
greater post match concentrations than non-stgper$.05). Interestingly, the results
of this study showed no difference in C response/éen pre practice and pre match
values. This suggests there was no anticipatogyimisesponse to competition which
may be considered surprising given previous resdaftiowever the large increases in
C provide further evidence of the influence of tegport training and competition on C.
The responses detailed regarding endocrine variasaa result of single
matches in team sport athletes suggest these reeamar potentially useful for
monitoring purposes. However, as the majority aftesport competitions are likely to
involve more than single matches, it seems impottaassess the usefulness of these

same variables over extended training and compefithases.

2.7.5 Hormonal Responses During Extended CompetitioSeasons

An examination of the influence of a season of ggefonal soccer competition
revealed 9 months of training to have no influeokesalivary C levels, although
samples taken before and after an intensive trgipiock showed a significant decrease
in T (p< 0.01) at the 11:30am and 5:00pm sample tith@estosterone:Cortisol
followed a similar pattern. Testosterone was alsm to have significantly decreased
(p < 0.01) between the start of pre season traininigegual of competition. The authors
of this paper concluded that a decrease in T:Qdidead to decreased performance or
overtraining, probably because the ratio remaingkinvnormal limits. Despite the
authors’ conclusion, it is extremely interestingl gotentially important that an
intensive training block had an impact on level3 @ind T:C. It is possible that this
pattern of response during periods of “normal’rtiag) load could be indicative of an

athlete failing to cope with the prescribed load.

Further research in soccer examined the impagtsafason of semi-professional
soccer competition on both T and€ This group found C to be increasgd(0.001)
by training, with rises 12 weeks after the commemmet of training and at the end of
the season (24 weeks). Testosterone levels inct€ase0.001) at the 3 week mark, but

beyond this time levels were not different from peening scores. It was concluded

40



that the increase in T may have been associatédhétincreased need for glycogen
storage and replenishment in response to themigaload. The authors further
concluded that factors other than physical actimy have been responsible for the
continuation of elevated C beyond the high trailoags of the pre season phase.
Whilst a variety of physical and psychological tastmay have contributed to the
continued changes noted in C, it is not possiblelt® out physical factors as the
dominant force. Due to this, regular monitoringCoinay be a useful tool over long

competition seasons.

The response of numerous hormonal and performaeesures in Division 1
collegiate soccer starters and non-starters wasestwver a 19 match competitive
season with 6 measurement time polfitéestosterone increasqu< 0.05) in both
starters and non-starters at the completion of#fason compared to 3 weeks after the
start. The only difference between groups occuatdtie 3 week measurement with
non-starters displaying higher levels. Interestyin@ was higherg< 0.05) in non-
starters than starters at baseline, 1 week pritree@ommencement of the season. At
week 8, starters showed an incregse (.05) in C. Testosterone:Cortisol was elevated
in the non-starters group at the end of the seasmpared to baseline and after 3 weeks
of competition. An important finding of this studias that both starters and non-
starters suffered performance decrements throughewgeason, suggesting that
responses are independent of match play. In otbedsytraining may have a larger
impact on performance variables and hormonal martkem competition. It was also
concluded that T and C represent possible meamadaitoring the stress of training
and competition. The responses documented inghisrt lend support to the usefulness
of numerous monitoring variables throughout contpetiseasons in team sport
athletes. Given the non-contact nature of soctappears necessary to investigate

changes in contact team sports.

In another study examining responses to a seasswcoér match play, 20
professional players were tested on 4 occasionsiginout a season after periods of
different volumes and intensities of trainiffigthese authors found resting salivary C to
be significantly elevateg(< 0.05) at the end of the season after progregsive
increasing from baseline. Levels had returned tonabby the commencement of the

following season and T remained unchanged 0.05) throughout the study period.
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Testosterone:Cortisol was relatively unchanged gxdoe a non-significant decrease at
the end of the season compared to baseline. Vidsthange in T:C was concluded to
be non-significant, it may represent further eviokenf the potential benefit of this
measure for monitoring responses in team spor@thlover long seasons. Coupled
with the elevations noted in C at the same timeandn-significant decrease in T, this
study provides further evidence of the type of oese that may be expected throughout
a season of high level team sport competitioredinss that in this study T, C and T:C
suggest progression towards a catabolic stateeifirthl phase of the competitive
season. This may be related to the extended nate@@mpetitive seasons and the

accumulation of periods of less than optimal recpwwer time.

2.8 Relationship between Neuromuscular and

Endocrine Measures

In addition to the neuromuscular and endocrineaesgs that have been
identified in various settings, there is some sstiga that a relationship exists between
the response in these variab{&& Previous work has identified significant correats
between C and CMJ performance, however this relsiip existed only in a group of
soccer players considered non-starf@fEhis study also found significant correlations
between T:C and CMJ performance in starters agtigeof the season. In contrast,
research utilising rugby league players found gaificant correlation between
endocrine measures and performance, although theralsuggested that the existence
of a catabolic state prior to endurance testingtiegly influenced performand@ t
would seem logical that a catabolic state resuitindgecreased muscle mass may
influence force production capabilities evidensirength dominated activities, however
the possibility of influence over endurance capesitnay be particularly important in
team sports, where both strength and endurancéigsia@re important. In this case, the
existence of a catabolic environment may haveiaws®impact on performance. The
possibility of an association between hormonal @ewromuscular status in elite team
sport athletes raises a number of interesting pointay be expected that endocrine
responses indicative of a catabolic environmentgute increases in neuromuscular
fatigue exhibited in explosive tasks. However, rigularity of loading and unloading

and the length of training and competitive seasxperienced by elite ARF athletes
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may alter the timing and/or order of this relatioips If changes in either neuromuscular
or endocrine status are related to on field peréorce changes, these measures would

assume a high level of importance for regular nuimg.

2.9 Neuromuscular and Endocrine Response in Austriain

Rules Football

There is limited data examining the fatigue respdsARF match play that
attempts to dissociate metabolic causes from déwtors. In an effort to evaluate
recovery status, one elite ARF club has utilisedoalerate intensity treadmill test with
measures of blood lactate and blood glu¢85€his protocol produced suppressed post
exercise blood glucose, lactate and heart rat®nsgs at 48h post match. At 96h post
match, responses to the exercise protocol werealofirhe lower blood glucose and
lactate responses were thought to be relatededwction in muscle glycogen levels.
Lower heart rates may have been related to a ssgipreof sympathetic nervous
activity. The author of this paper suggested thedasaring these variables could provide
an indirect measure of metabolic and hormonal statuch may allow detection of
conditions that would negatively affect performang#hilst this approach may have
merit, the regular measurement of blood glucosdartdte may be somewhat invasive

and other methods may provide a more practicabopti

In one study, Dawson et &f? conducted ratings to measure perceptions of
muscle soreness, energy levels and measured galivarelite ARF players. Subjects
also completed a repeated CMJ test consistingeffiobts with a 3s pause between each
jump. In this study, players participated in are8ng (4 home and 4 away) period of
monitoring with testing sessions 24-48h pre mad&, post match and 6-7 days post
match. Results of this study showed no signifigaditferent response to two different
recovery protocols for players in home AFL gamegmyaAFL games and that of state
level players. Performance on the CMJ test and @ wet different between baseline,
48h and 6-7 days post game. However, ratings otlas®reness and energy ratings
48h after home games were significantly differgnt 0.01) to baseline scores. The
lack of significant findings in this research majate to the limited number of subjects

in the study who played in the AFL, as some ofZ@iesubjects participated in the state
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league competition. It is also possible that theasneement variables employed were
not sensitive enough to detect changes in perfacméfor example, repeated CMJ
performed where height is measured by a chalk mark wall board may provide
insufficient resolution. It is also possible thaijp height percentage decrement over
the five jumps may not be the most appropriateaddei Finally, the measurement of C
levels in isolation may provide limited informatiand it’s relationship to other
hormones such as T via the T:C may provide a usafight into the responses to

training, competition and recovery.

2.10 Summary

Considering the professional nature and full tinaéning load of elite team sport
athletes, there is minimal data available examitiregfatigue response to training and
competition in elite ARF players. This is desplie sites and potential mechanisms
involved in neuromuscular fatigue being studiedeastvely. This lack of data applies
both acutely (i.e. in response to single matched)chronically (i.e. across complete
seasons) in ARF. One reason for this may be tliewltfy associated with determining
the level of neuromuscular fatigue due to techrigatations. Therefore, data obtained
from a reliable and easy to administer test capabdessessing low frequency fatigue
would substantially enhance the understanding ofareuscular responses to elite team
sport performance. These measures could potentialisaluable in avoiding states of

non-functional overreaching or overtraining.

The results of previous research examining endeagsponses in elite sport are
inconclusive. This could be due to the potentialsjport specific responses and it is
possible that in some instances, results considerestatistically significant are
practically important. Additionally, acquisition difis data has previously occurred
primarily in individual sport athletes, single gasrar simulated athletic settings and
much of the data obtained over longer competitiernagals relates to non-contact team
sports. Technical limitations, costs, and speadlisquipment associated with
collection of samples and performance of salivagags may partly explain the lack of

information available relating to ARF players. Thag term response of such measures
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may be helpful in advancing training methodology aptimising training loads in
ARF.
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CHAPTER 3

3.0 EXPERIMENTAL STUDIES 1 & 2

RELIABILITY OF MEASURES OBTAINED
DURING SINGLE AND REPEATED
COUNTERMOVEMENT JUMPS

3.1 Abstract

Purpose: To establish the reliability of various measuretaoied during single and
repeated countermovement jump (CMJ) performanem ielite athlete population.
Methods: Two studies, each involving 15 elite Australian &uFootball (ARF) players
were conducted where subjects performed two daysrated by one week, of AM and
PM trials of either a single (CMJ1) or 5 repeatédJZCMJ5). Each trial was
conducted on a portable forceplate. The intra-gagr-day and overall Typical Error
(TE) and Coefficient of variationQV%) was calculated for numerous variables in each
jump type.Results: A number of CMJ1 and CMJ5 variables displayed ngia-day,
inter-day and overall reliability. In the CMJ1 cadteh Mean force CV 1.08%) was the
most reliable variable. In the CMJ5, Flight timedd®elative mean force displayed the
highest repeatability witkV of 1.88% and 1.57% respectively. CMJ1Mean force wa
the only variable with an overallE < smallest worthwhile chang8\{Q. Conclusion:
Selected variables obtained during CMJ1 and CMifopeance can be used to assess
the impact of both acute and chronic training amahjgetition. Variables derived from
the CMJ5 may respond differently than their CMJtirderparts and should provide
insights into differential mechanisms of response adaptation.
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3.2 Introduction

Various forms of the vertical jump (VJ) and mecliahcomponents derived
from their performance have been studied previotf<iy©°:66:68:94.101-103,106,143-145
Although VJ measurement has been described as eokeyonent in any training study,
939 imited data exists on the reliability of variablether than jump height and power
obtained during performance of these movementitenteam sport athletes. This is
despite the suggestion that reliability in physiests is a critical factor in the ability of
tests to determine changes in athletic capatitteand the fact that \VJ scores may be

dependent on the method of assessitient.

As the neuromuscular performance qualities of nasskhhve been shown to be
similar in VJ and running, VJ performance may bghhji relevant for assessing various
parameters important in sport where running isiefdomponent? The use of high
speed video technologdy:® linear position transducéféand methods involving
mathematical assumptions to calculate values foabkes such as power have been
utilised® It has been shown that significant differencestebétween jump height
measured via change in centre of mass and jumptheadculated using assumptions
such as flight time or take-off velocity, howeverch method is claimed to possess
excellent reliability CV 13.4 - 18.3%§° It may be argued that such values do not
represent excellent reliability.

In a study to establish the influence of familiatisn on reliability in VJ and
sprinting, Moir et aP* tested male recreational athletes in a squat 8@J) and CMJ
performed on a timing mat at body weight and wittDg load. The results of this
study showed CMJ height during body weight jumpbedighly reliable with £V of
2.4% and anCC of r = 0.93. In a similar protocol, Arteaga et'&l.showed
displacement of the centre of gravity in the SQJ @WJ performed on a timing mat to
be a reliable measure wiV of 5.4% and 6.3% respectively. Markovic et%lalso
used a contact mat to determine CMJ reliability sebrted anCC of r = 0.98 andlE
values of 2.8%.

47



It has been proposed that assessing repetitive goMar may be valuable in
sporting performanct. Interestingly, a number of factors have been ifledtas
important in the performance of a VJ including doatribution of arm swing,
sequencing and timing of segmental actions, anedspad amplitude of the
countermovemerft Any assessment in which a version of a repeated ©Mtilised
should ensure a technique is chosen that limitpétential for change in, and therefore
influence of, these contributing factors. In anotieehnique related study, Domire and
Challis**® found that although ground contact time increasiéd squat depth prior to a
VJ, there was no difference in jump heights froeeH selected or imposed deeper

position.

The reliability of some variables measured duriimgle and relatively high
repetition CMJ’s has been assessed previddsfiThese variables have also been used
to examine the impact of athletic performafc&:®>*®Power measured during 60s of a
repeated maximal CMJ has previously been showe teliable ( = 0.95)*°
Continuous CMJ conducted for 30s on a force platediso shown mean jump height
to be a reliable measune= 0.97) although peak height scores were lessbtelf&® The
authors of this study concluded that this may Haeen partially due to the requirement
to achieve a minimum 90° knee angle during eacimtesmnovement. This suggests that
a protocol, where a self selected knee anglelisadi may provide higher reliability
and that a shorter test duration may minimise thar eln another study involving a
high number of repetitions, Alemany and Pandogl&? investigated the reliability of
mean power, peak power, mean velocity, peak veioaitd work during 30s of
continuous SQJ’s using 30% of 1 repetition maximBResults revealelCC's of
betweerr = 0.80 and = 0.96 withCV of between 3.0% and 7.6%.

Little data is available describing the reliabildffan extensive number of
variables obtained during short duration (~5s) a¢pé CMJ performance. Bosco et
alX¥’ utilised a 5s repeated CMJ requiring subjectsréaluce a maximum jump effort
with minimal knee bend and reported power variabddsave a reliability of = 0.95.
The potential exists for variables obtained dushgrt duration (ie. short enough not to
be restricted by metabolic limitations) repeatedJgMrformance to be valuable in
assessing the impact of training programs and peence. For valid conclusions to be

drawn regarding changes in pre and post scoreseliability of the variables in
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question must first be established. There appedss ho reported data available that
providesTE or CV%data for variables that can be obtained in thie typrepeated CMJ
performance in elite team sport athletes. Theretbeepurpose of this study was to
establish the reliability of a number of variabtégained during the performance of a

single and short duration repeated CMJ in an atltéete population.

3.2 Methods

3.2.1 Subjects

Fifteen elite ARF players (Study 1 Age 23.3 + 3dis, Height 1.91 + 0.06m,
Mass 93.05 + 7.7kg; Study 2 Age 22.5 + 2.8 yeamsght 1.89 + 0.06m, Mass 91.2 +
8.0kg) participated in each study. All subjectseveguad members of a team that
participates in the Australian Football League (AEbmpetition. Players had a
minimum of 2 years full time training experiencetls elite level and regularly
performed jumping movements as part of their tragmoutine. The study was approved
by the University Human Ethics Committee and alljsats signed an informed consent

document.

3.2.3 Design

Two studies were conducted with elite ARF playerwompleted 2 days of
testing, separated by 7 days, of AM and PM tridls GMJ1 (Study 1) or CMJ5 (Study
2).

3.2.4 Methodology

Subjects performed 3 familiarisation sessions fedd by an AM (0900 -
0930h) and PM (1530 - 1600h) trial on Day 1, and\&hand PM trial on Day 2. Trial
days were conducted one week apart and trainittgeid8h prior to each trial day and
between AM and PM trials was strictly controlledetasure no influence on
performance. Prior to each trial of the CMJ1 or GMslbjects performed a 2 minute

dynamic warm up consisting of various running pagencluding jogging, high knees,
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heel flicks and skipping. Subjects were requiredrtagressively increase the intensity
and range of motion in running patterns until thd ef the warm up period to ensure
they were capable of maximal performance. Subjbets performed 3 submaximal
practice CMJ’s prior to the measurement trial. Witr warm up protocol has been

shown to positively influence CMJ performarté®.

Each trial session consisted of one attempt a¢eitte CMJ1 or CMJ5. In each
study, subjects completed the trials on a commigr@sailable forceplate (400 Series
Force Plate - Fitness Technology, Adelaide, Austr@onnected to computer software
(Ballistic Measurement System - Fitness Technoldglelaide, Australia) capable of
recording vertical ground reaction forces (VGRFaaample rate of 200 Hz. In both
the CMJ1 and CMJ5 conditions, subjects were redumgerform a CMJ with hands
held in place on the hips. Based on the influeriGam swing on CMJ performance,
previous research has also utilised this technigiie*1°¢4"In the CMJ1, subjects
were instructed to jump as high as possible, whilghe CMJ5, subjects were required
to jump as high as possible for 5 consecutive tffarthout a pause between jumps.
Countermovement depth was self selected by thesuld self selected
countermovement depth was chosen to assess rigjiabivariables using a technique
requiring minimal intervention thereby maximisirigetpotential application to practical
settings where time limitations may exi&ach trial was then analysed using custom
designed software (Mathworks, Natick, Massachuse®\) capable of automatically
detecting values for the variables of interestidemtify different segments of the CMJ1
and CMJ5, a number of critical features were idiati The start of the eccentric phase
in the CMJ1 was classified as a reduction of 5%@&RF and in the CMJ5 as peak
VGREF after landing from the previous jump (from joi® onwards). The end of the
eccentric phase was identified as the minimum V@R6ét to values increasing again.
This point also served as the marker for the sfdtie concentric phase. The end of the
concentric phase coincided with leave time (VGRHN\. Land time was calculated as
time when VGRF exceeded 50Nypical CMJ1 and CMJ5 force traces are displayed i
Figure 1.
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Figure 1. Typical CMJ1 (a) and CMJ5 (b) Force traces withical features identified.

After identifying these critical features, the fmlling variables were calculated
during specific parts of the jump in each triatled CMJ1 and CMJ5. CMJ5 scores for

each variable were calculated as the average egerdhe 5 jumps of the trial.

Jump height in m: peak height.

Flight time in s: difference between landing andet#f time.

Peak power in W: highest power generated duringtimeentric phase.

Relative peak power in w/kg: peak power dividedbgy mass in kg.

Mean power in W: mean power generated during tineexatric phase of the jump.
Relative mean power in w/kg: mean power dividedbgly mass in kg.

Peak force in N: highest force recorded duringcvecentric phase.

Relative peak force in N/kg: peak force dividednbgss in kg.
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Mean force in N: mean force during the concenthiage of the jump.

Relative mean force in N/kg: mean force dividedgss in kg.

Eccentric time in s: length of the eccentric phasasured from the commencement of
the countermovement until the commencement of dneentric phase.

Concentric time in s: length of the concentric ghasasured from the end of the
countermovement phase until the subject leavefthe plate.

Eccentric:Concentric in s: ratio of eccentric titbeconcentric time.

End eccentric force in N: force at the completibthe eccentric phase.

Flight time:Eccentric time in s: ratio of flighinie to eccentric time.

Flight time:Contraction time in s (CMJ1 only): @bf flight time to contraction time
(eccentric + concentric time)

Flight time: Contact time in s (CMJ5 only): ratibftight time to contact time (eccentric

+ concentric time).

3.2.5 Statistical Analysis

The Intra-day (AM v PM) and Inter-day (Day 1 v D@yreliability of each
variable for both the CMJ1 and CMJ5 conditions waisulated to determinkE and
CV%in conjunction withTE upper and lower 90% confidence intervdfsThe average
intra-day (Day 1AM v Day 1PM and Day 2AM v Day 2PkENd inter-day (Day 1AM v
Day 2AM and Day 1PM v Day 2PM) was then calculat@derall reliability represents
the mean of the intra and inter-day averages.dtiegn suggested that it is ultimately
up to the researcher to decide if a particularaldei is reliable enough for its intended
usé®. Itis also possible that the most reliable tasésnot necessarily the most
effective for monitoring performance in athlet@lumerous earlier studies have
reported biomechanical variables W@V in the vicinity of 10% as reliabfé:**°*? As
a result, &V of < 10% was set as the criterion to declare a variableliable. A 10%
CV cut off may encourage the examination of variableéer than those possessing the
highest reliability in future research.

Previous work has suggested that the smallestaligiworthwhile change
(SWQ represents the smallest change that is of betoedithletic performance and can
be calculated as 0.2 x between-subfdf>* As a result, variables were considered
capable of detecting tH&WCif the TE was< SWC?
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3.3 Results

Intra-day, Inter-day, and Overall Reliability faliable variables@V < 10%) in
CMJ1 and CMJ5 conditions are displayed in Tablds Tables show MeaigD, TE
and 90% Lower and Upper Confidence Limg$VC andCWa.

3.3.1 Intra-day reliability

Reliable CMJ1 variables are displayed in Table @amforce had & < SWC.
Eccentric time and Flight time:Eccentric time shdwearginal reliability withCV% of
11.6 and 11.4 respectively. Concentric tirG&/(L7.1%) and Concentric time:Eccentric
time (CV 16.5%) were less reliable. End eccentric force thagnost unreliable CMJ1
variable with aCV of 92.6%.

Table 2 shows CMJ5 reliable variables. Height apgubaxtremely unreliable
(CV 24.7%) whilst variables such as Flight time:Contane (CV 13.3%), Mean power
(CV 11.0%), Relative mean poweZV 11.5%) and FLT:ETQV 11.4%) showed
marginal reliability. No CMJ5 variables showed@ < SWC Mean power and Relative
mean power were reliable in the CMJ1 conditionthig was not replicated in the
CMJ5 condition. However, End eccentric force prowedble in the CMJ5 despite
poor intra-day repeatability in the CMJ1.
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Table 1.CMJ1 Intra-day reliable variables. Values are reggbas Mean, TE and 90%
Lower and Upper CI, SWC and CV%. TE reflects naisest scores generated from

biological and technological sources. SWC represtd smallest change that is of

benefit to athletic performance.

Mean TE LOWER UPPER SWC CV%
90%Cl  90%ClI
Height (m) 0.488 0.024 0.018 0.035 0.007 5.2
Flight time (s) 0.586 0.017 0.013 0.025 0.006 2.9
Peak power (w) 5014 166 127 242 112 3.5
Relative peak power 54 2 1 3 1 3.6
(w/kg)
Mean power (w) 765 52 40 78 20 6.9
Relative mean power 8 1 0.5 1 0.2 7.1
(w/kg)
Peak force (N) 2163 77 59 115 41 3.5
Relative peak force (N/kg) 23 0.8 0.6 1.2 0.3 3.4
Mean force (N) 1233 13 10 20 20 1.1
Relative mean force (N/kg) 13  0.16 0.12 0.24 0.1 1.2
Flight time:Contraction time 0.807 0.056 0.043 0.082 0.027 6.1

(s)
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Table 2.CMJ5 Intra-day reliable variables. Values are reggbas Mean, TE and 90%
Lower and Upper CI, SWC and CV%. TE reflects naisest scores generated from
biological and technological sources. SWC represtd smallest change that is of
benefit to athletic performance.

MEAN TE LOWER UPPER SWC CV%
90%CI  90%CI

Flight time (s) 0.519 0.009 0.007 0.014 0.003 2.0

Peak power (w) 4740 210 161 306 77 4.4

Relative peak power 52 2 2 3 1 3.8
(w/kg)

Peak force (N) 2121 69 53 101 25 3.3

Relative peak force 23 1 0.5 1.0 0.23 28
(N/kg)

Mean force (N) 821 18 14 26 9 2.4

Relative mean force 9 0.13 0.10 0.19 0.03 15
(N/kg)

End eccentric force 1034 92 70 134 23 9.5

(N)
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3.3.2 Inter-day reliability

CMJ1 inter-day reliable variables are shown in €&l They exhibited similar
results to the intra-day comparison, however Flighe:Contraction timeQV 10.4%)

was less reliable than in the intra-day comparison.

Table 3.CMJ1 Inter-day reliable variables. Values are reggbas Mean, TE and 90%
Lower and Upper Cl, SWC and CV%. TE reflects namstest scores generated from
biological and technological sources. SWC represte smallest change that is of

benefit to athletic performance.

MEAN TE LOWER UPPER SWC CV%
90%CI 90% CI

Height (m) 0.488 0.023 0.018 0.034 0.006 5.0

Flight time (s) 0.586 0.020 0.015 0.029 0.005 3.3

Peak power (w) 5014 147 113 214 76 2.9

Relative peak power 54 2 1 2 1 3.0
(w/kg)

Mean power (w) 766 42 32 62 15 55

Relative mean power 8 0.5 0.4 0.7 0.2 5.7
(w/kg)

Peak force (N) 2163 48 36 71 26 2.2

Relative peak force 23 0.5 0.4 0.8 0.2 2.1
(N/kg)

Mean force (N) 1233 12 9 18 11 1.0

Relative mean force 13 0.2 0.1 0.2 0.05 1.3
(N/kg)
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Following a similar pattern, CMJ5 inter-day religtlgi (Table 4) was
comparable to intra-day results; End eccentricd@ 18.4%) demonstrated lower
reliability. Height continued to show poor reliatyil(CV 31.3%). No CMJ5 variables

appear capable of detecting tB&/Cfrom an inter-day perspective.

Table 4.CMJ5 Inter-day reliable variables. Values are reggbas Mean, TE and 90%
Lower and Upper Cl, SWC and CV%. TE reflects naisest scores generated from
biological and technological sources. SWC represtr smallest change that is of

benefit to athletic performance.

MEAN TE LOWER UPPER SWC CV%
90%CI 90%ClI

Flight time (s) 0.519 0.010 0.008 0.015 0.002 1.9

Peak power (w) 4740 278 214 406 56 6.1

Relative peak power 52 3 2 4 0.53 5.2
(w/kg)

Peak force (N) 2121 86 66 125 17 4.2

Relative peak force 23 1 0.6 1.2 0.2 3.5
(N/kg)

Mean force (N) 821 18 14 27 4 2.4

Relative mean force 9 0.14 0.1 0.2 0.03 1.6
(N/kg)

3.3.3 Overall reliability

Overall CMJ1 reliability was identical to the patteshown in the intra-day
analysis. Mean forcedV 1.1%) displayed an overdlE < SWCdespite Mean force
being incapable of detecting the smallest worthevbilange in the inter-day
comparison. Relative mean force was the next mastadl reliable variable with &V
of 1.2%. Peak forceQV 2.8%) and Relative peak ford8\( 2.7%) were also highly
reliable. CMJ1 Height and Flight time had ovef@l% of 5.1 and 3.1 respectively.

Peak power and Relative peak powe¥@3.2% and 3.3%) were more reliable than
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Mean power and Relative mean pow€WV(6.2% and 6.4%). Flight time:Contraction

time (CV 8.2%) was the least reliable CMJ1 variable overall

Analysis of CMJ5 overall reliability shows a numlzévariables to have
acceptable levels of reliability. Relative mearc®(CV 1.6%) and Flight timeQV
1.9%) were the most reliable. Peak power and Relgieak power also displayed good
overall reliability CV 5.3% and 4.5% respectively). Mean for€@/(2.4%) was more
reliable than Peak forc€¥ 3.8%) and Relative Peak Forc&\3.1%).End eccentric
force (CV 14.1%) became unreliable on the inter-day comparéd remained this way
in the overall analysis. No CMJ5 variables appagable of detecting tH8WC

3.4 Discussion

The results of both studies demonstrate that a euwfvariables obtained
during CMJ1 and CMJ5 performance exhibit high fality (CV < 10%). Despite this,
only CMJ1Mean force appears capable of detectia@WCwith aTE< SWC A
comparison of results from the intra and inter-daglysis in both the CMJ1 and CMJ5
revealed only minor differences. This suggeststiha of day has little influence on
either single or short duration repeated CMJ peréorce. Interestingly, a number of
variables not commonly used in CMJ1 analysis schlight time:Contraction time

proved to have acceptable overall reliability.

3.4.1 Intra-day Reliability

The extensive number of CMJ1 and CMJ5 variableb hiigh reliability
suggests that performance of these movements rers@ible across a single day.
Somewhat surprisingly, CMJ1Height was not the melble of the variables
measured despite the emphasis on jumping as higbsagble in the instructions given
to subjects. This may be due to the fact that Hegfitects a relatively gross
performance measure and that even though subjagi®ged maximum effort; the
ultimate outcome is limited by contributing facttingt are measured directly by the
forceplate. Evidence of this may be found in thghhiepeatability of both CMJ1 and
CMJ5Flight time which are measured directly by fineeplate. Reliability of Height is
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therefore likely to be affected by the fact thapliicement has not been measured
directly, but rather inferred by mathematical asgtiom*> Previous work utilising a
position transducer has demonstrated single CMdHti&b have &£V of < 3%%
Values of 6.3% and 2.8% have been reported wheghitles measured using a timing
mat!®>!%®These results are similar to those of the cuserdy despite the different

measurement apparatus used.

In contrast to the high repeatability of CMJ1HejgbMJI5Height was extremely
unreliable. In a similar fashion, Theodorou and k¥ concluded that mean peak
height was significantly different from test totesst. Interestingly this group found
mean Height measured in 7.5s periods over a 3Gsocons CMJ on force-plate to
have a Pearson correlation coefficient 6f0.97 which suggests high reliability,
howeverCV%or TE data was not presented. A major difference betwleecurrent
study and this previous work is the overall lengftithe repeated CMJ performance (~
5s v 30s). A longer performance may result in sttbjadopting some type of pacing
strategy whereas the CMJ5 may elicit repeated mebefifiorts. It is possible that
adopting a pacing strategy increases reliabilityeppeated CMJ tasks. It is also possible
that analysing the 30s jump task as used by Theadamd Cook¥? to incorporate the
full length of the trial, rather than in 7.5s blgc¢lkcould alter the reliability. The lack of
TE andCV%data makes comparisons with previous work difficoltt Height
reliability in our study appears similar to othenso have measured this indirectly. In
the current study, any error in the CMJ5 compaoeitié CMJ1 is likely to be
compounded by the repetitive nature of the CMJSlitimom and this may account for
the poorCV%. It may also be important to consider that previmosk has been
conducted on an inter-day comparison basis. lbssible that if these experiments were
repeated on an intra-day manner that the resultisl de different. The excellent
reliability of CMJ5Flight, probably due to its doemeasurement, suggests that this

may be a more appropriate variable than Heighafioletic assessment.

The direct measurement of force is likely to begancomponent in the high
reliability of CMJ1 and CMJ5Mean force and Relatiwean force. In both jump
conditions, Peak force and Relative peak force jatsged to be highly reliable but it
appears that mean force values are more reliahle.riay be explained by the fact that

minor fluctuations in Peak force become inconsetjakin the Mean force score, whilst

59



constituting the full value assigned to Peak folthas been proposed that
measurement of repeated rather than single effisincrease the reliability of
variables because the importance of “one-off” leglhow scores is diminished as more
repetitions are completéd As Mean force and Relative mean force scores itotesa
number of scores averaged across time, rathertlsargle score, this concept may
apply. The slightly higher reliability of the Medorce and Relative mean force scores
and the fact that CMJ1Mean force haBE< SWGC suggests these measures may be
more sensitive than Peak force measures to snédirpeance changes in athletic

populations.

There are some important differences in the rditglmf power variables when
comparing the CMJ1 and CMJ5. Whilst CMJ1Peak poMean power and their
relative values are highly reliable; CMJ5Mean poaed CMJ5Relative mean power
proved less reliable. This appears in contradtedindings of others who report
average power in repetitive jumping tasks (15sksgaturing a 60s test) to have a test-
retest correlation af = 0.95'° Peak power and Mean power has also been measured
during 30 repetitions of CMJ’s with the addition3% of body weight and found to
produceCV'’s of 3.2% and 4.4% respectively. These values are considerably lower
than those from the CMJ5. A major factor in theulssof Alemany & Pandorf et &
could be that testing was conducted in a Smith maatather than free standing. This is
likely to decrease positional errors on landing kxadl to more consistent performance.
The direct measurement of displacement is alstyltkehave been critical and it also
possible that the less homogenous nature of sshjsed in other studies may have

produced higher values.

Although CMJ5Mean power and Relative mean poweaiday values are
unreliable at &V cut off of 10%, they follow a similar pattern to the CMIi.the
CMJ1, Mean power and Relative mean power are alsorkliable than their peak
counterparts. It is likely that Mean power is kygaffected by changes in contact time
brought about by variations in countermovement eaaiyd speed. The requirement to
repeatedly land, stabilise and perform the nexpjumthe CMJ5 condition may be a
reason why Mean power and Relative mean powerhlagalisplay lower reliability

compared to CMJ1 values.
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The reliability of a number of CMJ1 and CMJ5 vateshthat have received little
previous attention are worthy of discussion. CMJbEacentric force displayed much
higher reliability than CMJ1End eccentric force eTifepeated measure of End eccentric
force reported as an average in the CMJ5 may tmiinfluence of a “one-off” high or
low value®® End eccentric force is likely to depend consitiBran countermovement
depth. A decreased range in the countermovemenrtiwesult in a more rapid stretch
of the leg extensor musculature and result in higimel eccentric force. Subjects may
vary their countermovement strategy to allow Heitghbe maintained. It could also be
that the short duration of the CMJ5 elicits sonpeetgf “pacing strategy” resulting in a
far more consistent performance than a one-off mari effort. Alternatively, subjects
may exert more conscious control over their coumteement strategy to allow

execution of consecutive ballistic movements.

The ratio of jump height to contact time has praslg been proposed as a
variable of interest in assessing drop jump peréoroe-*’ As Height in the current
study has been calculated using the impulse-momerglationship and appears
unreliable, Flight time:Contact time may be considiea more appropriate
measurement reflecting the same qualities. In #d%; intra-day analysis revealed this
to be an unreliable measure. There is potentiahisrresult to have been influenced by
the instructions provided to subjects as has beewrs in previous researc¢fy. In an
attempt to maximise jump height it is likely thabgects have manipulated contact time.
This is evidenced by the unreliable nature of CMt&tric time and CMJ5Contraction
time (CV21.8% and 19.6% respectively). Although, givendtret pre-test control, it is
unclear why a change in strategy would be requidedinstruction to jump as quickly
as possible may have elicited a different respansktherefore potentially improved
reliability of the CMJ5Flight time:Contact time vable.

It may be argued that the analogous measure to EIMB&5 time:Contact time is
CMJ1Flight time:Contraction time, as this measujges a ratio of the flight time to
the sum of eccentric and concentric contractiortimterestingly, this measure proved
reliable in the intra-day comparison. Whilst subjanay have manipulated contraction
time to achieve maximum height, the combinatiorhvilight time may contribute to the
reliability in this ratio measure. It seems thathiis case, one effort has resulted in less

variation than the repeated efforts of the CMJ5#ligne:Contact time. This is in
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contrast to the potential reasons why some CMJabias have shown acceptable
reliability (ie. average scores negating the inflee of variations in peak scores). There
may be a complex interaction of factors that reisutome variables showing high
reliability and other seemingly related variablesving to be unreliable. Repeated
performance as occurs in the CMJ5 may increasabity in some variables and

reduce it in others.

Whilst a number of variables proved to be extremeliable on an intra-day
basis, a group of CMJ1 and CMJ5 variables produesdlts just outside theV 10%
cut-off (CMJ1Eccentric time, Flight time:Eccenttime and CMJ5Flight
time:Eccentric). Both CMJ1Flight time:Eccentric #rand CMJ5Flight time:Eccentric
time represent flight time relative to the time isppi@ the countermovement phase of the
jump and in both jump conditions, Flight time idrexnely reliable and Eccentric time
less so; possibly due to variations in counterma@depth in an effort to achieve
maximum jump Height. In combination, these varialjeoduce a variable of marginal
reliability which may prove worthy of further studgs measures displaying the highest

reliability are not always the best for monitoriperformance changés.

3.4.2 Inter-day Reliability

CMJ1 and CMJ5 inter-day reliability was almost itleal to that of the intra-day
analysis. Despite many similarities, CMJ1Flightai@ontraction timeGV 10.4%), and
CMJ5EEF CV 18.7%) displayed lower repeatability than in thigarday comparison.
From this data it seems that these variables mdgsiseable to detect subtle changes in
performance from day to day than within a singlg. ddnis could be important for
coaches and sports scientists when deciding wiadables to use in assessing the

acute and longer term impact of training and coitipat
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3.4.3 Overall Reliability

As the overall reliability calculations are the eage of intra and inter-day
results, it is not surprising that analysis reveatkentical results to other comparisons.
The same mechanisms are likely to be responsil®ach case. It is potentially
important that CMJ1Mean force ha3& < SWC In theory, this variable may have the
greatest chance of detecting performance changegever, the response in elite

athletes is unknown.

It is interesting that CMJ1 intra-day and overellability analyses show the
same variables to be reliable, whilst CMJ5 intey-diad overall reliability are identical.
On strict assessment, it appears that some CMHdbles may be more useful on an
intra-day basis and some CMJ5 variables more aldetect small changes in an inter-
day comparison. In the case of the CMJ1, low idag-Flight time:Contraction time
CV%contribute positively to overall reliability. Consgeely, poor inter-day reliability of
CMJ5ENd eccentric force negatively influences therall reliability of these variables.
Therefore, the ability of some variables to assbasmige may depend on the nature of

the pre and post comparison.

3.5 Practical Applications

Before a measure is used to assess the impaeim@hyg or performance, its
reliability should first be established. This stugyhe most comprehensive assessment
of performance variables in CMJ performance conaplé@t elite athletes to date. We
have demonstrated that numerous CMJ1 and CMJ3lesiaossess high reliability
from both an intra-day and inter-day perspectilthoagh some variables are more
reliable in one comparison than another. Coachdspart scientists can confidently
examine these variables to assess the effect imugainterventions in the knowledge
that changes are likely to be biological in natather than due to noise in the test. It
could be valuable to assess responses in singleeprdted CMJ'’s to various strength
and power trainingegimens or the impact of elite competition on ntoue variables to

assess their ability to detect aspects such agiati
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3.6 Conclusions

A large number of CMJ1 and CMJ5 variables appe&etstable both within
and between days. In addition to commonly measuaeidbles such as Flight time and
Peak power, variables such as CMJ1Flight time:@atitn time may be valuable in
athletic assessment. Interestingly, CMJ5Height feaed to be extremely unreliable.
This is likely to be due to the fact that jump Hgigzas not measured directly. It is
possible that the reliability data obtained in bibth CMJ1 and CMJ5 conditions may
have differed with the direct measurement of disgulaent or with different instructions
to subjects (eg. jump as quickly as you can). #$® conceivable that controlling
countermovement knee angle could have modifiedebelts. Various other jump types
such as single leg CMJ and drop jumps may be watlsymilar investigations in elite
athlete populations ardrther research should also look to quantify tmekiatic
variations and neuromuscular changes associatddwatlifications in CMJ

performance.

A short duration repeated CMJ such as the CMJ5lmayseful in investigating
the impact of training and performance in elitdetts. A number of variables
measured in this condition may respond differetithn their CMJ1 counterparts and

provide insight into mechanisms affecting respoisdsgh level sport.

64



CHAPTER 4

4.0 EXPERIMENTAL STUDY 3

NEUROMUSCULAR AND ENDOCRINE
RESPONSES OF ELITE PLAYERS TO AN
AUSTRALIAN RULES FOOTBALL MATCH

4.1 Abstract

Purpose: To examine the acute and short term responsegsiables obtained during a
single countermovement jump (CMJ1), repeated comaeement jump involving 5
consecutive efforts without a pause (CMJ5) andi€ar{C), Testosterone (T) and
Testosterone to Cortisol ratio (T:C); to an elites&alian Rules Football (ARF) match
with a view to determining which variables may bestuseful for ongoing monitoring.
Methods: Twenty-two elite ARF players participating in a g@ason cup match
performed a CMJ1, CMJ5 and provided saliva samgfésprior to the match (48pre),
pre match (pre), post match, 24h post (24post),ptzi (72post), 96h post (96post) and
120h post (120post). The magnitude of change imbbas at each time point compared
to pre and 48pre was analysed using the effect B3¢ statisticResults: A substantial
decrement in the pre to post match comparison cedun CMJ1Flight

time:Contraction time (ES -0.65 + 0.28). Cortide5(2.34 + 1.06) and T:C (ES -0.52
0.42) displayed large pre to post match changes.r@sponse of CMJ variables at
24post and beyond compared to pre match and 48msevaried, with only CMJ1Flight
time:Contraction time displaying a substantial dase (ES -0.32 + 0.26) post match
compared to 48pre. Cortisol displayed a clear patiéresponse with substantial
elevations up to 24post compared to pre and 4&umrclusion: CMJ1Flight
time:Contraction time appears to be the most usefthble for monitoring
neuromuscular status in elite ARF players duestgubstantial change compared to
48pre and pre match. Monitoring C, due to its prdile pattern of response, may

provide a useful measure of hormonal status.
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4.2 Introduction

Muscle fatigue has been defined as a reductioraximmal force generating
capacity® and is believed to involve many factors at varisitiss including both central
and peripheral origin¥ It has been suggested that a practical test capélissessing
low frequency fatigue in athletes is warranted@he effective planning of post
competition recovery and preparation for subseqoempetition necessitates accurate

assessment of the impact of game play on the nawscutrar system.

Stretch shortening cycle (SSC) activities may lefulsn the study of
neuromuscular fatigue because metabolic, mechaanchheural elements are taxed in
conjunction with disturbances of stretch-reflexation.*® Recovery from SSC
exercise occurs in two phases characterised byital iarge drop in performance,
followed by a transient recovery and then a furtirep that generally peaks 48 to 72hrs

post exercisé®

Various forms of vertical jump (VJ) have been usethe assessment of athletic
performanc&?2%%and assessing repetitive VVJ power may also beriapid’
However, the use of VJ protocols to study the tatig effect of team game
performance is limited. Hoffman et%lfound CMJ Peak power and force was
maintained pre to post soccer match whilst Peatefaras lower at 24post compared to
pre. Hoffman et af? found various changes in Peak force and powemiercan
football players whilst Ronglan et. &f.demonstrated a significant decrement in
countermovement jump (CMJ) height over 3 days itd @landball competition. There
appears to have been no investigation examiningrtpact of an elite ARF match on

CMJ variables to assess their potential usefulasssmeasure of neuromuscular status.

In addition to changes in muscular performancetddatigue, numerous
researchers have examined the influence of teane ganfiormance on endocrine
responsé-?+1#313%ortisol (C) is considered an important stressriore and its
presence is said to indicate the neuroendocrirtersys response to exercise.
Testosterone (T) is anabolic in nature and impoitamuscle hypertrophy and

increasing muscle glycogen synthé'sisTestosterone has also been implicated in
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aggressive behaviodtl! As C and T vary in opposite directions in respdosexercise,
this may represent an imbalance between anabdlicaabolic hormones resulting in a
decreased T:C when loads are incred&&iis possible that various hormonal
measures may assist in assessing the responsénindgf® however their potential

usefulness in ARF is unknown.

Previous work®® has found T and C rest day values comparablertipettion
day values in rugby players with T decreased aadT:C increased post game.
Hoffman et af* found elevated C levels during a season of Amerfeaotball but
within normal ranges and T:C was lower at the dnthi® season whilst T remained at
baseline. Filaire et &f.revealed C was not influenced by 9 months of msitmal
soccer training, although an intensive trainingchleesulted in decreased T. The nature
of ARF provides a unique vehicle for the study ofrhonal response to performance as

it combines the contact nature of Rugby and thaingwolumes of soccer.

Uncertainty remains regarding the pattern of newscular fatigue and
hormonal responses to elite level contact sporth@dnfluence of an elite ARF match
is unknown. It is currently unclear whether suctamees, including a functional
athletic task capable of detecting low frequenayramuscular fatigue, are useful
monitoring tools. Quantification of the impact arge play on the neuromuscular and
endocrine systems is essential to planning effedtaining over the subsequent week.
Therefore, the purpose of this study was to exaitiaecute and short term impact of
an elite level ARF match on neuromuscular statasheommonal response in an attempt
to determine which measures may be most usefurfgoing monitoring of elite ARF

players.
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4.3 Methods

4.3.1 Subjects

This study involved 22 elite ARF players (Age 23.3.7years, Height 1.9 +
0.1m and Mass 89.6 + 7.3kg) representing an Austr&lootball League (AFL) team in
a pre season cup match. Subjects had played aagavef 64.3 + 51.7 AFL regular
season matches. The research was approved by iersity Human Research Ethics

Committee and all subjects signed an informed aardecument.

4.3.2 Design

The testing and training schedule is displayedguie 2. Single
countermovement jump (CMJ1), 5 repeated countermewe jump (CMJ5) data and
saliva samples were collected at 48pre, pre mates$t, match, 24post, 72post, 96post
and 120post match. Subjects were familiar withGMJ1, CMJ5 and saliva sample
techniques after participating in multiple practssssions and completing pre and post
match testing in two intra-club matches prior te fiie season cup match. All data,
except for post, were collected between 1500 aB@irs. Post data was collected
between 1830-1850hrs and was within 20min of matrhpletion. For various reasons,
some subjects were unable to provide data atadl points. Data was analysed for
between 16 and 21 subjects for the CMJ and 17 suBfcts for hormonal variables at
each time point. Subjects participated in the tsam@jular weekly training schedule

(Figure 2) throughout the data collection period.

Time/Day 1 2 3 4 5 6 7 8
Off Off Off Pool based  Off Flexibility Individual Off
AM recovery Skill
Training
48pre Off Pre 24post Off 72post 96post 120post
PM Skill Match Strength Skill Training Strength Skill
Training Post Training Training Training

Figure 2. Test and Training Schedule 48pre to 120post (i@sstinitalics).
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4.3.3 Methodology

Prior to each CMJ1 trial, subjects performed a Butg dynamic warm up
consisting of various running patterns includinggimg, high knees and skipping.
Subjects then performed 3 practice CMJ’s prioh®rmeasurement trial. The CMJ1
trial was followed by collection of a 60s unstinteld saliva sample for analysis of T, C
and T:C. Saliva samples were collected by passigling directly into a plastic
tube. There is a strong relationship between agliand serum unbound C both at rest
(r = 0.93) and during exercise (r = 0.98)and salivary measures of C and T
concentrations are independent of saliva flow ¥&tall subjects were requested to
maintain their normal training diet throughout #tedy period and refrain from
ingesting anything other than water in the 60mionmio provision of each saliva
sample. Subjects were also required to provide kEsmmip a rested state with a
minimum of 5 hours inactivity and participate inythe prescribed weekly training
sessions. Saliva samples were placed in a reftaeaad then frozen at a temperature
of -80° C and stored for subsequent analysis. &drfug/dL) and T (pg/mL) were
determined in duplicate by enzyme linked immunosottassay (Salimetrics, PA, USA)
using a microplate reader (SpectraMax 190, Moledd&vices, CA, USA). Typical
Error and coefficient of variation as a % of tharid C assays w&s1/8.1% and
0.07/3.9% respectively. Following provision of divsasample, subjects performed the
CMJ5 trial.

CMJ trials were performed on a commercially avdédbrceplate (400 Series
Performance Plate - Fitness Technology, Adelaidestrialia) connected to computer
software (Ballistic Measurement System - Fitnesshfielogy, Adelaide, Australia)
capable of recording vertical ground reaction ferde both the CMJ1 and CMJ5
conditions, subjects were required to perform a @Nb hands held in place on the
hips. In the CMJ1, subjects were instructed to jasigh as possible, whilst in the
CMJ5, subjects were required to jump as high asiplesfor 5 consecutive efforts
without a pause between jumps. Countermovemenhdegs self selected by the
subject. Each trial was then analysed using custesigned software (Mathworks,
Natick, Massachusetts, USA) capable of automayicitecting values for the variables
of interest.
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As a result of previous wot® that has determined the CMJ1 and CMJ5
variables with the highest reliabilit€{/ 0.8% to 8.0%), the following variables were
collected for analysis. In the CMJ1; Height in delight Time in s, Peak power in
watts, Relative peak power in watts/kg, Mean powavatts, Relative mean power in
watts/kg, Peak force in N, Relative peak force lkg\ Mean force in N, Relative mean
force in N/kg and Flight time:Contraction time (repenting the time from the initiation
of the countermovement until the subject leaveddlee plate) in s were recorded. In
the CMJ5; Flight time, Peak power, Relative peakgm Peak force, Relative peak
force, Mean force and Relative mean force wereectdld with the score representing

the average of the values for each of the 5 jurpptréons.

4.3.4 Statistical Analysis

Variables were log transformed to reduce bias dun-uniformity of error
and analysed using the effect size statistic (E8) %% confidence intervals (Cl) and
% change to determine the magnitude of changechttéae point compared to 48pre
and pre match values. Calculations were perfornsamjian Excel spreadshégtThe
ES was calculated using the following formula: E@/% — M,)/s where; M= mean of
one group, M= mean of second group, s=standard deviation.nTdgnitude of change
was classified as a substantial increase, substaeitrease, trivial or unclear. The
description of a substantial increase or decreaseapplied when there was a 75% or
greater likelihood of the effect being equal t@orater than the ES + 0.2 (small)
reference value. Less certain effects were clasksds trivial and where the £ 90%CI of
the ES crossed the boundaries of ES -0.2 and €.@&gnitude of change was reported
as unclear. This methodology has been describdetail elsewher&® It has been
suggested that an important step in increasingpipécability of research to practice is
to calculate and report statistics that show thgnitade of a treatment effetf and a

similar approach has been used previot&ly.

In this study, CMJ variables displaying an ES daseeof> 0.40 from pre to
post were considered for analysis beyond the psuggpost match comparison in order
to highlight CMJ variables that are depressed by Afatch play. An ES of this

magnitude lies halfway between ES that have besssified as small (0.2) and
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moderate (0.6} The ES 0.4 threshold was chosen as a changesahtignitude
allowed an initial reduction of CMJ variables foradysis, by highlighting those
variables impacted by more than a small magnitadie pre match to post match
comparison, without unnecessarily removing varigiblg using a stricter ES 0.6
threshold.

4.4 Results

Subjects played an average of 80.0 £ 12.0min (¥4.B.1% of total match

time).

4.4.1 Excluded CMJ Variables

The following variables have been excluded fronthfer analysis on the basis of

ES decrements of < 0.40 in the pre versus postmzatcparison.

CMJ1Height showed a small (ES -0.32 + 0.46) deeréasn pre to post match.
The response of CMJ1Peak power was trivial (ES #.027) whilst CMJ1Relative
peak power increased (ES 0.49 + 0.48) from preog&i match. CMJ1Peak force
displayed a trivial change (ES -0.16 + 0.26) fram o post match whilst the
magnitude of change in CMJ1Relative peak force uvedear (ES 0.00 + 0.39).
CMJ1Mean force decreased by a small (ES -0.35 1) @riagnitude from pre to post

match.

The response of CMJ5Peak power from pre to posthmaas trivial
(ES 0.02 = 0.10) whilst CMJ5Relative peak power@ased by a large magnitude
(ES 1.21 £ 0.64). CMJ5Peak force and Relative peade were lower post match by a
small margin (ES -0.33 + 0.24 and -0.22 + 0.34 eefipely). Post match CMJ5Mean
force displayed a small decrease (ES -0.25 = Gbiflst the response of CMJ5Relative

mean force was trivial (-0.02 + 0.15).
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4.4.2 CMJ and Hormonal Variables 48pre to 120post

Table 5 displays CMJ ES % 90% CI change and % ahangpared to pre
match for those variables meeting the previougmatof an ES decrease>0.40 in
the pre versus post match comparison. Changes ihv@kables compared to 48pre are

shown in Table 7.

CMJ1Mean power, CMJ1Relative mean power and CMHtRelmean force
displayed substantial decreases from pre to posthmwath decrements ranging from
-1.5% to -9.4%. CMJ1Flight time:Contraction timecoeased by the largest amount
(-16.7%). CMJ1Flight time was substantially loweA8pre than pre match. The pattern
of response in CMJ1 parameters varied from 24po$20post. CMJ5Flight time was
substantially lower at all time points comparegite except for 96post where the

response was trivial.

Hormonal variable responses compared to pre naatckhown in Table 6.
Testosterone response compared to pre match wsauoc trivial at all comparison
points. Cortisol increased substantially post m&t&4.2%) and 24post (+41.8%) with
an unclear response at 72post followed by substatdcreases at 96post and 120post.
Cortisol was substantially lower (-16.5%) at 48ftren pre match. Testosterone:
Cortisol decreased substantially post match andst4mpmpared to pre match with

unclear or trivial responses at other time points.

In comparison to 48pre, C displayed a substamtaéase post match (ES 4.05
+1.09, 60.8%), 24post (ES 4.59 + 1.28, 71.4%)pad& (ES 1.72 + 1.34, 22.3%) and
120post (ES 0.70 + 0.48, 8.6%) with and unclegvaase at 96post (ES 0.18 + 0.87,
2.14%). The magnitude of change in T post matchpaoed to 48pre was trivial
(ES -0.74 £ 0.80, -27.5%) with substantial decrsaaaging from ES - 0.41 + 0.41
(-16.3%) at 72post to ES - 0.96 + 0.53 (- 34.0%96yost. Testosterone:Cortisol was
substantially lower at all time points compared&pre with the greatest decrements
occurring post match (ES - 1.93 + 0.98, -58.8%) 2dydost (ES -1.69 + 0.79, -54.0%)
with the smallest change seen at 72post (ES -00/8%, -30.2%).
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Table 5.CMJ ES £90% CI change, qualitative descriptor @ndhange compared to pre match. A substantialaserer decrease was classified
as> 75% likelihood of the effect beingthe ES 0.2 (small) reference value. Less cedHetts were classified as trivial and where the
+90%Cl of the ES crossed the boundaries of ESafd2+0.2 the magnitude of change is described elsam

VARIABLE/TIME 48PRE POST 24POST 72POST 96POST 120PST
CMJ1 -0.53+0.41 -0.89+0.56 -0.84+0.56  -0.10+0.36 -0.02+0.51 -0.07+0.47
Flight Time(s) substantially substantially substantially unclear unclear unclear
-2.2% -3.6% -3.5% -0.4% -0.1 -0.3
CMJ1 -0.17+0.31 -0.57+0.39 -0.81+0.39  -0.3740.32 -0.08+0.40 -0.27+0.29
Mean power(w) trivial substantially substantially substantially  unclear trivial
-2.9% -9.4% -13.0% -6.1% -1.5% -4.5%
CMJ1 -0.19+0.36 -0.53+0.44 -0.87£0.43  -0.40+0.36 -0.06+0.45 -0.28+0.33
Relative mean power(w/kg) trivial substantially substantially substantially  unclear trivial
-2.8% -7.7% -12.4% -5.9% -0.9% -4.2%
CMJ1 -0.22+0.22 -0.42+0.32 -0.69+0.33  -0.2440.21 -0.11+0.3 -0.17+0.27
Relative mean force(N/kg) trivial substantially  substantially trivial trivial trivial
-0.8% -1.5% -2.5% -0.9% -0.4% -0.6%
CMJ1 -0.28+0.26 -0.65+0.28 -0.67£0.28  -0.1440.22 -0.13+0.35 -0.20+0.22
Flight time:Contraction time(s) trivial substantially  substantially trivial unclear trivial
-7.6% -16.7% -17.1% -3.7% -3.5% -5.4%
CMJ5 -0.80+0.29 -0.50+0.22 -0.76£0.31  -0.45#0.26 -0.20+0.23 -0.31+0.20
Flight time(s) substantially substantially, substantially substantially trivial substantially
-3.8% -2.4% -3.6% -2.1% -1.0% -1.5%
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Table 6. Cortisol (C), Testosterone (T) and Testosteronsi€in (T:C) ES £90% CI change, qualitative desti@and % change compared to
pre match. A substantial increase or decrease lassified as & 75% likelihood of the effect beirngthan the ES +0.2 (small) reference value

Less certain effects were classified as trivial eshere the £90%CI of the ES crossed the boundafiEsS -0.2 and +0.2 the magnitude of
change is described as unclear.

VARIABLE/TIME 48PRE POST 24POST 72POST 96POST 120PST
C(pg/dL) -1.43+0.42 2.34+1.06 2.78+1.16 0.34+1.30 -1.44+0.91  -0.7810.43
substantially substantially substantially  unclear substantially substantially
-16.5% 34.2% 41.8% 4.4% -16.6% -9.3%
T(pg/mL) -0.09+0.69 -0.29+0.40 -0.37£0.53 -0.08+0.36 -0.27+0.44  -0.22+0.48
unclear unclear unclear unclear trivial unclear
-3.9% -21.8% -26.5% -6.5% -20.1% -16.9%
T.C 0.25+0.36 -0.52+0.42 -0.67+0.52 -0.06+0.40 -0.02+0.50 -0.10+0.46
trivial substantially substantially  unclear unclear unclear
24.0% -36.0% -43.7% -5.0% -1.9% -8.3%
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Table 7.CMJ ES +90% CI change, qualitative descriptor anch#nge compared to 48pre. A substantial increadeaease was classified as a

> 75% likelihood of the effect beirgthe ES +0.2 (small) reference value. Less cedtetts were classified as trivial and where the%gl|

of the ES crossed the boundaries of ES -0.2 arithi®.magnitude of change is described as unclear.

VARIABLE/TIME POST 24POST 72POST 96POST 120POST
CMJ1 -0.31+0.57  -0.17+0.57 0.33#0.43 0.43+0.31 0.47+0.29
Flight time(s) unclear unclear trivial trivial trivial
-1.5% -0.8% -1.6% 2.0% 2.2%
CMJ1 -0.31+0.73  -0.47+0.41 -0.19+0.34 0.12+0.36 0.02+0.23
Mean power(w) unclear substantially trivial unclear unclear
-4.8% -7.1% -3.0% 1.8% 0.3%
CMJ1 -0.26£0.99  -0.57+0.56 -0.26+0.46 0.19+0.50 0.03+0.33
Relative Mean power(w/kg) unclear substantially ~ unclear unclear unclear
-3.1% -6.6% -3.0% 2.2% 0.4%
CMJ1 -0.1740.45  -0.44+0.15 -0.03+0.18 0.15+0.26 0.18+0.22
Relative Mean force(N/kg) unclear substantially trivial trivial trivial
-1.5% -1.3% -0.1% 0.4% 0.5%
CMJ1 -0.3240.26  -0.33+0.17 0.2040.30  0.06+0.25 0.21+0.34
Flight time:Contraction time(s) substantially substantially trivial trivial trivial
-7.5% -7.8% 5.0% 1.6% 5.2%
CMJ5 0.19+0.36 -0.10£0.28 0.26x0.34  0.45+0.27 0.50+0.26
Flight time(s) trivial trivial trivial substantially substantially
1.1% -0.5% 1.4% 2.5% 2.8%
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76



4.5 Discussion

4.5.1 Responses Compared to Pre

The initial finding of this research is the lackabfange in numerous CMJ
variables in response to an ARF match. Surprisimgien the instruction to jump as
high as possible, CMJ1Height was in this categdhys may be in part due to the
inherent limitations associated with estimatingghébased on the impulse momentum
relationship. The substantial decrease in CMJ1Ftighe, which is measured directly,
provides support for this notion. Previous resediah demonstrated a decrease in
CMJ1Height using the same methods as the curnady &t International handball
players over the course of 3 matches, althouglapdepost match scores were not
reported’? It could be that CMJ1Height lacks the sensitivitydetect changes from a
single ARF match. Flight time is an attractive mgashowever, due to the ease and

relatively cheap technology required for assessiofktiitis variable.

The response of CMJ1 and CMJ5Relative peak powggesis the potential for
an increase in Relative peak power from pre to pwgth. Running and CMJ skill
rehearsal, as occurs in ARF, has been show to fetteejumping performance via
increased readiness of the neuromuscular sy&farowever it is unclear why
potentiation would affect Relative peak power vialéa and not others. Previous work
examining Peak power in American Footfadind women soccer play&tias shown
no difference between pre and post match Peak plewels. This suggests team sport
athletes may be able to maintain Relative peak péoewing a match, particularly as
the rate of decrease has been shown to be noetitffbetween starters and non-

starters?

The reduction in CMJ1Mean power and Relative meamep suggests that
these variables are depressed by an ARF matchatitgihst 72post. This timeline may
reflect the influence of low frequency fatigtiamanifested in an altered technique
whereby knee flexion angle during the countermovarigeemodified in an attempt to

achieve maximum heigHtresulting in decreased Mean power scores. Thénmnt
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depression of these measures until 72post andfadhrity in values at 96post is a

limitation to the usefulness of these variablesnionitoring purposes.

Reductions in CMJ Peak force following maximal performance have been
demonstrated previous},however in the current study only CMJ1Relative miace
displayed this post match decrement. This resulinnélar to that of previous research
in American Footbaff and collegiate socc®rshowing post match CMJ1Peak force to
be unchanged from pre match. Decreased Mean foockigtion may be due to a
combination of reduced central drive and failurehaf excitation-contraction coupling
mechanisni? It is likely that similar technique alteratidhsffecting Mean power
scores have impacted Mean force results. It appleatCMJ1Relative Mean force
decrements are largely recovered by 3 days postmaAs a result, this variable may be
useful for monitoring neuromuscular fatigue becatdestantial decrements in Relative

mean force beyond 72post may be indicative of admlagcovery.

Whilst CMJ1 and CMJ5Flight time are substantiaypressed until 24post,
different patterns of response from 72post onwardg be evidence of greater
sensitivity in the CMJ5 variable. The substantedtmase demonstrated by CMJ5Flight
time at 72post compared to pre match may refleetftequency fatigu® generated by
the ARF match. A similar decrease at 120post migatethe secondary drop in
performance approximately 48h following intenseegtc exercise (72post training
session) as suggested by otHélternatively, the decrease could be a more acute
response to the strength training session condatt®@post. The lack of clarity in the
response of CMJ1Flight time variable is a limitatio its usefulness in monitoring
neuromuscular fatigue in elite ARF players. In cast, CMJ5Flight time may reflect
fatigue associated with the match until 96post wtesubstantial decrement may be a
reflection of compromised neuromuscular status. él@x, 96post may be too close to
the next performance in week to week competitiorallbw for adequate modifications

of the training stimulus.

In a similar manner to Flight time, CMJ1Flight 8r€ontraction time displayed

a substantial decrease post match and 24postvatigble provides an indication of the
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relationship between the countermovement phaseesudting flight time. Research
using hopping has shown changes in hip and kndesafjer a fatigue interventiSh.
Other research has shown a decrease in musclentastifoess from prior SSC exercise
resulting in increased ground contact time in dewpp performancé® Similar
mechanisms may be responsible for the changesghtfime:Contraction time. This
variable is depressed by an ARF match for at [2élstpost game and although the
response is trivial at 72post, it is likely to beraall decrease at most. Therefore a
substantial decrease in CMJ1Flight time:Contractiime 72h after an ARF match may
reflect delayed recovery. The timeline of respangéis variable appears to allow an
opportunity for interventions aimed at recoverimgiromuscular status to be
implemented in time for the next weekly competitiBased on comparisons with pre
match values, this variable may be the most usgftd variable for assessing

neuromuscular fatigue.

Cortisol and T:C showed the greatest change arandgcrine variables in the
pre to post match comparison. The increase insGrigar to that of Haneishi et &#°
who found post soccer match C to be significantreased above pre game values.
Other research has shown C to be unchanged fromo p@st game in American
Football players, although differences post gamsted between starters and non-
starters In a similar fashion to the current study, C valbave been shown to rise
post competition in elite swimmetSPost competition T:C in rugby players has been
shown to be 2.5 times lower than rest day vafiiesmd the substantial reduction in this
ratio seen in the current study may reflect a aaialstate in response to an ARF match
that extends for at least 24H.The unclear nature of the T:C response at 72pumbt a
beyond makes inferences regarding the expecteerpatt response in this variable
difficult. In comparison, C is substantially decsed at 96post and 120post; possibly
due to the training session conducted after 72pustthe strength training session

conducted after 96post.
The generally unclear response seen in T frompasth to 120post makes

determinations about anabolic processes due tdhmatch difficult. The expected

pattern of response is unknown given previous rebdzas found T to be unchanged
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from pre to post match in American football playétsut higher in the days following
an elite level rugby match than on a rest faglthough this comparison does not
consider change from pre match values. The uncleamnge at the majority of time
points suggests that T responds in a varied maorar ARF match therefore limiting

its usefulness for regular monitoring of elite AplRyers.

4.5.2 Responses Compared to 48pre

The response of CMJ variables post match comparéd8pre may provide an
insight into the sensitivity of individual varialsleln a similar fashion to the sensitivity
shown by CMJ1Flight time:Contraction time in compans to the pre match value, this
variable was the only CMJ measure capable of dateatsubstantial change from
48pre to post match. The decrement shown in thgperison was maintained in the
24post versus 48pre comparison. CMJ1Mean poweatiRelmean power and Relative
mean force were also substantially lower at 24th@st 48pre, however their ability to
detect a change between 48pre and post matchlsannthe response at 24post versus
48pre in these variables may be attributable tdaimmechanisms that are responsible
for change in comparisons with pre; such as redaeattal drive and failure of the
excitation-contraction coupling mechanighin conjunction with potentially altered
techniqué® The unclear nature of the response post match @@dpo 48pre suggests
these variables lack the sensitivity to detect matduced changes in neuromuscular
status from a rested baseline. CMJ1Flight time:@atibn time responds trivially at
72post versus 48pre and thereafter, following wutsl reductions post match and
24post, adding weight to the concept that this mmeaeflects the return of
neuromuscular status to 48pre baseline levelsvintip the match and further

highlighting its usefulness.

Cortisol was the only hormonal variable to dispgagubstantial change from
48pre to pre match, suggesting an anticipatorysirsdar to that demonstrated
previously'>***The unclear nature of the change in T from 48pnere is further
evidence of the limitations for the use of thisrhone for the regular monitoring of elite

ARF players. A correlation (r = 0.4p,< 0.04) between T and number of attacks in
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Judo players has been shown previot$iguggesting a link with aggressive behavior.
Interestingly the subjects in the current studyeaam the losing team. It is possible that
subjects were not sufficiently aroused pre matsthigher arousal may have resulted in
a greater difference between 48pre and pre matd@hd trivial change in T:C is likely

to be a function of the diversity in T and C respoand is similar to results of research
utilizing elite rugby players that demonstrated Toe similar on rest and competition

days!'®

Elevated C until 72post compared to 48pre providebker support for the large
impact of ARF match play on this variable and &mailar result to previous work>
The secondary increase at 120post may be dueitnggaonducted after 72post, as the
impact of the match is likely to have diminisHédiThe substantial decrease in T:C in
all comparisons with 48pre may be evidence thatite contact team sports where a
match is followed by multiple training sessiongdé measures are continually
depressed, representing a catabolic environmehtimiplications for the design of
training programs. These results are in contraatdtudy using elite Rugby players in
which T:C remained elevated above baseline valogkSudays post match The use
of T:C to monitor the anabolic to catabolic balantelite ARF players may be worthy
of further investigation, however the performantéxm salivary assays may be

problematic.

4.6 Practical Applications

An easy to administer functional test of neuronuiescstatus may be of great
benefit to scientists and coaches working with Hégkel team sport athlet&$In elite
ARF football players, CMJ1Flight time:Contractiomé appears to be the most useful
variable for assessing the neuromuscular resporsenatch. CMJ5Flight time may be
the most appropriate monitoring variable for progsahat only have access to devices

such as a timing mat.

Cortisol and T:C display the most predictable gratiof response of the

hormonal variables studied. Whilst T:C may be uséfie performance of two
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independent assays could be a limitation. Therefegular monitoring of C is likely to
provide the most practically useful hormonal measas levels may be expected to be
substantially lower than pre match by 96post. Wliile increase in C observed from
pre to post match suggests the impact of the ntasloverridden the normal diurnal
decrease in C, it is possible that the increag&post match was blunted by this diurnal
effect. Therefore, it may also be useful in furthesearch to assess the diurnal pattern
of C in elite ARF players without the influenceabfatch or intense training to further
clarify the impact of competition or training. Olstimg fatigue free baseline values is

likely to be important for measures of neuromuscatal endocrine status.

4.7 Conclusions

Although numerous CMJ variables were substantlallyer at post match than
pre match, CMJ1Flight time:Contraction time wasahé& CMJ variable to also show a
substantial decline (-7.4%) from 48pre to post malthis magnitude of change, in
conjunction with trivial responses pre match todg-3.7%) and 48pre to 72post
(+5%) suggests CMJ1Flight time:Contraction timées most sensitive and useful
variable for the assessment of neuromuscular sitailge ARF players. A decrement
in this variable of a substantial magnitude comgaoepre or 48pre at 72post may

indicate incomplete recovery of the neuromusculatesn.

Cortisol showed a clear pattern of response ipthdo post match comparison
with a substantial 34.2% increase. Testosteron&gobratio was substantially lower
(-36.0%) post match compared to pre match. Giveimdar training schedule to the
one undertaken by athletes in this study, it isseable to expect C at 96post to be

substantially lower than pre match.
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CHAPTER 5

5.0 EXPERIMENTAL STUDY 4

NEUROMUSCULAR AND ENDOCRINE
RESPONSES OF ELITE PLAYERS DURING
AN AUSTRALIAN RULES FOOTBALL
SEASON

5.1 Abstract

Purpose: To examine variations in neuromuscular and hormstadls and their
relationship to performance throughout a seasatitef Australian Rules Football
(ARF). Methods: Fifteen elite ARF players performed a single (CM&L)epeated
countermovement jump (CMJ5) and provided salivapdasifor the analysis of Cortisol
(C) and Testosterone (T) prior to the season comimgr{Pre) and during the 22 match
season. Magnitude of effects were reported witheffexct size (ES) statistic.
Correlations were performed to analyse relatiorsshgtween assessment variables and
match time, training load and performanResults: CMJ1Flight time:Contraction time
was substantially reduced on 60% of measuremeisamts. Magnitudes of change
compared to Pre ranged from 1.0 + 7.4% (ES 0.02%)00 -17.1 + 21.8% (ES -0.77
0.81). Cortisol was substantially lower (up to #404.1%, ES of -2.17 + 0.56) than Pre
in all but one comparison. Testosterone responsevarded, whilst T:C increased
substantially on 70% of occasions with increase®?t@ + 27.8% (ES 2.03 £ 0.76).
CMJ1Flight time:Contraction time € 0.24 + 0.13) and C displayed small correlations
(r =-0.16 £ 0.1) with performanc€onclusion: The response of CMJ1Flight
time:Contraction time suggests periods of neuromiasdatigue. Change in T:C
indicates subjects were unlikely to have beendatabolic state during the season.

Increase in C compared to Pre had a small negatirrelation with performance. Both
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CMJ1Flight time:Contraction time and C may be ubefuiables for monitoring

responses to training and competition in elite AdRHetes.

5.2 Introduction

Whilst previous work?224:28:3468.75.76.124.133 188 5 detajled various
neuromuscular and endocrine responses to athtatipetition and training, a limited
amount has investigated season long responseigeitesim sport athletes. There is
uncertainty regarding the expected pattern of nespan these variables and their
usefulness in determining the appropriatenessofitig loads; the impact of training
and competition volumes on change in these meaauthe relationships between

change in measurement variables and performance.

There is a suggestion that low frequency neuromiasfatigue is an important
capacity to quantify in elite athletes and functibstretch shortening cycle (SSC)
activities may be capable of thfsRecently, the ratio of Flight time to Contractitme
(measured from the commencement of the countermentphase until the subject
leaves the ground) from a single CMJ proved thetmssful variable for assessing low
frequency fatigue in ARF, due to the capacity ttededelayed neuromuscular
recovery™>® Another potentially useful variable identifiedtinis study was the average
Flight time from 5 consecutive CMJ'8% Examination of short term responses using a
squat jump and CMJ have also been conducted iagiate socc&f and American
Football?* Whilst measures of force and power have been showrcrease following
collegiate soccer pla¥, both measures demonstrated a return to basetiretiaé
American Football matcff. Despite providing insight into short term neurocular
responses, these results may not transfer to lomgpetition phases. Furthermore,
neuromuscular responses may be sport specifichenahility of SSC tasks to detect

neuromuscular fatigue may depend on the sport ssesament variable.

Although limited, some work has examined respsmsdéeam sport athletes over
longer periods>"*"?A reduction in CMJ height was found after 3 daf/mternational
handball competitioff and various neuromuscular changes up to 120haitetite

ARF match have also been report&tResearch in rugby league players has produced
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varied resultd"*and it may be that measures such as jump heighktli@ resolution to
detect neuromuscular fatigue in high level teanrtsathletes>*® Monitoring
neuromuscular fatigue in longer term studies magrdenced by assessing the
response of alternative variables, and scope dwrisexaminations over entire

competitive seasons.

There is relatively more research investigatinggleerm hormonal response to
elite team sport competition than exists in the&gtof neuromuscular fatigue. Rugby
league®"*and soccéf**2%"%2have been studied repeatedly, in addition to Acaeri
Football** Cortisol has a role as a stress hormone andétepce is suggested as an
indicator of the endocrine systems response tacises? Testosterone is important in
muscle hypertrophy and muscle glycogen synthEsisd it is possible that T, C or
their ratio value T:€° could be useful in assessing the impact of trgimind
competition as a reflection of the balance betwareabolic and catabolic procesées.
However, results of longer term studfe¥'"®***have been equivocal and included a
rise in C during a soccer season and return tdibase months post season with no
change evident in T or T:& whilst a reduction in T was the only change naterdng
15 weeks of American Football trainiiThe expected hormonal response and
therefore usefulness of these measures for earygtiten of overreaching or
overtraining in team sport athletes over extend®ebgs is unclear. Responses may be
sport specific and cyclic across longer periodsessitating profiling of individual

sports.

Despite previous examinations of neuromusculareantbcrine responses in
team sports, weekly variations in elite level cohtaam sport are poorly understood.
There is likely to be some modification to endoerand neuromuscular status during a
season of elite ARF. These responses may includeugamagnitudes of suppression or
elevation that occur independently or in paraltek possible that change in these
variables is related to workload or performance iarttie case of hormonal measures,
may reflect modifications to total body anaboli¢atalic balance. Therefore, the
purpose of this research was to examine weekhatrans of low frequency

neuromuscular fatigue and hormonal status in ARRE players over a competitive
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season with a view to determining the responseatoibg and playing loads, and

examine the relationship between these variablégparformance.

5.3 Methods

5.3.1 Subjects

This study involved 15 elite ARF players (Age 24.92.4 years, Height
1.87 £ 0.07m and Mass 88.0 = 7.9 keggpresenting an Australian Football League
(AFL) team during a 22 match regular season. Subjead played an average of 124 +
53 AFL regular season matches prior to the study coneing. The research was
approved by the University Human Research Ethiasi@ittee and all subjects signed

an informed consent document.

5.3.2 Design

The typical weekly training and match scheduleispldyed in Figure 4.
Countermovement jump data and saliva samples vadliected on the morning of Day
3 (approximately 72-144h post match). Subjects em@liar with the CMJ1, CMJ5
and saliva sample techniques after participatinguitiple practice sessions prior to the
commencement of the season. Baseline data wastedllm a rested state
approximately 36h prior to the first match of tleason (Pre) and on 20 occasions
throughout the 22 match season (Mid 1-2 to Mid 2}-2 bye occurred following the
Round 12 match and no data was collected Mid byerMid 13-14. Subjects unable
to produce maximum effort during the CMJ1 and CMitbnot perform these tests,
resulting in a varied number of data sets acrasstidy period and a mean of 10.1 £

1.6 subjects per data collection point.
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Time/Day 1 2 3 4 5 6 7

Trainingor  Off Data Individual  Training Recoveryif Recovery
AM Recovery if collection  skill training no match PM
match on &
Day 7 Flexibility
Weights Off  Training Match Match Match Match
PM or Weights or or
Off Off

Figure 4. Typical weekly training and match schedutalics indicate when matches
were played. Data collection occurred in the magron Day 3. The day following each
match included a water based recovery sessiomimgaconsisted of various skill and
tactical drills.

5.3.3 Methodology

Subjects performed a 2 minute dynamic warm up stingj of various running
patterns including high knees, heel flicks andriltsmovements followed by 3 practice
CMJ’s prior to the CMJ1 measurement trial. The CNtiHl was followed by collection
of a 60s unstimulated saliva sample for analysit, & and T:C. Saliva samples were
collected by passively drooling directly into agila tube. A strong relationship exists
between salivary and serum unbound C at rest)(93) and during exercise=£

0.90)*" with concentrations independent of saliva floverat

Subjects were requested to maintain their normaalitrg diet throughout the
study period and ingest only water in the 60miprd data collection. Samples were
provided in a rested state following approxima@b inactivity and subjects
participated in only the prescribed weekly traingggsions. Saliva samples were placed
in a refrigerator and then frozen at -80° C forsgquent analysis. Cortisol (ug/dL) and
T (pg/mL) were determined in duplicate by enzymé&éid immunosorbent assay
(Salimetrics, PA, USA) using a microplate readgreg@raMax 190, Molecular Devices,
CA, USA). Typical Error and coefficient of variati@as a % of the T and C assays was
9.1/8.1%and 0.07/3.9% respectively. The CMJ5 trial wasqrened after provision of

the saliva sample.
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Countermovement jumps were performed on a commigreiaailable force
plate (400 Series Performance Plate - Fitness Tdoty, Adelaide, Australia)
connected to a computer running software (Ballisteasurement System - Fitness
Technology, Adelaide, Australia) that recorded igattground reaction forces. Subjects
performed the CMJ1 and CMJ5 with hands held inela the hips. In the CMJ1,
subjects were instructed to jump as high as passidiilst in the CMJ5, subjects were
required to jump as high as possible for 5 consez@ffforts without a pause between
jumps. Countermovement depth was self selectetidgubject. Trials were analysed
using custom designed software (Matlab - MathwoRetjck, Massachusetts, USA)

capable of automatically calculating values for keyformance variables.

Previously, the most useful CMJ variables for manity neuromuscular fatigue
in an elite ARF population have been identifttiAs a result, CMJ1Flight
time:Contraction time (representing the time frdma initiation of the countermovement
until the subject leaves the force plate) in s @MiI5Flight time in s (representing the

average flight time of the 5 repetitions) were ecléd at each sample point.

In addition to CMJ and hormonal data as both atsdcores and % difference
to Pre (%Pre); training volume (min) representioiglttime active in all training drills
performed in a week, excluding rest periods betwiéls; match time (min); and %
match time for each round, cumulative totals afterh round, and season totals were
collected. Votes based on playing performance aedhby 5 coaching staff on a 0-5
(maximum of 25 per match per subject) basis fosualijects in each match, that
determined Club Champion Awards, were also recordetes represented an
assessment by the coaching staff on the effectbgeokthe subjects’ performance

compared to the role assigned to them for the match

5.3.4 Statistical Analysis

Variables were log transformed to reduce bias dueh-uniformity of error
and analysed using the ES statistic with 90% cenieé intervals (Cl) and % change to

determine the magnitude of effects. Magnitudeshaihge were classified as a
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substantial increase or decrease when there wao likelihood of the effect being
equal to or greater than the smallest worthwhienge estimated as 0.2 x between
subject standard deviation (small ES). Effects \gts certainty were classified as
trivial and where the + 90% CI of the ES crosse=llibundaries of ES -0.2 and 0.2, the

effect was reported as uncléat*®

Pearson correlations)(were calculated using SPSS for Windows (Version
13.0), to assess relationships of absolute and ##tues between CMJ and hormonal
measures, match time, training volume and Votesieladions were calculated for
variables measured at the same time point (e.y.aRckalso to assess delayed
relationships (e.g. Pre v Mid 1 — 2). The magnitatle + 90% CI was classified as 0.1
— 0.3 small, 0.3 - 0.5 moderate, 0.5 — 0.7 largé;-®0.9 very large and 0.9 — 0.99 nearly
perfect® and classified as practically important where¢heas & 75% likelihood of
the correlation exceeding the smallest practidatiyortant (0.1) value, using an Excel
spreadsheét’® Correlations> 0.1 with less certain practical importance havebszn

reported.

5.4 Results

5.4.1 Training and Performance Data

Values are reported as mean + SD. Weekly trainolgnae and match time was
58 + 19min per week and 102 + 15min per subjeqigetvely.Total season match
time was 2071 + 230min (78.5 + 8.7% of possibleandime). Combined weekly
match time and training volume was 144 + 43minguéaject. Season total Votes were
346 * 63 per athlete (13 £ 6 per round). The tean &7 of 22 matches during the
study period.

5.4.2 CMJ Measures

CMJ1Flight time:Contraction time (Tables 8 and @svsubstantially lower than
Pre at 60% of sample points. Magnitudes of chaogepared to Pre ranged from
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unclear (1.0 £ 7.4%, ES 0.04 £ 0.29) Mid 5-6 taubstantial decrease (-17.1 = 21.8%,
ES -0.77 £ 0.81) Mid 8-9. The response was triwia¥h occasions and unclear 20% of

the time.

In contrast, CMJ5Flight time (Figure 5A) respondexdlearly at 70% of data
points and displayed a substantial decrement otilp&s throughout the season.
Magnitudes of change ranged from -4.3 + 3.6% (E83-& 0.67) to 2.0 £ 2.5% (ES
0.39 + 0.48).

5.4.3 Hormonal Measures

Cortisol (Tables 8 and 9) was substantially lotikan Pre (mean + SD 2.34
0.62 pg/dL) in all comparisons except for Mid 1-Beke the response was trivial (-6.1
+9.7% , ES -0.27 £ 0.39). The largest decreasaroed Mid 6-7 (-40 = 14.1%, ES -
2.17 £ 0.56) and the smallest substantial decr@age14-15) was -10.2 + 9.6% (ES -
0.46 + 0.39).

Testosterone (Figure 5B) response was the mosdrafithe hormonal
measures; with substantial increases, decreasasmalehr responses in 45%, 10%, and
45% of comparisons respectively versus the Preevahean + SD 90.90 + 18.78
pg/mL). The largest reduction occurred Mid 17-18(7 + 35.7%, ES -2.29 + 1.43) and
the largest increase occurred Mid 1-2 (50.7 + 14 B%1.92 + 0.63). Testosterone

responded unclearly on more occasions (9) tharotrer variable.
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Table 8.ES £ 90% CI change, qualitative descriptor and @nge Mid 1-2 to Mid 11-
12 compared to Pre for CMJ1Flight time:Contractiome (s) and Cortisol (ug/dL). A

substantial increase or decrease was classified78%6 likelihood of the effect beirng

the ES 0.2 (small) reference value. Effects weaesified as unclear where the +

90%ClI of the ES crossed the boundaries of ES +d2+8.2.

Sample
(Hrs from previous match)

Flight time:Contraction time (s) Cortisol (ug/dL)

Mid 1-2(+144) -0.39+0.33 -0.27+0.39
substantiag) trivial

-9.2% -6.1%
Mid 2-3(+72) -0.20+0.22 -1.23+0.67
trivial substantig)

-4.9% -25.9%
Mid3-4(+96) -0.391£0.31 -1.10+0.6
substantia) substantia

-9.1% -22.8%
Mid4-5(+72) -0.57+0.58 -1.06+0.62
substantia) substantia

-13.1% -22.1%
Mid 5-6(+96) 0.04+0.29 -1.35+0.73
unclear substantia

1.0% -27.2%
Mid6-7(+96) 0.21+0.18 -2.17+0.56
trivial substantia

5.4% -40.0%
Mid 7-8(+96) -0.35+£0.32 -0.88+0.47
substantia) substantia

-8.1% -18.8%
Mid8-9(+72) -0.77+0.81 -1.29+0.42
substantia) substantia

-17.1% -26.2%
Mid9-10(+72) -0.31+0.51 -1.15+0.51
unclear substantia

-7.4% -23.7%
Mid10-11(+96) -0.57+0.59 -1.15+0.54
substantia) substantig)

-13.0% -23.7%
Mid11-12(+72) -0.59+0.58 -0.75+0.53
substantia) substantig)

-13.4% -16.1%
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Table 9.ES £ 90% CI change, qualitative descriptor and @nge Mid Bye - 13 to
Mid 21-22 compared to Pre for CMJ1Flight time:Caution time (s) and Cortisol

(ug/dL). A substantial increase or decrease wasified as> 75% likelihood of the
effect being> the ES 0.2 (small) reference value. Effects wéassified as unclear
where the £ 90%ClI of the ES crossed the boundeafi&s -0.2 and +0.2.

Sample Flight time:Contraction time (s) Cortisol (ug/dL)
(Hrs from previous match)

Mid Bye-13(+360) -0.48+0.41 -0.58+0.57
substantiag) substantig)

-11.2% -12.7%
Mid 14-15(+96) -0.49+0.53 -0.46+0.39
substantiag) substantig)

-11.4% -10.2%
Mid 15-16(+96) -0.71+0.49 -0.74+0.72
substantia) substantia

-15.9% -15.9%
Mid 16-17(+96) -0.47+0.99 -0.85+0.55
unclear substantig)

-10.9% -18.1%
Mid 17-18(+96) -0.06+0.47 -0.67+0.45
unclear substantia

-1.4% -14.6%
Mid 18-19(+120) -0.34+0.47 -0.62+0.52
trivial substantia

-8.0% -13.6%
Mid 19-20(+96) -0.41+0.28 -0.50+0.50
substantia) substantia

-9.6% -11.2%
Mid 20-21(+72) -0.56+0.42 -0.63+0.66
substantiag) substantig)

-12.7% -13.9%
Mid 21-22(+72) -0.15+0.27 -0.52+0.47
trivial substantig)

-3.5% -11.5%
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Testosterone:Cortisol (Figure 5C) increased sukiatyy on 14 (70%) occasions
and responded unclearly in all other comparisori&éo(mean = SD 40.88 + 11.02).
Increases ranged from 28.1 + 25.8% (ES 0.77 + G¥1)id 15-16 to 92.7 £ 27.8% (ES
2.03 £ 0.76) at Mid 6-7.

5.4.4 Correlations

CMJ1Flight time:Contraction time %Pre displayeshaall correlation with T:C
%Pre ¢ = 0.20 + 0.13). A similar magnitude relationshipsaevident between
CMJ1Flight time:Contraction time %Pre from one datint and T:C %Pre from the
following data pointi(= 0.25 + 0.13). CMJ1Flight time: Contraction time fadmall
correlation ( = -0.16 + 0.13) with Votes received 1 match lakem the match
immediately following the CMJ sample. CMJ1Flighth&:Contraction time %Pre also
correlated with Votes obtained 2 matches aftenth&ch immediately following the
CMJ sampler(= 0.24 + 0.13). CMJ5FIlight time correlated withtes ¢ = -0.16 + 0.14)
awarded 2 matches later than the one immediatedy@ulJ sample. CMJ5Flight time
was also correlated with € € -0.17 £ 0.14) 1 data point after the CMJ sam@lertisol
%Pre displayed a small correlation with Votes ¢0.16 + 0.1) in the match
immediately following the C sample. Cortisol hasimilar magnitude relationship
(r =0.16 £ 0.1) with Votes awarded 1 match later ttreenmatch immediately following

provision of the C sample.
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Match time displayed a smal € 0.2 + 0.13) correlation with with CMJ1Flight
time:Contraction time %Pre measured after the mdtotal cumulative match time had
small correlations with Tr(=-0.19 + 0.1), T %Pre -0.15+0.1), Cr(= 0.18 £ 0.1)
and T:C ( = -0.15 £ 0.1). Total cumulative match time as a®possible match time
displayed small correlations with CMJ1Flight timer@raction timer(=-0.3 £ 0.11), T
(r=0.16+0.1), T %PreE 0.17 £0.1) and T:C %Pre £ 0.2 £ 0.1). No practically
important correlation was revealed between any boahor neuromuscular measure

and number of hours from the previous match.

5.5 Discussion

55.1 CMJ Measures

In the current study, CMJ1Flight time:Contractioné showed a substantial
reduction in numerous comparisons whilst CMJ5FIlighe responded less clearly.
Most previous studies have addressed neuromusesiponses over relatively short
training periods, rather than extended competgieasons. A study of collegiate soccer
players discovered reduced sprint speed and CMdrpeance late into an 11 week
seasor® A study of semi-professional rugby league pladdisund no change in CMJ
after 6 weeks of overload training, whilst a simidmoup of athletes displayed a
clinically important reduction in the same measafter a period of overload training.
The relatively short term nature of previous resedimits the capacity to compare
results with those of the current study as aclgpaeses may be unrepresentative of
longer term changes. However, as CMJ1Flight timatation time has demonstrated
a clear pattern of depression and recovery follgvein ARF match>®it is reasonable
to assume that substantial decrements seen isttlilg are indicative of acute low
frequency neuromuscular fatigtfePeriods of non-functional overreaching or
overtraining would likely have resulted in extengetiods of substantial reductions
and less frequent return to baseline due to thgelotime required for recover.
Critically, previous research suggests that thength training stimulus applied on Day
1 (PM) is of little consequence to the pattern @finomuscular fatigue and recovery

measured on Day 3 (AMJ2 Whether the neuromuscular fatigue evident is ofre or
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peripheral origir’® cannot be determined from our results, althougmghs in hip and
knee angled and a decrease in muscle-tendon stiffness regutm prior SSC

exercis& may be responsible for the decrements observed.

Interestingly, the longest period of neuromusctdtigue was 5 consecutive
measurements (Mid 10-11 to Mid 15-16), althougb thipossibly an exaggeration of
the extent of neuromuscular fatigue, as no measmesmvere taken Mid 12 — bye or
Mid 13-14. If the trend for a substantial reductisas maintained in the weeks without
data; it may indicate that athletes involved inhhigvel weekly team sport competitions
have a threshold capacity to cope with repeatediriga after which time they enter a
period of neuromuscular overreachihgut rebound, given effective periodisation.
Inappropriate periodisation may result in an exéshperiod of non-functional
overreaching and potentially overtrainiffgrhis may have implications for the design
of training programs for elite level contact teguors athletes who compete on a weekly

basis over long seasons.

The response of the CMJ5Flight time variable imparison to CMJ1Flight
time:Contraction time suggests it is less ableigorininate between degrees of
neuromuscular status. Of the 3 occasions where ENyi time displayed a
substantial reduction compared to Pre, CMJ1Fligh¢iContraction time was also
depressed on 2 of these occasions. On the othasiooc(Mid 18-19), CMJ1Flight
time:Contraction responded trivially but with agar decrement (-8.0%) than
CMJ5Flight time (-3.9%). Other reseafthas demonstrated an 8% reduction in 5
bound hop for distance following 4 weeks of oveddaining in triathletes. It appears
that CMJ5Flight time or a similar measure, may sld@erements only in the presence
of non-functional overreaching or overtrainiffgsuch as that brought about by
deliberate overloading or periods of extreme trajrand competition stred$/° As the
Pre time point in the current study is analogou48io pre match in previous reseateh,
CMJ5Flight time is less likely than CMJ1Flight tit@®ntraction time to have displayed
substantial decrements. Despite this, it coulde®sgmt a variable capable of detecting
non-functional neuromuscular overreaching as ogptsacute cyclical low frequency

fatigue. The usefulness of this variable througleséason may be enhanced by
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obtaining a pre match sample as a baseline to cemyith weekly values, as it has

been shown to be more sensitive in this comparigon.

5.5.2 Hormonal Measures

The substantial reduction in C evident at 95%arhparison points is in contrast
to previous work in soccer where C increased aettteof a 7 week high intensity
training phas® and throughout a seastit?*Research using American Football skill
position player¥' during a 15 week off season training program anaéks of

overload training in Rugby League resulted in nange to C level&

There may be a number of explanations for the t®seken in the current study.
First, the Pre sample may represent an elevatedlilevesponse to approximately 20
weeks of training prior to commencement of the cetitipe season. Previous wdfk
that discovered C to be elevated in male collegiateer players at the end of a pre
season phase supports this contention. Seconttathieng and playing load undertaken
by the players throughout the competitive seasonimaae allowed C to decrease in
relation to (potentially elevated) Pre values, wlasrexcessive loading may have
resulted in maintenance or increases comparecet® Phe underlying mechanism
responsible for the endocrine variatiarthis research is unclear. It may be related to
modifications in the action of the hypthalamo-pauny axis (HPA) on testicles or
adrenals in response to the balance between exemisrecovers’ 28 Inappropriate
physiological loading would likely have resultedicreased C due to an over secretion
of adrenocorticotrophic hormone as a responsectinttreased sensitivity of the HPA
to stres$?’ From a hormonal perspective, the potential fopprapriate periodisation
resulting in overreaching appears to have beerdaddivia a stabilization of the action
of the HPAZ® This likelihood is supported by previous work whérevas substantially
elevated 72hrs post an elite ARF match comparé&dseline™>® therefore emphasising

the practical importance of the reductions segherncurrent study.

The response of T, and particularly T:C, may iathcdhe presence of a

predominantly anabolic environment throughout ts&ssn; suggesting subjects were
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able to recover from the stresses of training amdpetition®*’® Any regular reductions
in T would probably have been the result of inkibitesticular secretidfi.Ilt has been
proposed that T:C may be a particularly useful toaghonitoring the adaptive response
to physical loading"**3as decreases in this ratio of > 30% may indicaéegtraining*?®
However, other researchers have proposed cautitheinse of this ratio as a decrease

does not necessarily translate to decreased pexfm@ror a state of overtrainifiy.

Research examining change in T and T:C has produaréed results.
Testosterone has displayed an elevation duringesacining and competitioff;*#*in
conjunction with unchanged T:€1In contrast, T and T:C have shown decreases in
soccer and rugby league playérs whilst T remained unchanged at the end of a
professional soccer seas8rConfounding the comparison with previous reseisthe
relatively few data points analysed in other sedsng studies. Regular analysis allows
interpretation of week to week responses and tremdsthe longer term, whilst less
frequent samples may provide only a snapshot cbenke variation that is
unrepresentative of the overriding response. Irctheent study, T responded with
substantial increases and unclearly at the sara€48%o of data points each), whereas
T:C was more predictable with predominantly langeréases. In conjunction with other
research>® increases in this ratio in the current study ssgga anabolic
environment’ with athletes tolerating the training and compmtitoads®® Repeated
high training loads during periods of hormonal italn@e may have resulted in further
endocrine system disruption and ultimately compsemirecovery® However, the
precise physiological impact of this anabolic eoriment is uncertain as even large
reductions in T:C may be unrepresentative of paréorce decrements or confirmation

of overreaching or overtraining.”®
5.5.3 Caorrelations

Whilst a number of correlations with practical ionfance are evident, the
effects are generally small and variable. The tise>075% likelihoods threshold arrd

> 0.1 to signify practical importance suggests fartivork is needed to clarify the

strength and practical importance of these relatigs.
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Despite this, it is interesting that some compangssuggest a lag effect between
change in the measurement variable and perform&ocexample, CMJ1Flight
time:Contraction time %Pre had a small positiveaation ¢ = 0.24 £+ 0.13) with
Votes obtained 2 data points later than the CMihkilw. It is possible that changes in
neuromuscular status may have a delayed influengeedormance. This has
potentially important practical applications, apogpunity may exist to influence
performance with interventions aimed at recoveriagromuscular status. Although
speculative, the delayed relationship between meuscular fatigue and performance
may be the result of an alteration in the time sewf low frequency neuromuscular
fatigue and recovery?® brought about by repeated loading such as thartaicen by

subjects in the current study.

The relationship between C and performance in tineent study is varied. The
small negative correlation between C %Pre and Vptes0.16 + 0.1) indicates the
potential for higher levels of performance with l@vels of catabolic hormone,
although this relationship has a high degree oéttamty and is in contrast to the
relationship between absolute C and Votes one réated Further analysis is required
to define the link between change in endocrinermpatars and performance in elite
ARF.

Uncertainty exists regarding the practical impactanf the correlations between
competition load and the majority of measuremengades in this study. However,
total cumulative match time as a % of possible imétoe appears linked to the
response of CMJ1Flight time:Contraction time. Téktionship between competition
load and hormonal measures is varied, althougho@sla small increase in relation to
match time which may be important for the potenise as of this variable as a marker

of training and competition load.

Evidence of a relationship between neuromuscuidrermonal measures in
the current study is displayed in correlations leetwCMJ1Flight time:Contraction
time %Pre and T:C %Pre; and T:C %Pre 1 data péiat the CMJ sample. Although

small and variable, these relationships may indicaAnge in neuromuscular status is
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immediately and prospectively related to endocresponse. Previous work has
identified significant negative correlations betwd&g and CMJ performance in a group
of soccer players considered non-starters andfgigni positive correlations between
T:C and CMJ performance in starters at the entl@seasoff A study in rugby league
players found no significant correlation betweedaamine measures and performance,
although the authors suggested a catabolic statetpran endurance test influenced the
reduced performandé The concept of a decrease in neuromuscular ste¢esding an
increase in C is a variation on the notion of @balic state leading to reduced force
production’® Whilst the correlation between CMJ1Flight time:@antion time %Pre
and T:C %Pre in the current study supports thatioaadl concept, the relationship
between the CMJ variable and T:C %Pre 1 sampld fadgr, may have been revealed
because of the frequency of monitoring. Monitonwith high regularity could reveal
more subtle variations in measurement variables s frequent data collection and
consequently, important relationships may be disoed. It may be that this
relationship existed in other team sport resedrotvever limited sampling data may

have masked underlying changes.

5.6 Practical Applications

A reduction in CMJ1Flight time:Contraction timeddaor increase in C compared
to baseline suggests incomplete recovery of neusoaiar and hormonal status
respectively. Regular monitoring of these variallgsughout the season may allow
instigation of appropriate interventions such akioed training loads or periods of rest
aimed at recovering neuromuscular and hormonalst&esponses should be examined
in comparison to individual baseline measures weekly basis to specifically target
manipulations of the training and competition stasun an effort to maximize

performance.

Further research should look to confirm these tesuid investigate methods of
moderating neuromuscular and endocrine responseiniact of changes in
neuromuscular and hormonal measures should alswéstigated in relation to more

precise workload and performance measures sucistasick run or average speed.
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Exploring relationships between hormonal respomskamabolic:catabolic balance via
imaging technology or monitoring of protein signalipathways is an attractive area of

research.

5.7 Conclusions

A competitive season of elite ARF competition éfidiuctuations in
neuromuscular and endocrine responses. The respb@d¢J1Flight time:Contraction
time indicates subjects were in a compromised meuscular state at 60% of data
points and this reduction had a delayed relatignglih Votes. The pattern of response
seen in C and T:C suggests subjects were unlikdifave been in a catabolic state as a
result of the training and competition load. Cattisad a small relationship to
performance and in addition to CMJ1Flight time:CGantion time may be a useful

variable for monitoring the response to elite ARpetition and training.
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CHAPTER 6

6.0 CONCLUSIONS

One on the most important factors in evaluatingvtbeth of a variable for the
assessment of elite athletes is its level of rditgbThe initial conclusion of this
research is that numerous variables obtained fratm §ingle and repeated CMJ
performance in elite ARF athletes display acceptéblels of reliability, in this case a
CV of < 10%. The overall reliability of CMJ1 variables ested CMJ1Mean Forc€Y
1.1%) to have the highest level of repeatability anly this measure was capable of
detecting the&sWC In addition, CMJ1Peak force and Relative peakdatisplayed
excellent reliability CV 1.2 — 2.8%). Peak power measures were more relibhh
their mean counterparts whilst Height was lessibédi CV 5.1%), which may be
related to the indirect measurement technique fatiis variable in this study. The
identification of CMJ1Flight time:Contraction tinf€V 8.2%) time as a reliable
measure was interesting, although this variabiecapable of detecting tH&WC To
our knowledge, neither the reliability nor usefida®f this variable has been previously
assessed. This variable may be particularly attaddr regular practical use due to

ease of measurement by forceplate systems.

Despite no CMJ5 variables analysed appearing capdlaletecting the SWC,
numerous measures display high levels of religbiRelative Mean force was the most
repeatable@V 1.6%) whilst Flight time, in addition to variousgk and mean force and
power measures, also displayed good reliabilitge#ms particularly important that
CMJ5Height was shown to be extremely unrelialg 28%) and this may also be
related to the indirect measurement of this vagiaolupled with the requirement for

repeated performance.
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The response of reliable CMJ variables to a singéch of elite ARF suggests
varying levels of sensitivity in these measurebdth acute and longer lasting low
frequency fatigue. Although numerous variablesudioig CMJ1Flight time,
CMJ1Mean power, CMJ1Relative Mean force and CMdfbliime displayed
substantial pre to post match reductions, CMJ1Fhlghe:Contraction time was the
only variable to decrease in both this comparis®6.7%) and the post match versus
48pre match analysis (-7.5%). Coupled with thegpatof response evident in this
variable from 24 to 120post match, it appears @i 1Flight time:Contraction time is
the most useful CMJ variable of those analysedhferpurpose of assessing
neuromuscular fatigue in elite ARF athletes. Caitic reductions of a substantial
magnitude in CMJ1Flight time:Contraction time ap@&t compared to 48pre may be
considered indicative of the presence of low fregpyeneuromuscular fatigue extending
beyond the expected time course of recovery. Aljhdess sensitive, CMJ5Flight time
may also be useful, particularly for testing enmiments without access to forceplate
technology because this variable can be easily mnedsising contact mat timing

systems.

In a similar manner to CMJ1Flight time:Contracttome, C responded
markedly to a single elite ARF match with a subStpost match increase (34.2%). In
contrast, T:C was substantially depressed aftepetition (-36.0%). The results of this
experiment suggest that C may be expected to re&duavels substantially lower than
pre match values by 96post match. Maintenanceeofriatch C levels beyond this time
may be indicative of endocrine imbalance. Suchugison to the endocrine system may
also be considered evident if C is substantiakby&led compared to 48pre match at
72post match or beyond. The most varied hormorsplarese occurred in T, which
displayed unclear responses in the majority of ammspns, and this uncertainty makes
it difficult to infer expected patterns. This ikdiy to be a limitation to the isolated use
of this variable for monitoring purposes in elitRR athletes, however monitoring of C
and/or T:C may be valuable.

Across the competitive season, a clear patteratafife and recovery was
identified by the response of CMJ1Flight time:Cantion time. The magnitude of
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change in this variable across the season suggestsequency neuromuscular fatigue
was evident at 60% of measurement points. Theaalahature of this response
suggests acute fatigue and recovery from competitia training loads rather than
non-functional overreaching or overtraining. Therdase in C on 95% of occasions
compared to baseline, combined with an increa3eGnat 70% of measurement points,
suggests that athletes were not in a catabolie ftatarge portions of the season. This
is encouraging in terms of the periodisation, irajrand recovery programs

implemented for the athletes in this study.

The relationship demonstrated between CMJ1FligheContraction time and
performancer(= 0.24 + 0.13) provides evidence of the potemadlie of this measure
of neuromuscular fatigue. CMJ5Flight time may keesslfied as a less sensitive
measure of neuromuscular fatigue in elite ARF adistehowever it may possess the
capacity to detect periods of overreaching resmitiom extreme training and
competition stress because it appears to demomstidécrement in elite ARF players in
this state. In addition to the correlations dem@tstl between neuromuscular status
and performance, a small correlation also exisegdden C %Pre and performance
(r =-0.16 + 0.1). Furthermore, C had a small correfatvith match time, suggesting
this measure may be sensitive to workload. WHilstresults of these correlations
indicate the potential for relationships betweearomuscular and hormonal variables
and workload or performance, more work is needambitdirm the strength and

importance of these interactions.

6.1 Practical Applications

From a practical perspective, a number of key ssue evident as a result of

this series of studies.

1. Initial assessment of the ability of variables $sess change in elite athletes
should commence with determining the reliabilityttodse measures. This
should be conducted on a population specific b&sigables should be assessed
for their TE/C\WAo and their capacity to detect the SWC.
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2. Variables displaying the highest levels of relidyiare not necessarily the most
useful for a particular task. Once a thresholdlle¥@cceptable reliability has
been established, these variables should be testdtk population in question
to determine their suitability for the intendedesssment task.

3. In the case of elite ARF athletes, CMJ1Flight ti@@ntraction time is a
valuable measure of neuromuscular fatigue, althahighevel of sensitivity
may not exist in other team sport environments.

4. Scientists and coaches considering using CMJ1Higte: Contraction time as a
measure of neuromuscular fatigue should estabfiphoariate fatigue free
baseline measures. Magnitudes of change shouldthessessed on an
individual basis at regular intervals in comparisotheTE/CV%andSWC

5. Decrements in this measure compared to baselirendes2h post match may
be indicative of neuromuscular fatigue persistiegdnd the expected recovery
time in elite ARF players.

6. Neuromuscular fatigue in elite ARF athletes appe&atgave a small but
practically important relationship with performandderefore, a manipulation
of the training stimulus may be warranted in aarafit to restore neuromuscular
homeostasis.

7. Cortisol is a useful marker of endocrine responsglite ARF training and
competition that also displays a small practicatiportant relationship with
performance (although this relationship has somiabgity). As a result, it may
be valuable to consider implementing a modifiethtrey program for athletes
displaying elevated C in order to minimise the @a&ge between acute values
and baseline scores.

8. The response of C should be evaluated on an indiVishasis against the
TE/CV%of the assay. Individuals performing the C assaykhestablish their
own levels of reliability.

9. Assays must be performed in a timely fashion tovaltesults to be used in
training load manipulations in week to week contp®is.

10. Scientists and coaches should determine for tleetrqular sport, whether
measures of neuromuscular and/or hormonal respansaseful markers of

acute fatigue, overreaching or overtraining.
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6.2 Recommendations for future research

Although providing an insight into the response galilie of functional measures of
neuromuscular fatigue and endocrine variationite &RF athletes, there are various

avenues available to build on the data obtaingldarcurrent research.

1. Future work should look to examine the responseéMi1Flight
time:Contraction time and other SSC tasks in anidito endocrine status in a
variety of elite contact team sport athletes. fiassible that the responses may
be markedly different than those evident in theenirseries of studies.

2. Further analysis of the mechanisms underlying hoahtesponses and their
impact would be valuable. For example, the useEXPE scans to monitor
changes in muscle mass could be used to assetssm&h#ps with variations in
anabolic:catabolic balance.

3. Investigation into the relationship between neurscalar and hormonal
changes and more precise elite ARF workload ooperdnce measures appears
worthwhile. These workload measures may be indie fof data obtained from
Global Positioning System devices or camera mangasystems. Additional
performance measures may include data from thewsstatistical companies
currently serving the elite ARF competition. An@ssment of relationships to
measures such as rate of perceived exertion, er tithd indices may be
enlightening.

4. The usefulness of alternative markers such as Igf atso be worthy of study,
although the inability to analyse a variety of neaskincluding hormones in
saliva could be a limitation.

5. Animportant area of future work related to thereat research could involve
examination of single subject case studies and¢helopment of mathematical

models to assist in the prediction of performamgeyry and fatigue.
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Appendix 1

AUSTRALIA

UNIVERSITY

EDITH COWAN

INFORMATION LETTER TO PARTICIPANTS

The Reliability of Single and Repeated Countermovesnt Jump Tests

Purpose of the Study

The research described below forms part of my PéiBgoconducted at Edith Cowan
University and has been approved by the ECU Hunese&ch Ethics Committee. The
purpose of this research is to determine the riéit\abf various measures such as
height and power that are obtained during the pedoce of a single and repeated (5
continuous) countermovement jumps.

Test Procedure and Measurements

If you agree to participate in this study you vadl asked to perform either a single or 5
repeated countermovement jump on 7 different ooaasiT he first 3 occasions will be
practise trials to ensure you are comfortable Withrequired technique. You will then
be asked perform a maximum effort of the test ertiforning and afternoon of the same
day. This process will then be repeated 7 days. late

The jumps will be performed on a force plate cotegto a computer which enables
the calculation of height, flight time, and pow&he results of these measures will be
analysed to determine whether the test is acctn@aemorning to afternoon and week
to week. You will be required to maintain the sanaéning, diet, and rest regimes in the
two days leading up to each day of maximal testing.

Benefits

Determining the reliability of this test will allofurther investigation to assess whether
it is capable of detecting fatigue associated widtying and training. This will allow
more precise individual manipulation of trainin@dts and aid you in achieving optimal
levels of performance.

Risk and Ethical Considerations

Due to the maximal nature of the test procedureetisea minimal risk that you may

incur a soft tissue injury such as a muscle stieenminimise the risk of this occurring
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you will have the opportunity to fully familiarise yourself with the technique and
completely warm up prior to testing. In the unlikely event of an injury occurring, you
will be immediately referred to the club physiotherapist for treatment.

Further Information

All results obtained during the testing will be kept confidential. No data analysis or
presentation will include your name or other personal details. It is important that you are
aware that your participation is voluntary and that you are free to withdraw from this
study at any stage for any reason without penalty.

If you have any questions you can contact me on the details below.

Stuart Cormack (PhD candidate)

School of Biomedical and Sports Science
Edith Cowan University

100 Joondalup Dve

Joondalup WA 6027

Ph:

I
vobile:

If you have any concerns or complaints about the research project and wish to talk to an
independent person, you may contact:

Research Ethics Officer

Edith Cowan University
100 Joondalup Drive
JOONDALUP WA 6027

Phone: (08) 6304 2170
Email: research.ethics@ecu.edu.au

Thank-you for your interest in this research project.

Yours sincerely,

Stuart Cormack
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Appendix 2

AUSTRALIA

CU

EDITH COWAN

UNIVERSITY

INFORMED CONSENT

Project Title: The Reliability of Single and Repeaéd Countermovement
Jump Tests

Declaration

I havetmeaabove information
regarding this study and am clear about the reo@rgs and risks of participation in
this research. | have also had any questionsmgl&di this study answered to my
satisfaction.

| agree to participate in this study with the kneelde that | am free to withdraw at any
time for any reason.

| also agree that the research data obtained dtmsgtudy may be published, provided
| am not identifiable in any way.

Participant: Date:

Investigator: Date:
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Appendix 3

AUSTRALIA

UNIVERSITY

EDITH COWAN

INFORMATION LETTER TO PARTICIPANTS

Neuromuscular and Hormonal Responses to
Australian Rules Football Match Play

Purpose of the Study

The research described below forms part of my PéiBgoconducted at Edith Cowan
University and has been approved by the ECU Hunese&ch Ethics Committee. The
purpose of this study is to assess the impactmicpgation in an AFL pre season match
on various measures of fatigue, and to examinethese measures respond in the week
after the match.

Test Procedures and Measurements

If you agree to participate in this study you wifildergo a number of measurements.
These measurements will be taken approximately@Hedirs pre game, pre and post
game, and every 24 hours for the 7 days followirggrhatch.

The first tests are a single and repeated counteament jump (requiring you to jump
for maximum height 5 times in a row). The secordd ievolves providing a saliva
sample into a collection tube. This saliva samglebe analysed for levels of the
hormones Testosterone and Cortisol.

These measurements will provide a picture of yaarall fatigue and recovery
response to participation in an AFL match.

Benefits

The data obtained in this study will allow a marelepth understanding of the
physiological response to AFL match play. From thfermation it may be possible to
more effectively plan training programs. There rbayparticular benefits in areas such
as manipulating training loads in response to tegim a more individual and objective
manner.
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Risk and Ethical Considerations

Due to the maximal nature of the test repeated jump procedure, there is a minimal risk
that you may incur a soft tissue injury such as a muscle strain. To minimise the risk of
this occurring you will have the opportunity to fully familiarise yourself with the
technique and completely warm up prior to testing. In the unlikely event of an injury
occurring, you will be immediately referred to the club physiotherapist for treatment.

Further Information

All results obtained during the testing will be kept confidential. No data analysis or
presentation will include your name or other personal details. It is important that you are
aware that your participation is voluntary and that you are free to withdraw from this
study at any stage for any reason without penalty.

If you have any questions you can contact me on the details below.

Stuart Cormack (PhD candidate)

School of Biomedical and Sports Science
Edith Cowan University

100 Joondalup Dve

Joondalup WA 6027

If you have any concerns or complaints about the research project and wish to talk to an
independent person, you may contact:

Research Ethics Officer

Edith Cowan University
100 Joondalup Drive
JOONDALUP WA 6027

Phone: (08) 6304 2170
Email: research.ethics@ecu.edu.au

Thank-you for your interest in this research project.

Yours sincerely,

Stuart Cormack
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Appendix 4

AUSTRALIA

UNIVERSITY

EDITH COWAN

INFORMED CONSENT

Project Title: Neuromuscular and Hormonal Responsg to
Australian Rules Football Match Play

Declaration

I havetmeaabove information
regarding this study and am clear about the reogrgs and risks of participation in
this research. | have also had any questionsmgl&i this study answered to my
satisfaction.

| agree to participate in this study with the kneelde that | am free to withdraw at any
time for any reason.

| also agree that the research data obtained dtmsgtudy may be published, provided
| am not identifiable in any way.

Participant: Date:

Investigator: Date:
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Appendix 5

AUSTRALIA

UNIVERSITY

EDITH COWAN

INFORMATION LETTER TO PARTICIPANTS

Hormonal Profiles and Neuromuscular Fatigue Duringan Australian Rules
Football Season

Purpose of the Study

The research described below forms part of my PéiBgoconducted at Edith Cowan
University and has been approved by the ECU Hunese&ch Ethics Committee. The
purpose of this study is to assess the impactmitpgaation in a season of AFL football

on various measures of fatigue, and to examinethese measures compare to changes
in strength and power performance.

Test Procedures and Measurements

If you agree to participate in this study you wifidergo a number of measurements on
a regular basis throughout the season. Hormonahaamuscular measurements will
be collected on a weekly basis following a rest day

The first tests are a single and repeated counteament jump (requiring) you to jump
for maximum height 5 times in a row. The secontliteslves providing a saliva
sample into a collection tube. This saliva samglebe analysed for levels of the
hormones Testosterone and Cortisol. It has beegested that these hormones may be
reflective of how your system is responding to pigyand training loads.

Benefits

The data obtained in this study will allow a maredepth understanding of the
physiological response to a season of AFL matci. [Heom this information it may be
possible to more effectively plan training and resry programs. There may be
particular benefits in areas such as manipulatimging loads in response to fatigue in
a more individual and objective manner. An impartaenefit of this study will be the
possibility of determining whether any of the maasuwitilised during the study are
more valuable than others in monitoring respons@sseason of high level team sport
play. This will allow those involved in prescribitiaining loads to utilise the most
effective monitoring methods.
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Risk and Ethical Considerations

Due to the maximal nature of the repeated jump test, 3 repetition maximum strength and
power test procedures, there is a minimal risk that you may incur a soft tissue injury such as
a muscle strain. To minimise the risk of this occurring, you will have the opportunity to
fully familiarise yourself with the technique and completely warm up prior to testing. In the
unlikely event of an injury occurring, you will be immediately referred to the club
physiotherapist for treatment. There is a very small risk of infection from the finger prick
but this is performed under sterile conditions. A new lancet drawn from an individually
wrapped sterile packet is used for each finger prick.

Further Information

All results obtained during the testing will be kept confidential. No data analysis or
presentation will include your name or other personal details. It is important that you are
aware that your participation is voluntary and that you are free to withdraw from this
study at any stage for any reason without penalty.

If you have any questions you can contact me on the details below.

Stuart Cormack (PhD candidate)

School of Biomedical and Sports Science
Edith Cowan University

100 Joondalup Dve

Joondalup WA 6027

Ph: 0
I
I

If you have any concerns or complaints about the research project and wish to talk to an
independent person, you may contact:

Research Ethics Officer

Edith Cowan University
100 Joondalup Drive
JOONDALUP WA 6027

Phone: (08) 6304 2170
Email: research.ethics@ecu.edu.au

Thank-you for your interest in this research project.

Yours sincerely,

Stuart Cormack
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Appendix 6

AUSTRALIA

UNIVERSITY

EDITH COWAN

INFORMED CONSENT

Project Title: Hormonal Profile and Neuromuscular Fatigue During an Australian
Rules Football Season

Declaration

I havetmeaabove information
regarding this study and am clear about the reogrgs and risks of participation in
this research. | have also had any questionsmgl&i this study answered to my
satisfaction.

| agree to participate in this study with the kneelde that | am free to withdraw at any
time for any reason.

| also agree that the research data obtained dtmsgtudy may be published, provided
| am not identifiable in any way.

Participant: Date:

Investigator: Date:
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