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ABSTRACT

The highintensity, physically demanding nature of teaport exercise invokes
physiological perturbations often resulting in shartd longterm reductions in muscle
function and increased symptoms of exeraigkiced muscle damage (EIMD). When such
exercise bouts are performed in hot environmental conditiorisrandludeexposure to
intense physical collisions between opposing players, the physiologicaifleadrcisecan
beexacerbated. Consequently, pesercse recovery strategies including cold water
immersion (CWI) are commonly implement@&dorder tominimise the deleterious symptoms
associated with teatsport exerciseand optimise the quality aubsequernperformance
Despitetheincreased popularity @@WI, minimal research has focused on the benefits
following teamsport exercise and more specificatlyere remains a paucity of research
evaluating the subsequent effects of cold therapy on the recovery of neuromuscular function
following the demands agsiated with tearsport exerciselTherefore, the aim of this thesis
was to examine the effects of p@stercise cold therapy on the recovery of neuromuscular
function followinga variety ofexercise conditions related to teaport activity.

The initialinvestigation aimed to isolate skeletal muscle dameg@monly elicited
during tearrsport exercisen a singleleg model to identify the specific effects of repeated
eccentric muscle actions on neuromuscular function in the lower body (quadriceps and th
subsequent effects of pestercise cold therapy (COLD)en resistancérained males
performed 6 x 25 maximal concentric/eccentric muscle contractions of the knee extensors
(KE) followed by a 2émin recovery (COLD v control). Neuromuscular function (rahry
and evoked), together with perceived muscle soreness (MS) and pain, and blood markers for
muscle damage were measured pred postxercise, and immediately pastcovery, 2h,

24-h and 48h postrecovery. The results indicated that despite a-gwstcise suppression in

voluntary torque, a recovery of COLD did not significantly enhance maximal voluntary
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torque (MVC) and activation (VAR>0.05). Further, postxercise elevations in creatine
kinase (CK), aspartate aminotransferase (AST) am@ctve protein (CRP) were not
significantly altered by COLDR>0.05); although, perceptions of pain were loweh4&st
recovery following COLD compared to CONT. Therefore, when explicit eccentric muscle
actions, isolated to a singleg, elicited prolonged oscle damage, pesiercise COLD did
not hasten the recovery of skeletal muscle function despite enhancing perceptions of pain.
Study twoexamined theffects of CWI following simulated tearsport exercise in
the heat. Two sessions of a 2 @ intermitents pr i nt protocol (I SE)
humidity wereperformed, followed by a 2thin CWI or passive recovery (CONT).
Neuromuscular function, perceived MS, CK, AST and CRP were measurethgrpost
exercise, and immediately pasicovery, 2h and 24h postrecovery; whilst core temperature
(Teore), heart rate (HR), perceptions of exertion, thermal strain and thirst were recorded pre
duringand postexerciseMVC and VA were reducedostexercisan both conditions and
remained suppressed for thel2decoveryperiod(P<0.05), whilst CK, AST and CRP were
elevated above prexercise value@<0.05). Implementation of paesixercise CWI produced
a more rapid rate of reduction iRek HR and MS, whilst increasing pesicovery MVC,
VA androot mean squanRMS) of the electromyogram (EMG) sign@<0.05). In contrast,
MVC and RMSmeasured at 2 postrecovery were significantly higher in CONT
compared to CWIR=0.05). Therefore, the results of study two indicated that following
exercise in the heat, CVdccelerated the reduction in thermal and cardiovasimady and
improved acute recovery of MVC alongside increased central activation. However, the
suppressed MVC 24 postrecovery in CWI compared to CONT may suggest a detrimental
prolonged effect of CWafter multijoint exercise in the heat.
In the final investigation, the effects of CWI were examined following simulated

collision-sport exercise. Three sessions consisting of a 2rriIBASE with either tackling

Vi
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(T) or no tackling (CONT) were followedy a 20min CWI intervention (TCWI) or passive
recovery (TPAS®r CONT). Every & min during the ISE, participants performed 5 xri0
runs, receiving a shouldézd tackle to the lowebody. Sprint time and distance covered
during ISE were recorded, witivVC, VA, RMS, MS, CK, AST and CRP measured-aead
postexercise, postecovery, 2h and 24h postrecovery. Total distance covered during
exercise was significantly greater in CONFE(Q.01), without differences between TPASS
and TCWI (P>0.05). A recovemith TCWI resulted in immediate improvements in post
recovery MVC, VA and RMSK<0.05); whilst Mwave amplitude and peak twitch were also
significantly increased poséecovery and zh postrecovery, respectively in TCWPKO0.05).
Although TCWI reduced peeptions of MS zh postrecovery, no significant effect on the
elevation in CK, AST and CRP were observee(.05). Accordingly, the results of the final
study highlight thainclusion ofbody-cadllisions reduces exercise performance, while the use
of CWIlresults in a faster recovery of MVC, VA and RMS and improves muscle contractile
properties and perceptions of soreness following collibesed exercise.

In conclusion, the collective results of the three studies of the present thesis
demonstrate that single application of cold therapy is of no significant benefit to restore the
reduction in skeletal muscle function following (singbet) exercise inducing prolonged,
localised musculoskeletal damage and trauma. However, wheimkegisity, multijoint,
intermittentsprint exercise includes exogenous load (heat and intense body collisions), post
exercise CWI is beneficial in attenuating the decline in acute voluntary force production
Specifically, it islikely thatsuch improvements MVC may bevia ameliorated recovery of
peripheral contractile apparatus and reduced internal thermal load, increasing central
activation and skeletal muscle recruitment. Therefore, the benefits of cold therapy recovery

may be dependent on the modality of exercis@tover from and with suppression in24

vii



Preface

MVC observed following CWI, the benefits of pastercise CWI may also be time

dependent.
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Chapter 1

Overview

Athletic training for competitive sport represents acute challenges intended to
optimiseprolongedmprovements iperformance anghysiological functio(Dawson et al.
2004) Regular bouts of intense training and competition often result in stmoriongterm
alterationgn the function of the musculoskeletal, nervous, neuromuscular and metabolic
systemgReilly and Ekblom 2005; Westblad et al. 1998 horttermalterationgnay result
from metabolic disturbances following highiatensity exercise or exercise of high
physiological demand@Vesterblad et al. 2002Alternatively, longeflastingalterationamay
berelated to exercissmduced muscle damage (EIMD) and trauma, resulting in delayseit
muscle soreness (DOM&Theung et al. 2003)n addition, many sports competitions follow
tournament schedules requiring athletes to compete in matches over successive days
(Ronglan et al. 2006; Spencer et al. 2008hen such bouts are performed in elos
succession, time available for full physiological and/or performance recovery is often
inadequatéMontgomery et al. 2008b; Rowsell et al. 2009)an aim to restore physical
function, minimise shottand longterm performance impairment and maximise training
adaptations following intense exercise bouts, implementationstegercise recovery
procedures are now an accepted practice in most gpartsett 2006)

In particular, cold water immersion (CWI) has emerged as a populaexestise
recovery interventiofBanfi et al. 2009; Kinugasa and Kilding 2009; Wilcock et al. 2006)
Despiteincreased popularity, and evidence sugggshat cold therapy is beneficial in the
treatment of acute musculoskeletal injuriie® et al. 1995; Merrick et al. 1999; Paddon
Jones and Quigley 199%he effect ofcold therapy on recovery of exercise performance and
skeletal muscle function remaiwaried(Eston and Peters 1999; Ingram et al. 2009; Isabell et

al. 1992; Peiffer et al. 2009a)he reason faa disparity offindings mayin part be theesult
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of the range of different exercise modes used in research alnuhitee knowledge on
specific mechanisms thought to result in improved recovery following Baffi et al.

2007; Pdier et al. 2010b; Vaile et al. 2008@&s such, with a lack of understanding into the
precise mechanisms responsible for observed benefits eépastise CWI, it is difficult to
determine the exercise conditions under which-pastcise CWI may be beficial and
appropriate.

Current evidence highlights mixed findings of cold therapy on-prstcise recovery
following a range of exercise modes, including exercise invoking E(WHile et al. 208c),
laboratory cycling protocol@eiffer et al. 2010b; Vaile et al. 2018)d teamsports exercise
(Rowsell et al. 2009; 201 l)espectivelyWith sudr modebased responses in mind, Vaile et
al. (2008c)recently reported that following exerciseluced DOMS, isometric strength and
squat jump performance was improved with CWI. Improvement in the ngcoteoluntary
force and a reduction in perceived muscle soreness was also demonstrated following
prolonged intermittent shuttle running which induced symptoms of muscle d4Beitgsy et
al. 2007) Conversely, Jakeman et @009)reported that CWI following a damagibgut of
exercise had no beneficial effect on recovery of maximal voluntary force (MVC) or perceived
soreness. Of further interest, Sellwood e{2007)reported that icevater immersion did not
minimize markers of DOMS, including perception of pain and tenderness, with ratings of
pain increased 24 postrecovery. Accordingly, the efficacy of CWI to assist pesercise
recovery, particularly following exercisaduced DONS, remains the topic of some debate
(Bailey et al. 2007; Rowsell et al. 2011; Vaile et al. 2010)

To date few studies demonstrating beneficial effects of cold therapy have been able to
relate the pos€CWI improvamert in performance or perceptual recovery to any
physiological, immunological, hematological or neuromuscular mechagfiaison et al.

2008) The predominant research focus has thusriauccessfully foced on the effect of
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CWI to alter peripheralhpriented mechanisniglalson et al. 2008; Peiffer et al. 2010a, b;
Vaile et al. 2008b)However,data on the efficacy of cold tregy oncentral mechanisms
more aligned witlmeuromuscular recovegrelimited, (Peiffer et al. 2009aMore
specifically,traditionally investigations have unsuccessfully attemptdhtba relationship
with the beneficial effectef CWI to alterations imetabolic and blood markers of muscle
damage as an explanation for improved perform@reaéson et al. 2008; Peiffer et al. 2009a,;
Peiffer et al. 2010a, b; Vaile et al. 2008akhough previous evidence has focused primarily
on the peripheral effects of CWI, it is well known tfettgueinduced declines in exercise
performance mayesult from a reduction in skeletal muscle force generg@Gamdevia et al.
1995b) that may be of either central and/or peripheral ofigimoka and Stuart 1992;
Hakkinen and Komi 1983)To date, a paucity of research exists examining CWI recovery on
alterations in skeletal muscle recruitment and activdtaiffer et al. 2009a) Specifically,

the possible relationship between CWI and the subsequent effects on cemédibyed
mechanisms, including skeletal muscle recruitment has not been investigated.

More recently, the effect gfostexerciseCWI on restoringmpaired parasympathetic
function following supramaximal exercibas been investigatéBuchheit et al. 2009).
Evidence highlighted thagostexerciseCWI influencedvagatmodulationresulting in an
increase in parasympathetidigity, possiblyindicaing a pdentialfeedback mechanism
from the peiphery(Buchheit et al. 2009)Vhile this feedback pathway following CWI may
be evident for the control of cardiac muscienimal research has examined the role of CWI
on skeletal mude recruitmentSpecifically, if CWI results in altered peripheral responses
resulting in feedback to the central nervous system, indicating an improved physiological
state, such feedback may provide a mechanism to help explain improvements in ensuing
execise performancalhilst Peiffer(2010a)and Vaile(2008a)recently postulated that the

beneficial effects of CWI on subsequent exercise performance indhevbeee related to a
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faster reduction in thermal and cardiovascular strain; the relationship between improved
peripheral recovery influencing centratlyediated mechanisms, and the possible associated
improvements in exercise performance are not fully tstded(Peiffer et al. 2009awith
minimal research examining teasports exercise.

Teamsport athletes are often exposedigh volumes of intermittergprint exercise
during training and competitiofCoutts et al. 2009; Spencer et al. 20@Ych demands often
result in increased EIMD and contractile trauma due to the high intensity and eccentric strain
of the exercise bout{®ohr et al. 2003; Reilly 1997As such, posexercisecooling
strategies aiming to minimise the symptoms associated with EIMD and improve recovery of
muscle function to ensure that performance in subsequent exercise sessions is optimal, have
become populaiBarnett 2006; Ingram et al. 200%jowever, current edience highlights
equivocal findings on posixercise cold therapy improving the signs and symptoms
associated with EIM@Jakeman et al.aD9; Vaile et al. 2008¢¥ypecifically, it is unknown as
to whether EIMD or the physiological demands resulting from tspamt exercise, reducing
ensuing skeletal muscle function, can be improved with-@astcise cold therapy.

In addition to these ate musculoskeletal demands, tegport athletes are frequently
exposed to additional exogenous factors increasing the physical, physiological and perceptual
demand of the exercise bout. For example, teport athletes may be required to perform
trainingor competition in hot environments, particularly during-peason training, generally
occurring during summer months for most football codes. Additionally, given that many
competitive athletic events occur in warm environmental conditions (e.g. World
Chanpionships, Olympic$~32°C Athens, Greece 200dnd Commonwealth Games, and
pre-season training), physiological perturbations associated with exercise are augmented in
hot environmentéMarino 2004; Tucker et al. 20049nd may also require additional

recovery timgWendt et al. 2007)Although recent evidence documents decreases in body
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temperature with concomitant improvem®in exercise performance following C\{{eiffer
et al. 2010a; Vaileteal. 2010) an area which has had minimal focus has beerota®f

CWI on cerebral functiorand/or centrallymediated mechanisnisfluencing subequent
exercise performande the heatPeiffer et al. 2009a)Accordingly, the use of CWI to speed
recovery of these elevated demands following exercise in the heat may be of benefit for
ensuing performance for athletes competinggarm conditions.

Further, many tearaport athletes are also exposed to repeated direct and indirect
body collisions in excess of the regular physical demands of the specific exercise bout
(McLellan et al. 2010; Takarada 2003eamsports such as rugby league, rugby union,
American football and Australian football, consist of intense physical contacts between
opposing players during training and maptay. Direct body collisions may increase th
physiological demand of higimtensity, intermittensprint exercise, with an additional
increased risk of musculoskeletal injur{@awson et al. 2004; McLellan et al. 2011)
Although to date there is a dearth of controlled research studies examining the effects of
physical collisions on tearsport activity (Singh et al. 2011). Regardless, implememtatdf
postexercise CWI following tearsport exercise has become popular aiming to minimise
deleterious symptoms associated with intense exercise and/or ceilésed load@Banfi et
al. 2007) Despite suclpopularity, there is a paucity of research examining the effect of CWI
on recovery following tearmsport exercise involving higimpact physical collision@Banfi et
al. 2007)

Accordingly, the aim of this #sis was to examine the efficacy of cold therapy
implemented as a recovery strategy following various exenctieced physical loads that
may be present during normal teaport activities of training or competition. More
specifically, this thesis will imestigate the effects of cold therapy on the recovery of central

and peripheral skeletal muscle function following specific EIMD exercise and consequently
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intermittentsprint exercise involving exogenous loads of heat and body collisions,

respectively.

Statement of the Problem

As teamsport exercise may involve EIMD, be performed in the heat and/or involve
direct body collisions resulting in immediate and prolonged decrements in muscle function;
recovery from such loads may be of importance in maintamptignal performance during
ensuingexercise often withinshort time frames24 h). Whilst the body of literature on the
effects of posexercise cold therapy for recovery is growing, evidence outlining potential
mechanisms for observed improvements renegiuivocalPeiffer et al2009a; Vaile et al.

2010) Moreover although implementation of cold therapy has emerged as a popukar post
exercise recovery intervention in many sp@Barnett 2006; Wilcock et al. 20Q@he effect

of cold therapy on restoring physical and neuromuscular function, and improving subsequent
exerciseperformance highlights varidzenefits following various modes of exercise

(Rowsell et al. 2009; Vaile et al. 2008b; Vaile et al. 20EQythermore, few studies
demonstrating beneficial effects of cold therapy have been able to relate improvements in
subsequent performance to any physiologicaliaelogical or neuromuscular mechanisms
(Halson et al. 2008 More specifically, although several studies have reportgiifisiant
alterations in peripheralynediated mechanisms, few have examined the effect of cold
therapy recovery on alterations in skeletal muscle recruitmerdearichlactivation(Peiffer

et al. 2009g)particularly following tearsport exercise. Therefore, with current evidence
highlightingvariedbenefits of cold therapy recovery on subsequent exercise performance
(Ingram et al. 2009; Montgomery et al. 2008b; Yamane et al. 20@b6a paucity of research

examining cold therapy effects on the recovery of ceraral peripheraheuromuscular
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function(Peiffer et al. 2009a}he present thesis aimed to further elucidate the effect of post
exercise cold therapy on the recovery of neuromuscular function foficexercise

simulatingteamsportdemands.

Aims and Rationale

Study One
EIMD resulting from eccentric strain during hightensity, intermittensprint

exercise results in immediate and prolonged reductions in skeletal muscle fjEeaos et

al. 1990; Ronglan et al. 200&s a result, implementation of pestercise cold therapy has
become increasingly populéBarnett 2006)Although cold therapy is a wellocumented

treatment for acute musculoskeletal inj@Bailey et al. 2007; Yanagisawa et al. 2003a)
evidence outlining performance and perceptual effects of cold therapy following EIMD is
varied(Eston and Peters 1999; Howatson et al. 2005; Jakeman et al. @@a9hinimal

evidence demonstrating the effects of cold therapy on the recovery of neuromuscular function
(Peiffer et al. 2009a) herefore, the aim of the initial investigation was to determine the

effects of cold therapy on the recoveryskeletal muscléunction following highvelocity,
singlejoint eccentric exercise designed to result in EINtD which the signs and symptoms

may be similafollowing teamsport training and mateplay.

Study Two
It is well-established that exercigeaduced increases in thermal strain result in

alterations in central activatiqMartin et al. 2004; Nybo and Nielsen 200muscle
contractile functior(Morrison et al. 2004and exercise performance. Many sports involve

repeated bouts of exercise over consecutive days, and when such events are performed in
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warm environmental conditions performance decrements are pnonounce@Vaile et al.
2008a) In an effort to alleviate potential perturbations associated with exénciseed
increases in endogenous thermal load, implementation of CWI has become an increasingly
popular posexercise reavery strategyPeiffer et al. 2010b; Vaile et al. 2008Recent
investigations have reported improved recovery of thermal and cardiovascular strain,
alongside concomitant improvementsibsequent exercise performance with CWI
following exerciseinduced increases in thermal lo@dile et al. 2010; Wilcock et al. 2006;
Yeargin et al. 2006 However, an area which has had minimal research troudismay
explain the aforementioned resultshe effectCWI hason the recovery ahe peripheral and
central mechanismasrelated to contractilenusclefunction (Peiffer et al. 2009afvidence
for the potential benefit for such an intervention is the obsediagdr return of maximal
voluntary force andoluntaryactivation when external cooling returns core temperature
(Teore) closer to preexercise values following passivalyduced hyperthermi@Morrison et

al. 2004) Therefore, the second study aimed to examine the effects of CWI following
simulated teansport exercise in the heat on the recovery of neuromusculaidionct

specifically central and peripherallgediated mechanisms of skeletal muscle recruitment.

Study Three
Teamsports are characterized by intermittent bouts of high and low intensity activity

(Meir et al. 1993)with many sports also involving regulphysical collisions (n=280)
throughout the course of training and/or mgptdy (Brewer and Davis 1995; Gissane et al.
2001) The combative nature of such sports, combining intermittentihighsity activity
and repeated blunt force trauma, may result in damage to skeletal muscle smdkpnse
musck sorenesfDawson et al. 2004; McLellan et al. 2011; Peake et al. 2088e¢rsely

affecting subsequent exercise performafi@nglan et al. 2006 Pespit the popularity of
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postexercise cold therapy, and although recent findings following-tg@ort exercise

indicate potential benefifgngram et al. 2009; Rowsell et al. 2008)ere remains a paucity

of evidence examining the effects of direct body collisidunsng exercis@n performance

and the subsequent effect CWI has on recoveryngdipal function(Banfi et al. 2007)
Accordingly, the primary aim of the final investigation was to examine the effects of CWI on
recovery of skeletal muscle, physiological and perceptual functions follewvmgated,
collision-based tearsport exercise. A secondary aim of this investigation was to quantify the

effect of direct loweibody collisions (tackles) on ensuing intermittgptint performance.

Research Questions and Hypotheses

Research Questions- Study One

1. Does implementation of pasiercise cold therapy following lowddiody singlejoint,

eccentric exercise improve the signs and symptoms of EIMD?

2. Does posexercise cold therapy alter the recovery profile of neuromuscular function
following peripherd contractile damage induced frdmgh-velocity, singlejoint

eccentric exercise?

Hypothesis - Study One

As cold therapy is reported to reduce acute inflammatory resp(Baiésy et al.
2007; Eston and Peters 199®)vas hypothesed that cold therapy implemented following a
bout of singlgoint, high-velocity eccentric exercise would attenuate the decline in skeletal

muscle function and reduce deleterigigns andymptoms of EIMD.
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Research Questions- Study Two

1. What are the effects of peskerciseCWI on neuromuscular, physiological and
perceptual function following highntensity intermittensprint exercise in the heat,

and how does this affect acute and pngled recovery of voluntary force production?

Hypothesis - Study Two

With the well documented restoration of maximal voluntary force production and
activation when external cooling returns core temperatugg)(€loser to preexercise values
following passivelyinduced hyperthermi@Morrison et al. 2004)t was hypothesed that
CWI following a bout of intermittergprint exercise in the heat wowddhance the rate of
reduction in core temperature and tlanseliorate the decline in maximal valary force via
improved recovery of voluntary activation and skeletal muscle recruitment resulting in

improved performance.

Research Questions- Study Three

1. Does the inclusion of simulated direct physical collisions (tackiésgtprolonged,

intermittentsprint performance compared to a rammtact control?

2. What are the effects of peskerciseCWI on neuromuscular, physiological and
perceptual function following the simulated demands of collibiased tearsport
exercise, and how does this affeatitecand prolonged recovery of voluntary force

production?

10
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Hypotheses- Study Three

It was hypothesed that implementation of direct physical collisions would result in a
significant decrement in intermitteaprint exercise performance and produgaisicant
declines in neuromuscular function. Further, it was hypothesised that implementation of post
exercise CWI would attenuate the declines in skeletal muscle function while improving

physiological and perceptual recovery.

Limitations
The limitationsof this research include:

1 Due to the subject population consisting of amateur male residtanoed and team
sport athletes aged 183 y; the results can not necessarily be extrapolated to other
populations such as the aged, youth, females or étitetes.

1 Participants will be required to complete food and activity diaries and replicate this
for each testing session. Although the investigators will encourage research
participants to keep this information accurate and up to date, this variable ntey not
completely controlled.

1 Muscle mass, subcutaneous fat and skin thickness may impede the electrical
stimulation data recorded throughout each investigation. Furthermore, the efficacy of
cold therapy may also be impeded by these limitations.

1 The third staly will aim to replicate the intense nature and demands of team sports
consisting of regular bouts of intense direct physical collisions; however, this aspect
may possibly be limited by ethical constraints and an inability to enforce the intensity
of collisions normally observed durimg-field matchplay. Throughout each exercise

protocol, research participants will receive encouragement to perform at their

11
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maximal, although complete contler the force produced during the tackling bouts
may be difficut to impose

i Transcranial magnetic stimulatiolninvasively examines nerve propagation along
the corticospinal tract, spinal roots, and peripheral nerves in huatilawing motor
output to be mapped precisely (Hallet 200@wever, due to this equipmenmit
being availablat thetime of data collectiofthe measurement of neuromuscular
functionin the current collection of studiéslimited to peripheral nerve stimulation.

1 Due to the recovery intervention consisting of cold water immersion or colghyhera
the research studies were unable to implement a placebo control. As such, this may
have someffect on the results of maximal voluntary activation and contraction,
together with the perceptual ratings. The effect of this limitation will be discussed in

the conclusion chapter.

Delimitations
The delimitations of the research include:
1 The measurement of maximal isometric voluntary contractions (MVC) of the

dominant leg knee extensors will be used as the main performance measure
throughout each investigatioAlthough the measurement of MVC may not
specifically relate to dynamic team sports performance, these measures will be
implemented to provide reliable and valid data on neuromuscular function, both
central and peripheral components. As such, this wilt the applicability to more
dynamic activity, a common component of tegports exercise. However, the
determination of MVC will be implemented as it is the most reliable and valid
measurement to examine the main aims of this thesis and determiniethe @f
exercise and cold therapy recovery on neuromuscular function. Measurements of

voluntary activation, electromyography and twitch and motor evoked potential

12
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properties are reliably determined via the measurement of MVC and as such this will
be useds the main performance measure in all three investigations.

1 Only male resistanetained and tearsport athletes will be involved in each
investigation. These research participants will be involved3rtraining session per
week and compete in localgby league/union and soccer teams.

1 Participants will be required to avoid the consumption of food, alcohol and caffeine 3
h prior to each testing session.

1 Participants will also be advised to avoid strenuous exercise 24 h prior to testing, and
also duringhe designated recovery period (24 h or 48 h).

1 Each investigation will be performed in an enclosed, controlled laboratory

environment.

Note: To ensure consistency throughout the thesis, the formatting of information

presented i n Ch anprorevariations ® that gresanted in the pbea v e

reviewed publications due to different editorial requirements of specific journals.
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Literature Review

Chapter 2
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Overview

Athletes training for competitive sports,rpeularly at the elite level, areequently
exposed to demanding training and competition bfasvson et al. 2002; Deutsch et al.
2007) potentially resulting in acute and prolongeductbns in athletic performance
(Cheung et al. 2003; Ingram et al. 2009; Westerblad et al. 11908 dition to repeated
training bouts, many sports competitions follow a tournament schedule that can require
athletedo compete in several matches over successive(Baygjlan et al. 2006 pencer et
al. 2005) When such exercise bouts are performed in close succession, time available for full
physiological and performance recovery between sessions may be inadstpragomery
et al. 2008b; Rowsell et al. 200@sulting in less than optimal ensuing performaii&eeson
et al. 1995; Hakkinen 1992%pecifically, a 2 7% decline in sprint and countermovement
jump (CMJ) performancéRonglan et al. 2006; Spencer et al. 20@H)d increased markers
of muscle damage and inflammatory cytokifi®ntgomery et al. 2008djave been
observed during mukilay, tearmsport competitivéournaments.

In an effort b restore physical functicend enhance, or at least mainfgiarformance
during subsequemxercise bout&raining and competition), poesikercise CWI has emerged
as a popular recovery interventi(@anfi et al.2009; Peiffer et al. 2010b; Vaile et al. 2010)
Despite increased popularity, evidence demonstrating the efficacy efxmsise cold
therapy on attenuating declines in shartd longterm exercise performance, skeletal muscle
function and altering agkine responses are vari@hiley et al. 2007; Halson et al. 2008;
Ingram et al. 2009; Yamane et al. 200@)rther the precise mechanisms responsible for
observed improvements in recovevith cold therapyeman to be fully elucidatedBailey et

al. 2007; Vaile et al. 2008gparticularly following tearsport exercis¢ingram et al. 2009)
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Of the studies demonstrating beneficial effects of-pastcise cold therapy, few have
been able to relate the improvements to specific mechaiganiey et al. 2007; Vaile et al.
2008a) with minimal focus on tearaports exerciséngram et al. 2009)in particular,
although acute and prolonged declines in neuromuscular function are demonstrated following
various exercise modaliti€Kuitunen et al. 2004; McLellan et al. 2011; Ronglan et al. 2006)
there is limited research examining the relationship between alterations in neuromuscular
function with cold therapy and the subsequent effects on ensuing exercise performance
(Peiffer et al. 2009aparticularly in a tearsport environmentAccordingly,a review of

literature has identified the following asefor investigation:

The efficacy of cold therapy for recovery and performance enhancement following the
demands associated with teaports.

The relationship between evidence of EIMD and {go&rcise cold therapy.

The association between exereisducel elevations in thermal strain and pesercise
cold therapy altering the recovery of neuromuscular function.

The relationship between muscle damage due to collisions in sport and subsequent
performance and recovery with cold therapy

The relationship betaen posexercise cold therapy altering the recovery of
neuromuscular function following the various demands associated withsfeam

exercise particularly with the inclusion of exogenous load (heat and body collisions).

Accordingly, amain aimof this thesis was to evaluate the effect of goarcise cold
therapy on the recovery of neuromuscular function following various demands associated
with teamsport exerciseA fundamental component of each of the research studies
investigated in the presemesis was the evaluation of neuromuscular function following

various exercise modalities and the subsequent effects eéyasise cold therapy dhe
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recovery profile oheuromuscular function. Therefote,examine botlcentral and
peripherakkeletaimusclefunction, a range of neuromuscular measures were implemented
and are discussed in more detail bel8wbsequently, this review of literature will outline the
physiological demands associated with tespuarts exercise. Further, given that many athlet
events are held in warm environments, and teport exercise often includes indirect and
direct physical collisions, the associated effects on performance and physiological function
under these conditions will be discussed. Finally, current evideniogirogithe role of post
exercise cold therapy and the subsequent effects on the symptoms of EIMD, exercise

performance, heat stress and collistased sports will be discussed in detail.

Assessment of Neuromuscular Function

Muscle fatigue is defined @ exercise induced reduction in maximal voluntary force
(Gandevia 2001)Although theprecisemechanismarenot fully understoodlit is accepted
that central fatigue (including alterations in processes located above the neuromuscular
junction) can be distinguished from peripheral fati@Bandevia et al. 1995bA failure of
force generating capacity may occur at various sites along the pathway from the central
nervous system (CNS) to the intramuscular contractile appgkaasBraun 1999;
Westerblad et al. 1998 entral fatigue refers to a progressive decline in the ability to
activate muscle voluntarily and it is attributaldarnpairment at sites proximal to the
neuromuscular junctioGandevia et al. 1996eripheral fatigue is defined as a decrease in
the capacity of the skeletal muscle to generate force because of actidrapfatiture,
excitatiorrcontraction (EC) coupling failure, or impairment of crebsidge cycling, in the
presence of unchanged or increasing neural @Bigtand-Ritchie et al. 1986; Fuglevand et
al. 1993; Hakkien and Komi 1983; Taylor et al. 1997. The use of maximal voluntary

contractions (MVC) and nemvasive transcutaneous electrical stimulation combined with
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surface electromyography (EMG) allows examination of the sites of neuromuscular fatigue in
humans {Gadevia, 2001 #47)The assessment techniques are commonly implemented to
examine alterations in maximal forgenerating capacity during and following various

exercise modalities and conditiofggland-Ritchie etal. 1986; Merton 1954; Sggaard et al.
2006) with the production of MVC reported to be highly reproducible with CV <7% and

ICC of 0.90(Place et al. 2007)

The contribution of central fatigue sxreduction in force generating capacity is
commonly assessed by voluntary activatstimated by twitch interpolation of a single
supramaximal electrical stimulus to the motor nerve during an isometric (GéGdevia
2001; Merton 254) The interpolated stimulus evokes a superimposed twitch, the amplitude
of which allows calculation of the percentage of voluntary activation and thus estimates the
level of neural drive to the musdlallen et al. 1998; Gandevid al. 1995a)A large
interpolated twitch indicates low levels of VA and thus indicates the presence of central
fatigue(Gandevia et al. 1995bpuring isometric exerciseentral fatigue may reflect
inhibition at the motoneuronal levgbarland and McComas 1998lpng with diminishing
drive to the motor cortefGandevia et al. 1995 urther, the determinah of central
fatigueis alsoassessely the change in thelectromyogramEMG) signalof the active
muscles during MVQMillet and Lepers 20049n the assumption that the changes reflect
alterations in central neural driyBigland-Ritchie 1981) When the EMG value is used to
evaluatehe existence of central fatigue during an MVC, this value needs to be normalised by
the maximal compound muscle action potentialvisive)(Lepers et al2000) Therefore, to
assess the contribution of central fatigue to alterations in thedereerating capacity of the
muscle following exercise associated with the demands of$pants in the present thesis
and to evaluate the recovery profile of cahfatigue, measures of MVC, VA and the EMG

signal normalised to the Mave will be assesse8pecifically, repeatedntermittent short
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durationMVCO0 will be performed preand postexercise and throughout tdetermined

recovery period. FiveepeateMV C6 s, separated by a 5 s rest
superimposed twitcavoked at the point of peak torque duresghMVC (represented
schematically in Figure 2.1A potentiatedwitch will then be evokedluring the5 srest

interval between e contractiorto allow calculation of the interpolated twitch technique

(ITT) to provide an indication of voluntary activatig@andevia 2001; Merton 1954; Thomas

et al. 1989)
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Figure 2.1 Schematigepresentation of the protocol used for assessment of maxiinatany contraction (MVC), voluntary activation and
potentiated twitch properties throughout each of the studies:$ x MV Cb6s wer e performed with superi mpos

contraction followed by a potentiated twitch initiated duting 5s rest interval between contractions. The arrow represents electrical
stimulation of the femoral nerve.
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Further, the presence of peripheral fatigue is commonly measured by comparing the
force responses to electrical stimulation before atet affatiguing exercisgschillings et al.
2005) Accordingly, prior to the assessment of MVC rested twitch contractdeViwave
properties evokely a single electrical stimulwsill also be determined during the exercise
and recovery time poinend is considered as a reliable means to describe peripheral
contractile fatiguéMil let et al. 2002)TheM-waveis commonly used in human fatigue
experiments as an index of the effectiveness of neuromuscular transmission and impulse
propagation in muscle fibréBigland-Ritchie et al. 1982; Hicks and McComas 198%he
following characteristics of an evoked resting twitch are commonly deterriaroetect
failure in EC coupling or neuromuscular propagati¢h) peak potentiated twitch torque
(P1); (2) rate of torque devayment (RTD); (3) time to peak torque (TPt); (4) rate of
relaxation (RR); (5) half relaxation time (1/2 RT); (6) contraction duration (CBhnon et
al. 2006; Plae et al. 2007)Further, the duration, amplitude and latency of awdte
provide an indication of neuromuscular transmission and excitability of the muscle fibre
sarcolemmdLepers et al. 2000The decline in quadriceps twitch torque and prolongation of
TPt and CD may indicate disruptions irCEcoupling(Behm and SPierre 1997; Edwards et
al. 1977, Viitasalo ad Komi 1981) while aredued M-wave amplitude indicasafailure to
drive the action potential to the muscle fibfé&erefore, evoked twitch contractile and M
wave propertiesvill be determined throughout each study of the present thesis to assess the
presence of peripheral fatigue following the demands associated witispeata exercise
and evaluate the effect of cold therapy on the recovery of peripheral reductions-n force
generating capacity.

Of note, it is well documented that the applicatibreald sufficient to reduce muscle
temperature alters contractile proper{idastuk and Hodgkin 1950; Ranatunga et al. 1987)

decreasing RTD and the speed of muscle relaxéerRuiter et al. 1999)he reasons for
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these changes have been explained by a slowed adenosine triphosphate (ATP) hydrolysis
(Ferretti et al. 1992)lowed calcium (C8) release and uptake from the sarcoplasmic
reticulum(Kossler and Kuchler 198&nd a decreased €aensitivity of the actomyosin
(Sweitzer and Moss 1990)s such, to account for potential differences in evoked responses
of the colder muscle temperatureswave amplitude was normalisenlthe voluntary EMG
signal(Lepers et al. 2000)-urther information on the effects of colder temperatures on

muscle function is discussed in more ddbaiow.

Physiological Responses to TeamSport Exercise

Team-Sport, Game-Based Activity Patterns: Exercise Regulation and Fatigue

Many tearasport athletes train and compete several times per week, often on
consecutive days, and engage in higfiensity, intermittensprint activity(Dawson et al.
2005; Dawson et al. 2002puring competitive matches, most athletes are required to
compete over prolonged periods {80 min) at moderate to high intensities (~@&5%
VO2may, Separated into equal halves by al80min halftime breakReilly 1997) Due to the
intense nature and physiological demands of tseparts, exercise intensity during the second
half of competition is often alterd@outts et al. 2010; Mohr et al. 2003; Reilly 199#ith
reductions in moderat@nd highintensity activity observe@outts et al. 2010; Duffield et
al. 2009a) In addition, with repeated bouts of higitensity training sessions aod/
competitive matches performed over several consecutive days with minimal respite between
sessions, substantial fatigue and decrements in exercise performance may be observed
(Montgomery et al. 2008b; Ronglan €t2006; Spencer et al. 2005)

The activity patterns of many teasports are intermittent in nature, consisting of

repeated bouts of brief (<§ maximal to neamaximal work interspersed with relatively
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short (<60s) moderate to lovintensity recovery peods (Glaister 2005; Spencer et al. 2005)
In field-based tearsports (e.g. AFL, hockey, rugby and soccer), distances covered during
games rage from 5000 to 12000igBangsbo et al. 1991; Brewer and Davis 1995; Reilly and
Borrie 1992; Wisbey et al. 2010)he match intensities and activity patterns of athletes
during a competitive match are considerabRuienced by player positiaiBangsbo et al.
1991, Brewer and Davis 1995; Docherty et al. 1988yironmental factors, and the level of
competition(Reilly 2000) The mean duration of hightensity efforts during fieldbased
sports is reported to be approximately-4 (Bangsbo et al. 1991; Docherty et al. 1988;
Mayhew and Wenger 1986§ which approximately -3 is attributed to albut sprinting
(Bangsbo et al. 1991; Docherty et al. 1988)e mean exercise intensities of B VOmax
(Bangsbo 1994; Boyle et al. 1994; Reilly 199n mean heart rates of-80% of maximum
(Docherty 1982; Ekblom 1986)ustained over thgrolonged duration of teaisports activity
highlight both theaerobic and anaerobmature of such exercise and that a substantial
physiological load is present.
More specifically, duringnt er nat i onal approxinatelf9p%dfd hoc ke
game time igeported to be spent in moderate to-iowensity activities (standing, walking
and jogging)XSpencer et al. 20043imilar to the 9695% time spent in lovintensity motions
for soccer(Bangsbo et al. 1991; Mayhew and Wenger 198G}tralian Rules football
(Coutts et al. 2010; Wisbey et al. 20180d rugby leagu@Meir et al. 1993)Spencer et al.
(2004)reported that the remaining 5% of the player game time duiinged mends hocke
spent in the higintensity motions of striding and sprinting. The mean sprint duration
recorded was 1.8 + 0.4s in accordance to that reported in soccer (2.0 fBa8gsgbo et al.
1991) rugby (2.0 + 0.4s{Docherty et al1988)and Australian Rules football (2.4 + 0.6s)
(Dawsonetal.2002) but | ess than the 3. thockey(lothidan s r e p ¢

and Farrally 1994)Table 2.1summarises the literature pertaining to time motion analysis of
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various team sportén addition to repeated bouts of sprinting followed by-iotensity

activity throughout tearsports activity, athletes continually change direction approximately
every 5s during a competitive gangi8pencer et al. 2004)The intermittent nature and

continued change of direction, togetgth the eccentric muscle actions involved in

repetitious accelerating and decelerating movements, suggests that considerable demands are
placed on metabolic reserves, with increases in physiological load and exedloised

muscle damage observed thrbagt teamsport competitio{fSpencer et al. 2004As such,
reductions in both sutmaximal and sprint performaneeecommonly observed during the

second half of tearaport exercis¢Balsom et al. 1992b; Mohr et al. 2003; Spencer et al.

2004)

During competitive matciplay, recent timemotion analysis examining teasports
pefoomance has indicated the presence(Dofffeldbot h 0
and Coutts 2011)ndeed, match analysis of various tegports has demonstrated reductions
in total distance covered duringetsecond half of matches in ARCoultts et al. 201Qyugby
league(Sirotic et al. 200), rugby union(Roberts et al. 200&nd socce(Carling et al. 2008)

Mohr et al.(2003)reported that the distance travelled in higtensity running was

significantly lower (1445%) in the last 15 min of international soccer mailaly compared

to the first 15 min. Further evidence to suggest cumulative fatigue duatagplay was

observed recently by Rampinini et @007)who demonstrated greater reductions in second
half high-intensity running in athletes who completed moghhintensity running in the first

half of Premier league soccer matches, accounting for approximately 25% reduction in total
distance (~400 m). SimilarlfZoutts et al(2010)also reported that ~49% of the reduction in

the total distance covered during second half of an AFL match compared to the first half was
from high-intensity running. Therefore, the collectifredingsof the aforementioned studies

demonstrat¢éhat cumulative fatigue exists during teaport matckplay and is often evident
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by the reduction in the total distance covered and-imggnsity running throughout the
second half of mateplay.

Al t hough evidence suggesrtasn stiheantt 6b oftaht | @ae
matches, it is apparent that athletes are also able to retain the capacity to achieve peak speeds
when required throughout a mat@buffield and Coutts 2011)For example, Duffield etla
(2009a)recentlydemonstrated that the amount of very higtensity running (i.e. >20 kim
1) and peak speeds achieved duringhesjrint were not altered in the last quarter of AFL
matchplay despite reductions in moderatensity running. Additionally, Bradley et al.

(2009) reported no change in peak sprint velocities over the course of English Premier
League soccer matches. Wdugh many other studies have demonstrated that the total sprint
distance is reduced towards the end of mat¢hiedir et al. 2003, 2005)t is interesting to

note that many athletes can preserve the ability to reach peak speeds, even toward the latter
patt of matchplay (Carling et al. 2008; Coutts et al. 201Thus, although exercise intensity

and performance may beduced throughout the course of tegport matckplay, it is
apparent that the sglaced nature of such exercise allows the regulation of exercise intensity
and thus reductions in performance are observed primarily ircmimcal intensities aiming

to preserve the ability to maintain higifitensity running when necessg@outts et al. 2010)
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Table 21 Summary of Literature Examining TirMotion Analysis of Various Tear$ports

Outcomes

Sirotic et al. (2009)

Cunniffe et al.
(2009)

Roberts et al.
(2008)

Deutsch et al.
(2007)

Duthie et al. (2006)

Rugby League

Rugby Union
(Elite)

Rugby Union

Rugby Union
(Super 12)

Rugby Union
(Super 12)

| Subjects
n=239
Elten=17
SemiElite n= 22

n=2
Forwardn=1
Backn=1

n=29

Props & 2nd Row
n=8

Back Rown=6
Inside Backsh =7
Outside Backs = 8

n=29

Front Row Forwarah
=9

Back Row Forwarah
=7

Inside Backn=7
Outside Backh =6

n=28
Forwardsn = 16
Backsn=12

| Methods

= —a —a —a

= —a —a

= —a —a

=a —a —a

Video recordings over two rugby league seaso
(2004-2005) from Elite and senrdlite
competition

Standing, walkingjogging, running, fast running
sprinting, LI running, HI running, VHI running

Out of season competitive game

GPS

Accelerometei Impact data

Standing and walking, jogging, cruising, stridin
high-intensity running, sprinting

English Premiership Rugby
Videorecording

Standing, walking, jogging, mediuimtensity
running, Hirunning, maximal speed running

8 Super 12 Rugby matches

Video recording

Locomotion (standing, walkp, jogging,
cruising, sprinting & utility)

Intense exertion (rucking/mauling, tackling,
srummaging)

Discrete (kicking, jumping, passing)

10 games of 2003 Super 12 Rugby competitior
Video recordings
Standing, walkig, jogging or striding

Mean Sprint duration
-Elte=21+12s
- Semielite =2.0+09s
Time spent
Running
- Elite =399.3 +106.6 s
- Semielite = 329.1 +86.7 s

% of time spent in
- Standing and walking 72 + 4%
-Jogging = 18.6 + 2.2%

Severe (10g) impacts
-Backs=4+2
- Forwards =13 + 6

Total Dist. Covered
- Forwards = 5581 + 692
- Backs = 6127 + 724
Mean Sprint Duration
-Forwards =1.2+0.3s
-Backs=1.2+0.3s
% of time spent
- Walking 81 + 6%
- Jogging 33 + 4%

% of time spent
Walking
- Forwards = 27.4 + 1.2%
- Backs =50.2 + 6.5%
Jogging
- Forwards =21.0 £ 2.9%
-Backs =17.3+3.7%
Mean Sprint Duration
-Forwards =2.0+0.8s
-Backs=3.8+04s

Total no. of sprints= 503

- Forwards = 213 (13 + 6 sprints p/game)
- Backs = 288 (24 + 7 sprints p/game)
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Burgess et al. Soccer (A n=45

(2006) League) Mid-fieldersn= 15
Defenders = 15
Attackersn = 15

Duthie et al. (2005) Super 12 Rugby n=47
Forwardsn = 16
Back Rown =15
Inside Backs1=9
Outside Backs =7

Spencer et al.
(2004)

Elite field hockey n=14

Dawson et al. AFL n=11
(2004)

E ]

= —a —a

=a —a —a

= —a

Completion of at least one half of a game in

20022003
Video recordings

Walking, jogging, striding, sprinting, max. spee

Super 12 Rugby competition 2001 & 2002 (16

games)
Video recordings

Rest (standing, walking & joggiy)

Work (striding, sprinting, static exertion,

jumping, lifting or tackling)

Australian menos

One international game
Video recordings

fiel

Standing, walking, jogging, striding, spriimy

Mean sprint duration
-Forwards=25+16s
-Backs=3.1+16s

Tot. Dist. Covered
-10100 + 1400 m

% of time spent
- Walking = 3.4 + 5.5%
- Jogging =37.8 £ 5.1%

Tot. time spent
-Work = 4:51 + 1.16 min
- Rest = 83:21 + 4.40 min
Mean Sprint Duration
-Forwards =2.2+0.6 s
-Backs=2.9+0.6s
% time spent
Walking
- Forwads =27 £+ 7%
- Backs = 38 £ 10%
Jogging
- Forwards = 20 + 4%
-Backs =16 £ 4%

Mean Sprint Duration
-1.8+04s
% time spent

- Standing, walking & jogging = 95%

Every AFL match played in Perth in 2000 seas % time spent

(22 games)
Video recordings

Standing, walking, jogging, fast running,

sprinting

- Walking = 471 54%
- Jogging ~35%

Tot. Dist. Covered
-13 6001 17 000m

Chapter 2

AFL = Australian Football Leagué;l = Low Intensity;HI = High Intensity;VHI = Very High Intensity;GPS =Global Positioning Systen¥ = Percentage;
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For teamsports in particular, most athletes do not fail to complete a match and as
such the term fatigue specific to tesports exercise may be used to describe the transient or
progressive reduction in intensity duritigg event(Duffield and Coutts 2011) o date, most
evidence examining the mechanisms causing fatigue for$panh exercise have been
extrapolated from laboratory simulations of intermitteptint exercis¢Bangsbo et al2007;

Reilly and Gilbourne 20030nly recently have investigations examining the alterations in

exercise intensity during teasport exercise been applied to field settif@sutts et al. 2010;

Duffield et al. 2009a)Generally, fatigue can be defined as any exeinideced reduction in

the ability of a muscler muscle group to generate force or power and has traditionally been
divided into fAcent r a(BmlandRitdhieand Waods«le84;p her al 0 f
Gandevia 2001 )Peripheral fatigue occurs when there is interruption of the contractile

elementat orbelow the neuromuscular junction, while central fatigue is defined as a

progressive reductiomineural drive of muscle during exercise, and thus a decline in ability

of the nervous system to activate muscles maxinf@andevia 2001; Met and Lepers

2004)

Traditionally, the aetiology of fatigue during and following exercise has examined the
mechanism during constapaced, laboratory exercise. More recently, the focus of the
manifestations of fatigue has shifted to more-palfedjnternally regulated exercise, aiming
to emulate the demands associated with exercise in an applied gttty et al. 2010;

Duffield et al. 2009a)Regardless, the demands of higtensity, intermittensprint tearm

sport exercise increases the physiological load which results in a reduction in intensgy durin
exercisgDuffield et al. 2009a; Mohr et al. 2008nd can also impair performance during
subsequent exer@doutgdMontgomery et al. 2008b; Rowsell et al. 2008¢cordingly,
implementation of poséxercise recovery strategies, including CWI aim to minimise both

transient and prolonged pesstercise fatigue associated with teaport exercis¢ingram et
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al. 2009) Consequently, this section of the review will focus on the physiological demands
associated withteaspor t s exerci se, the presence of o0t
effects of exogenous load, specific to tegports, hasmexercise performance.

In addition to the presence of transient fatigue during mgleyy many tearsports
follow an intense schedule of consecutive day training bouts and tournbaseat
competitionrequiringteams to play several matches over swgigeglays increasing the
likelihood of residual fatigu€Odetoyinbo et al. 2007; Ronglan et al. 2006; Spencer et al.
2005) Involvement in competitive tournamelodised matches over congévedays results
in increased perceptions of exertion and fatigRewsell et al. 2009)xnd substantial
decrements igprint, agility and vertical jumperformancéMontgomery et al. 2008b)
Ronglan et al(2006)observed a-Z% decline in sprint and CMJ performana elite female
handball players during aday tournament. Furthermore, Spencer g28l05)demamstrated
that repeatedbout sprint performance in matches decreased in elite male field hockey players
over a 4day tournament, with fewer efforts evident as matches progressed in the tournament.
Rowsell et al(2009)reported that decrements in physical test performance (CMJ and mean
repeated sprint time) after teesport matckplay are consistent with decrements in exercise
performance observed preusly following competitive matcplay (Dawson et al. 2005;
Hoffman et al. 2003; Reilly and Rigby 200Eurthermore, the 7% decline in CMJ
performance over the course of the soccer tournament was similar to ris@elecrecently
reported for handball players during-@a8y international tourname(Ronglan et al. 2006)

When such exercise is performed in a tournament situation, marked residual fatigue
has leen observed with decrements in striding and repeat effort ru(@pegcer et al. 2005)
Forexample, Ronglan et gR006)observed decrements in-gdsprint time and CMJ height
over a 3day international handball tournament, while the sprint and vertical jump

performance of male basketball plesygvas reduced during aday tournament
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(Montgomery et al. 2008b)n addition, elite field hockey players performed fewer repeated
sprint bouts irconsecutive matches during ady tournamentSpencer et al. 2009)he
progressive decreagephysical test performance observed by Rowsell é2809)suggests
that recovery between successive matches was insufficient for full restapbysical
performance. Recent studies have demonstrated that residual fatigue accumulated over
successive matches can adversely affect{gaont performancéRonglan et al. 2006;
Spencer et al. 2005As such, many teaisports athletes engage in strategies immediately
postexercise aiming to minimise fatigue and improveoreery in an effort to maximise
performance during successive exercise boutgigh).

Further tothe observed decrements in performance during tournabeesed
competition(Ronglan et al. 2006; Rowsell et al. 200®arkers of muscle damage have been
shown to accumulate when matches are played on successiygldéysan et al. 208;

Rowsell et al. 2009; Viitasalo et al. 199%he concentrations afeatine kinaseGdK) and

lactate dehydrogenageDH) increased over the course of thday soccer tournament
(Rowsell et al. 2009yemaining above baseline on day 5. These results are consistent with
previous investigation@Hoffman et al. 2002; Viitasalo et al. 19%)d demonstrate the
elevation in markers of muscle damage during cortipetieamsport exercise played on
successive days. Indeed, repeated moderate and rapid accelerations and decelerations
performed during tearaports exercise placegh physical demands on playavgh exercise
induced muscle damage from eccentric loadingng decelerations and jumping commonly
observedhroughout the duration of a mattakomy and Haydon 2004An increased

rating of perceived exertiolRPE) has also been observed and suggestde due to the
increasing amount of exposure to EIMD over the duration of a soccer tournament, evidenced
by increased concentrations of lactate dehydrogenase af@d@¥sell et al. 2009)As a

common problem for tearsport athletes is the time available for full physiological and
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performance recovery between exercise sessions is often l({Ribedsell et al. 2009)
interventions aiming to enhance or maximize recovery from previous competition/training are

often implemente@Barnett 2006)

Physiological Responses Associated with Team -Sports Exercise: Transient Effects

First, repeated igh-force stretckshortening cycle muscle actions, consistent with
many tearrsport activitieshavebeen associated with disruption of the internal milieu of the
body(Gaitanos et al. 1993)nd reduced forsgenerating capacit{Bigland-Ritchie and
Woods 1984; Miller et al. 199@&sulting in acute and lorgrm impairments in skeletal
muscle force productiof(Nicol et al. 2006) Substrate depletion (e.g. muscle glycogen),
increased muscle activity, metabolic-pgoduct accumulation (e.g. bicarbonate andtaes
and ionshifts have traditionally been highlighted as explanations for alterations in skeletal
muscle function following higintensity, intermittent exercig®alsom et al. 1992a;

Gaitanos et al. 1993; King and Duffield 2009; Minett et al. 20&Q)thermore, the
associations between disrupted peripheral factors of fatigue and the subsequent effect on
central motor drive havdso previously been described to contribute to acute reductions in
postexercise performand®iglandRitchie et al. 1986; Garland and McComas 1990; Miller
et al. 1996; Woods et al. 198TDuring highintensity intemittentsprint exercise, a
demonstrated decrease in muscle and blood phirarsdleglycogen levelg¢Gaitanos et al.
1993; Hargreaves et al. 1998; McCartney et al. 1888¢ been associated with declines in
electronyogram (EMG) and voluntary forceuggesng the presence of a feedback loop
between intramuscular metabolism and central motor drive contributing to acute reductions in
exercise intensityBiglandRitchie et al. 198; Garland and McComas 1990; Miller et al.
1996; Woods et al. 1987Although controversy currently exists as to the precise

mechanisms responsible for acute reductions in performance during prolonged, intermittent
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exercisgBalsom et al. 1992b; Hargreaves et al. 1998; Millet et al. 2003; Sahlin et al, 1998)
recent evidence highlights the role of anticipatory regulation in reducing exercise intensity as
part of a protective mechanism either in respong&tmzalezAlonso et al. 1999%r

anticipation of elevated physiological losdincreased endogenous heat produdgtiarino
2004; Tucker et al. 2004Regardless, it is clear that repeated bouts ofimigmsity,

indicative of many tearsports, increases the physiological demand of exgiGiggkanoset

al. 1993; Hargreaves et al. 1998kering the mechanical ability of skeletal mug&8alsom

et al. 1992b; Gaitanos et al. 19@8ntributing to impairment in acute neuromuscular
function(Nicol et al. 2006) Furthermore, although the higiitensity nature of teafsport
exercise results in acute impairment in skeletal muscle function, interrgftent running
involving eccentric muscle actions can additionally result in prolonged reduatisksletal

muscle functior{Lakomy and Haydon 2004)

Physiological Responses Associated with Team -Sports Exercise: Acute and
Prolonged Neuromuscular Responses

The competitive demands of teaports exercise impose strains on various
physiological systems resulting in acute and prolonged reductioreimlomusculafunction
(McLellan et al. 2011; Montgomery et al. 2008bhe prolonged reduction in VJ, CMJ and
MVC have been identified following ora&f teamsport match playAscenséo et al. 2011;
Bailey et al. 20@; Ingram et al. 2009; McLellan et al. 20Eh)d also duringepeated
tournamerdike competitiors (up to 4 daysjKing and Duffield 2009; Montgomery et al.
2008b; Rowsell et al. 2011)n a recent study by Asceao et al(2011) CMJ and squat jump
was reduced at 2&nd 48h after a soccer match, whilst Kinugasa and Kild2@09)
reported an immediate reduction in VJ followingr@ih soccer matciplay. Similarly,

following rugby league mateplay, peak power, peak force and peak rate of force
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development of a CMJ was also immediatelyuestl posexercise and remained up to-24
postmatch. Further, when teasport exercise is performance over consecutive days,
reductions in neuromuscular function are more pronounced with declines in VVJ observed
following a 3day basketball tourname(ilontgomery et al. 2008bConsequently, team

sport exercise results in both acute and prolonged impairment in neuromuscular function,
which may remairevident up to 48 postexercise.

Furthermore, the ability to produce lower body maximal isometric force is also
compromised for a prolonged period following teaport exercis€Ascenséo et al. 2011;
Ingram et al. 2009)Specifically, following simulated teasport exercise, Ingram et al.
(2009)recently demonstrated prolonged reductions in isometric leg strength remaining
evident up to 4& postexercise. Similarly, MVC was significantly reduced at 24 anth 48
following prolongedntermittent shuttle running and did not return to-exercise values
until 168h postexercisgBailey d al. 2007) with prolonged reductions in MVC (up to 24 h)
supported more recently by Pournet e{20.10)following exhaustive intermittent exercise.
Accordingly, the aforementioned studies highlight thegrmittentsprintexercise places
considerable demands on neuromuscular function and results iraadyteolonged
reductions in skeletal muscle functions, which can remain evident uphgpdstexercise
(Ascenséo et al. 2011; Ingram et al. 20@9)hough current evidence demonstrates
significant reductions in VJ, CMJ and MVC following teamport exercise, there remains a
paucity of research outlining the effsof teamsport exercise on central activati@irard et
al. 2007) Therefore, with tearsport exercise resulting in acute and prolonggaainments
in neuromuscular function, the focus on pesércise recovery has become increasingly
important(Ascensao et al. 2011; Ingram et al. 200®)wever, to date minimal research has

been able to fully elucidate the specific effects of go®rcise CWI on the recovery of
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neuromuscular functiofollowing teamsport exercisgparticularly examiningentral and

peripheraimechanisms.

Physiological Responses Associated with Team -Sport Exercise involving
Exogenous Load: Heat and ContactBased Sport

In addition to the standard physiological response assoeigteteamsport exercise,
inclusion of exogenous load such as performing in hot environmental conditions and
involvement of indirect and direct body collisions exacerbates the physiological response to
teamsport exerciséMcLellan et al. 2011; Peiffer et al. 2009@he heightened physiological
responses during exercise in the heat and wtaohplay involves body collisionsay
result in acute alterations in the regulation of exercise intef@itytts et al. 2018nd may
also delay the resery back to optimal functioning/Vendt et al. 2007)Specifically,
exercise in hot environmental conditions exacerbates the physiological stress of an exercise
bout by increasing internal body temperature and sweat rates, with resultant reductions in
blood volume and increased cardisgalar load compared to cooler conditig8awka 1992)
with concomitant reductions in exercise performaiugffield et al. 2009a; Tucker et al.

2004) Indeed, recent evidence highlights that the rismone temperaturel(qre during team

sport exetgise in warm conditions is associated with declines in moderate intensity activity,

thus reducing the total distance covered duringastralian Football Leagué&FL) match

(Duffield et al. 2009a)Furthermore, when the exogenous load involves direct physical
collisions, heightened cytokine and endocrine responses are demonstrated to be a direct result
of physical contact&Zuliani et al. 1985)with prolonged reductions in neuromuscular

function evident following collisiotbased sports such as rugby lea@elLellan et al.

2011) Therefore, the presence of exogenous load (heat and body collisions) during team

sport exercise exacerbates the immediate and prolonged physiological strestedssdbia
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high-intensity intermittensprint exercise. As a result, recovery interventions are often
implemented in a effort to counter such physiological perturbations and aim to accelerate
recovery back to optimal functioning in preparation for subsegessiongDawson et al.
2005;Peiffer et al. 2009a)Accordingly, hefollowing section will focus on the physiological
responses associated with exercise performed in warm environmental conditions and team

sports involving direct physical collisions.

Physiological Responses Associated with Exercise in the Heat

Many elite tearrsport and individual athletic events occur over prolonged periods
(60-90 min) at relatively highintensitiesReilly 1997) When exercise is performed in hot
environmental conditions, elevategh#( >3 9e C) can increase percept
thermoregulatory straitimiting the duration of exercise and reducing time to exhaustion
(GonzalezAlonso et al. 1999; Marino 2002; Nielsen et al. 1993; Nybo aetsém 2001)
Indeed, it is welestablished that both exercisend passivéenduced elevations in core
( > 3 9(dattin et al. 2004; Thomas et al. 20@6)d local tissue temperatui@heung and
Sleivert 2004; Thornley et al. 200@sultin a decremenn exercise performand&onzalez
Alonso et al. 1999; Morrison et al. 2002hese performance reductions may be via
reductions in both the contrdetifunction of the muscléHargreaves 20048nd central motor
drive (Nybo and Nielsen 2001The observed reduction in central nersvsystem (CNS)
drive to active musculature, due to a desggulation in muscle recruitment, is postulated to
be part of an anticipatory regulati@darino 2004; Tucker et al. 2004)his preventative
mechanism is thought to reduce the production of metabolidMeatin et al. 2004; Thomas
et al. 2006; Tcker et al. 2006@ither in response {Nybo and Nielsen 200Dr avoidance
(Marino 2004; Tucker et al. 2004j an increased theral load.Although the increase in

physiological demand of exercise in the heat and subsequent reduction in exercise
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performance is wellocumented following laboratotyased constant and seliced exercise
(Nybo and Nieten 2001; Tucker et al. 2008here is currently a paucity of research
examining the specific physiological effects of tegport exercise performed in hot
environmental condition@uffield et al. 2009a; Edwards and Clark 2006)

In a laboratory setting, constdiotd exercise performed in warm environments is
well-established to induce highoJs which are associated with reductions in exercise
intensity and eventual cessation of exer¢enzalezAlonso et al. 1999; Reilly et al. 2006)

In contrast, seHpaced exercise in the field only produces moderate incremenisdn T
(Laursen et al. 2006yvith exercise intensity adjusted based on perceptual and physiological
responses aiming to ensure that work is completed without further excessive increases in
internal thermal loa@Marino 2004; Tucker et al. 20QGjurther, previous teaisport, field

based data has indicated a plateausgpT b el ow 3 9. 5 ¢ (EjiwadisiandQlatk s oc c e
2006) American footbal(Godek et al. 20049nd AFL matckplay (Duffield et al. 2009a)
Duffield et al.(2009a)recently observed that the maintenance gt Was associated with
reductions in moderatiatensity activity (714 kmh'*), although mean velocities of high
intensity and very higintensity running were not reduced. Accordingly, these dajgesi

that unlike constarnpaced exercise, athletes participating in fiedded, tearsport exercise

in warm environments may regulate exercise intensity to prevent excessive increases in T
predominantly via a reduction in moderatéensity activity,to ensure the continuation of
exercise, often until the end of a match.

Furthermore, the response in physiological demand and elevatigg<hab
previously been demonstrated to vary between recreational and professionsptem
matchplay (Edwards and Clark 2006nhdeed, Edwards and Clafk006)observed
significant increases incdefrom preexercise values during each half of ereational soccer

match; however, during a professional matclg,eWas only significantly increased above
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pre-exercise values in the first half and unchanged in the second half of exercise.
Unfortunately no performance measures were determined indhkig &nd thus it is difficult
to comment on the subsequent effects on exercise performance. However, it may be
suggested that elite teasport athletes are more efficient at regulating exercise intensity to
avoid the rise in e above critical values thughout the duration of a match performed in
warm environmentéDuffield et al. 2009a; Edwards andathk 2006) Regardless, it is clear
that tearmmsport exercise performed in hot environmental conditions results in increases in
internal temperature which may be maintained at tolerable values via regulation of exercise
intensity(Duffield et al. 2009a; Marino 2004; Tucker et al. 20049wever, with prolonged
suppression of neuromuscular function, general fatigue and sleeplessness evident with the
inability to tolerate imposed thermal loé&drmstrong et al. 2007; Thomas et al. 2Q06)
cooling stratgies to counter such negative effects are commonly implemé@vitecho 2002;
Peiffer et al. 2009a)

Although the rise in &eduring freepaced, fieldbased exercise are demonstrated to
be below 39.5eC, s @mvealautehsl eatpepsr ooafcthei nn gr edadcehC T
increase the risk of heat illne@dybo and Nielsen 200Bnd negatively affect exercise
performancégMartin et al. 2004)High internal body temperatures resulting from exercise in
the heat have been demonstrated to not only negatively impair acute exercise performance
but also delay the recovelyack to optimal functioningWendt et al. 2007)Indeed, exercise
and passivelnduced heat stress, and the inability to tolerate imposed thermal loads has been
demonstrated to result in prolonged suppression in voluntary force production and activation
(Martin et al. 2004; Thomas et al. 200B)terestingly, the return to optimal neuromuscular
performance following passiveipducedincreases in thermal load has been observed only
when cooling methods were introduced to increase the rate of reductigi:{fiflomas et al.

2006) Further, heat interance has also been linked to general fatigue, sleeplessness and
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reductions in ensuing exercise performagfenstrong et al. 2007 highlighting the
importance of maintaining favourable internal body temperatures for optimal exercise
performance, particularly when consecutive bouts of exercise are performed in warm
environments. As its common for many teassports to train and/or compete, often over
successive days, in hot environmental conditions and given the detrimental effects of high
internal thermal loads on acute and ldagn exercise performance, cooling strategies to
counterthe acute and prolonged effects of exeraiskiced elevations in heat stress have
become populaiMarino 2002; Quod et al. 20Q&jiowever, given the wetlocumented
association betwedaboratoryexercise in hot conditions and attainment of higher
physiological strain and reduced exercise performé@oazalezAlonso et al. 1999)imited
research has focused on the effects of-pastcise cooling on ameliorating physiolodica
and performance recovery following sekiced exercise in the h€&eiffer et al. 2009a;
Peiffer et al. 2010b; Vaile et al. 2008a; Vaile et al. 20MXh no research to date examining

the efficacy of posexerise cooling following tearsport exercise in the heat.

Physiological Responses Associated with Collision -Based Exercise

Participation in physical collision sports such as rugby league, rugby union,
Australian Football League (AFL), American Footbaltlaoccer involve higintensity,
intermittentsprint exercise, resulting in damage due to direct impacts when opposing players
collide with each othegfTakarada 2003)he physically demanding nature of such sports
significantly increases the physiological load assodiath training and matcplay
(Gabbett et al. 2008)ith players involved in 2@0 plysical confrontations per game
(Gissane et al. 2001As such, subsequent reductions in exercise performance may be

associated with stréteshortening cycle (SSC) fatigue and exposure to repeated blunt force
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trauma following competitive matgblay (McLellan et al. 2011)Furthermore, large
increases in muscle enzyme amdlocrine responses, including CK and myoglobin, have
been demonstrated to be a direct result of physical cq@ialéni et al. 1985)with more
elevationgpronouncedollowing competitive match play in American footb@Hoffman et
al. 2005; Hoffman et al. 2002nd rugby uniorfTakarada 2003)Due to the intese nature of
repeated higlintensity activity, involving numerous physical impacts during training and
matchplay, many collisiorsport athletes engage in p@stercise recovery strategies aiming
to minimise potential reductions in exercise performancemgwubsequent bouts.

The physiological demands associated with physical contact sports are strongly
correlated to the number of tackles perforr{@dbbett et al. 2008; Takarada 200julting
in elevated cytokine and endocrine resporfsts.ellan et al. 2010yith marked increases in
symptoms of EIMO(Takarada 2003)ndeed, during a competitive rugby union match,
Takaradg2003)demonstrated a significant correlation between the number of tackles
performed and peak CK measuredi2gostmatch. Similarly, McLellan e4l. (2010)
reported an increase in plasma CK pagiby league mateplay with levels remaining
elevated up to 120 h pestatch; whilst American footbadilso significantly increased plasma
CK (Komi 2000) This peak plasma CK is similar to the responses reported in other sports
involving highimpact collisions between playgiSmart et al. 2008; Takarada 2003)
Although the relationship between elevated CK response and athletic performance is unclear,
McLellan et al.(2010)did observe a concomitant reduction &ef rate of force development
(PRFD) 30 min post rugby league match. The authors postulated that the decrement in PRFD
was causally related to the increase in plasma CK, in accordance with the findings of others
(Andersson et al. 2008; Komi et al. 199BJeviously, Andersson et #2008)reported hat
CMJ height was reduced in the presence of a significant rise in plasma CK after elite female

soccer match play; whilst Komi et §.996)reported an association between increase in
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plasma CK and decreased drop jump performance. The results of the aforementioned studies
demonstrate a significant reduction in subsequent exercise parfoenwith an elevation in

plasma CK as a result of hightensity, bodycollision activities and significant damage to
skeletal muscle tissue as a result of repeated blunt force t{&ndersson et al. 2008;

McLellan et al. 2010Q)

Furthermore, the higmtensity phystally demanding nature of collision sports results
in significant neuromuscular fatigue, including impairment in excitatmmtraction coupling
(MacLaren et al. 1989nd reduced neuratide (McLellan et al. 2011; Strojnik and Komi
1998) McLellan et al(2011)recently demonstrated a reduction in peak voluntary foree 30
min postrugby league match. In addition, a reductiorthe rate of force development (RFD)
of a peak twitch has also been demonstrated immediatelyymist match and up to 48
postmatch and is postulated to reflect the influence of impaired excietiotraction
coupling resulting from higimpact phystal collisions(MacLaren et al. 1989Moreover, as
a result of the large number of physical contacts during collisas®d matciplay (Brewer
and Davis 1995; Gissane et al. 2Q@hysculoskeletal injuries including contusions,
haematomas argtrains are common, while joint injuries and muscular strains are more
frequently sustained during trainig@abbett 2000; Gissane et al. 1997; Gissane et al. 1993;
Meir et al. 1993; Stephenson et al. 199 aresult, elevated symptoms of EIMD and
reductions in neuromuscular function following collisibased exercise is documented to
require a prolonged recovery phase of at least 5 days to achieve full recovery of skeletal
muscle damag@VicLellan et al. 2011)Therefore, in an effort to minimise injury risk,
optimise recovery from skeletal muscle damage and improve subsequent performance, post
game (and training) recovery strategies arernonly implemented aiming to accelerate
regeneration processes in preparation for subsequent sg¢&aaofist al.2007; Dawson et

al. 2005) Although CWI has emerged as a popular {ga&rcise recovery intervention, there
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remains a paucity of research examining the specific effects eEpertise CWI following

collision-based, highntensity intermittensprint adivity.

Exercise-Induced Muscle Damage (EIMD) Associated with Team -Sport Exercise

As highlighted previously, teaisport exercise, particularly collisidrmased, induces
prolonged symptoms of EIMD as a result of the eccentric component of intermitteimg,
landing(Lakomy and Haydon 2004nd exposure to repeated physical collisidvsLean
1992; McLellan et al. 2010Df the many symptoms that accompany EIMD, including
muscle soreness, increas#dod myocellular proteinArmstrong et al. 1983swelling and
decreased range of moti¢@larkson et al. 1986perhaps the most significant factor to
athletic performance is the prolonged impairment of muscle function, mostynatab
reduction in forcegenerating capacitiByrne et al. 2004Clarkson and Sayers 1999)

The time course and severity of symptoms of EIMD can vary considerably depending
on the duration, intensity, and type of exercise perforf@éarkson et al. 1986; Eston et al.
1994; Tlompson et al. 1999 Ithough eccentric muscle actions are only one facet of-team
sport exercise, severe EIMD resulting from higHocity eccentric exercise produces
immediate and prolonged reductions in muscle strength of more than 50% generallglascribe
to excitationcontraction coupling impairment and myofibre dam@gjéen 2001; Clarkson
and Sayers 1999; Morgan and Allen 1998hich is generally restored after approximately
10 dayqClarkson et al1992; Newham et al. 1987)herefore, in regard to subsequent
exercise performance, the prolonged reduction in muscle function resulting from EIMD may
be an important aspect to consider for optimal tsports performance, particularly when

ensuing boutare within 241 48 h.
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Initial manifestations of EIMD are disrupted sarcomeres and damage to components
of the excitatiorcontraction (EC) coupling systeniMorgan and Allen 1999; Proske and
Morgan 2001; Warren ell. 2001) Following these initial events, a process of muscle fibre
degeneration and regeneration ocq@msnstrong 1984; Clarkson and Sayers 1999; Pyne
1994) Initial mechanical trauma is thought to mediateitiilemmatory response and is
characterised by infiltration of fluid and plasma proteins into the injured tissue for removal of
damaged contractile proteins and cellular debris, before regeneration (hegweset al
1995; Macintyre et al. 1996; Pyn®&uring these stages, the transient symptoms of delayed
onset muscle soreness (DOMS), muscle stiffness, and muscle swelling appear and subside.
The progressive myofibril degeneration observed in some fibres follohigitial insult
(Jones et al. 19868uggests secondary ischemic cellular dan{8gesnson et al. 1996)ith
the release of intracellular proteins and infiltration of the tissue by neutrophils and
macrophages betweerl@ h(Kuipers et al. 1983; Round et al. 198T¥he peak in
macrophages at 48 h aims to destroy necrotic tiddaelntyre et al. 2000and sensitises
type Il and IV nerve endings to mechanical, chemical or thermal stimul@tiopers 1994)
Increased sensations of DOMS and muscle pain with EIMD has therefore beernesuignes
result from elevated pressure from tissue oedema and increased local temperature activating
nociceptors within the muscle fibres and the muscle tendon jur{@leung et al. 2003)

One of thegreatest concesto the athlete following EIMD is the prolonged retion
in skeletal muscle function, resulting in decrements in exercise perforifigyroe and
Eston 2002hb)Indeed, isometric strength is reduced immediately-posentric exercise and
recovery is gradual and prolonged over the ensidiipys(Clarkson et al. 1992; Newham et
al. 1987) The magnitude and time course of strength loss appear dependent on the training
history of the muscle grouiByrne et al. 2004and the intensity and type of exercise

performed(Eston et al. 1994; Thompson et al. 1999arkson et al(1992)reported that
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following maximal eccentric exercise of the elbow flexors, an immedia@%0reduction

in strength followed by a linear reeery to baseline by 2 weeks p@stercise occurred.

Furthermore, Evans et #1990)observed significant decreases in isokinetic eccentric peak

torque of the elbow flexors at 0 h (43.5%), 24 h (38.8%) and 4884 following repetitive

eccentric contraction3.he suppression in peak torque required at least 14 days»xmrsise

to return to preexercise values. Other researchers have also reported a delayed return of

eccentric peak torque of the elbow flexors following isokinetic eccentric exercise, with peak

torque remaining 15% lower than initial peak torque until 7 d-p&vS inducementyY ates

and Armbruster 1990Although the results of the aforementioned studies may not

specifically relate to the precise manifestations of EIMD observed foigptgamsport

exercise, the results do highlight the prolonged reductions in voluntary force production as a

result of eccentric load, often present during tesport exerciséLakomy and Haydon 2004)
The majority of studies related to knee extensor (&entricallyinduced fatigue

have reported maximal voluntary contraction (MVC) impairment ranging fre80%

(Brown et al. 1997; Eston et al. 2000; Hortobagyi et al. 1998; Newham et al. BY839

and Estor(2002a)reported a 20% decrease in MVC 1 h after completion of 100 barbell

squats Similarly, Friden et al(1983)reported a 24.3% reduction in MVC 20 min after

completion of 30 min eccentric cycling exercise; with a similar 19.6% reduction in MVC

following KE eccentric exercig@Martin et al. 2005)Furthermore, Komi and Viitasalo

(1977)demonstrated a 35% reductionki strength and a decrease in the rate of force

development, which had not recovered 2 days after 40 maximal leg press eccentric actions.

Similarly, a 3640% reduction in KE strength with incomplete recovery (approximately 95%)

7 days after 100 repetitisrof the eccentric phase of the barbell squat exercise performed

with a load of 80% of concentric one repetition maximum was also obs@yste and

Eston 2002h)Following multijoint activity, Avela et al(1999)reported a 30% reduction in
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ankle extensor strength and rate of force development with full recovery by 2 and 4 days
postmarathon running. Therefore, the consistent findings from research investigating the
effects of eccentric exercige prolonged streteshortening cycle (SSC) exercise on
locomotor muscle groups are an immediate and prolonged reduction in strength and a
decreased rate of force development, which may require ufti4ad#o return to normal
baseline level§Byrne and Eston 2002b; Clarkson et al. 1992)

Although the precise mechanisms responsible for DOMS remains equivocal
(Armstrong 1984; Clarkson and Sayers 1999; Friden and Lieber,16@2) ad mechanisms
of failure in the neuromuscular system contributing to altered muscle function after eccentric
exercise have been identified and demonstrated to be located peripherallC(ceulling
failure, redistribution of sarcomere lengths, damagmtdractile machinery, impaired
metabolism) rather than centra{ljyewham et al. 1982; Rutherford et al. 1986; Saxton and
Donnelly 1996) Evidence from studies employing the twitch interpolation technique have
suggested that full voluntary activation (VA) can be achieved during isometric MVC
following eccentric EIMD; thus indicating that the likely source of fatigue is peripheral in
nature(Newham et al. 1987; Rutherfordat 1986; Saxton and Donnelly 1996jowever,
evidence detailing the mechanisms responsible for immediate reductions in force production
following eccentric exercise appears to support a contribution of both central and peripheral
fatigue(Loscher and Nordlund®?2; Michaut et al. 2002)ndeed, Michaut et a{2002)
observed an immediate reduction in VA following eccentric exercise of the elbow flexors.
Similarly, L6scher and Nordlun@002)found some impairment of VA immediately after
eccentricexercise, but this recovered within 5 min. Furthermore, Prasartwuth20@h)
observed an immediate reduction in MVC, together with reduced resting twitch torque
following eccentric exercisef the elbow flexors. VA was reduced by 19 + 6% immediately

postexercise but was not different from control values after 2 days. As such, the authors
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suggested that reduced VA contributes to the early force loss following eccentric exercise,
but inhibition of peripheral contractile function is likely responsible for prolonged reductions
in force productior{Prasartwuth et al. 2005)

Although immediate reductions in VA following ecceatexercise have been
observedLoscher and Nordlund 2002; Prasartwuth et al. 2008)specific mechanisms for
acute reductions in VA remain equivocal. It has previously been postulated that increased
muscle soreness after eccentric exerciséntiigpair VA, with pain contributing to
inhibition of the motor cortelLe Pera et aR001) However, Prasartwuth et §005)and
Loscher and Nordlun(002)observed only immediate reductions in pesércise VA, with
levels returned to control values within-B4ostexercise and muscle pain peaking d
following exercise. Hence, the different time course of muscle soreness and changes in VA
make it unlikely that muscle pain directly causes the changes in voluntary drive following
eccentric exercise. Alternatively, the firing of group 11l and IV muscle aftsrbas also been
linked to reduced VAGandevia et al. 199&)ith stimulation of these afferents possibly via
metabolites such as bradykinin and histamines shown to increase in plasma after eccentric
exercisgBlais Jr et al. 1999; O'Connor and Cook 19%gardless of the mechanisms, it
appears that immediate reductions in skeletal musoki@n following EIMD are due to a
combination of failure of central motor drive aimgpairedperipheral contractiléunction
(Prasartwuth et al. 2005; Saxton and Donnelly 1986)thermore, with prolonged reductions
in force observed after EIMDitin no change in VA, it appears that long lasting decrements
in muscle function are a result of damage to peripheral contractile app@ratsartwuth et
al. 2005)which may result fsm the eccentric component of intermittsptint exercise
(Bailey et al. 2007pr exposure to repeatedysical collisions during tearsport exercise

(McLean 1992; McLellan et al. 2011)
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Further decrements in dynamic, mydint activity have also been reported in the
presence of EIMOTwist and Eston 2005PDbserved reductions in the ability to generate
peak power output (PPO) and maximalprint over 10 m has been demonstrated following a
plyometric exercise protoc¢lwist and Eston 2005Prolonged reductions in PPO were
observed at 24, 48 and 72 h (18, 16 and 14%, respectively) with the findings relating to
functional impairmehin accordance to those of Byrne and E{R002b) The authors
postulated that reductions in PPO and successive maximal intensity exercise following EIMD
are partly due to subsequent damage of type Il muscle fibresaddttionalfibre
recrutment duringhigh-loadeccentric exercise aritely subsequent damagEston et al.
1996; Friden et al. 1983; Jones et al. 1986; McHugh et al. 200@f beersuggested that
the inability to achieve PPO may albe attributed to the presence of muscle soreness and
reduced central driv@ wist and Eston 2005However, Prosk€2005)hasalternatively
suggested that the presence of DOMS may in fact be part of a protective mechelaismy
to damaged contractile apparatissprevent further injury and damage

Furthermoe, impaired muscle glycogen resynthesi®feing EIMD has also been
well documentedAsp et al. 1999; Asp et al. 1997; Costill et al. 1990; O'Reilly et al. 1987)
This has primarily been attributeddoeccentrially damaged muscle having to work at a
higher relative workload during concentric exercise, resulting in increased glycogen
utilisation and thus decreased endurance capacity. The resting muscle glycogen content of
type 1l fibres has been shown to be selyereduced, supporting the proposition that type Il
fibres are recruited and damaged during eccentric exéfggpeet al. 1999)An impaired
resynthesis fomuscle glycogen following damaging exercise represents an obvious challenge
to athletes involved in competition or athletic training where muscle glycogen content may be
ratelimiting to increased exercise intensiBeduced glycogen content in typeibirés may

also suggest that there are similar implications for sports of a high intensity or intermittent
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nature. Thus, with evidence demonstrating prolonged reductions in maximal strength and
power(Byrne et al. 2004)impaired neuromuscular contidlliles et al 1997) selective fibre

type Il damage, reflex inhibition and elevated muscle soreness, adversely affecting dynamic,
multi-joint movements associated with athletic activity, the approach to optimising recovery
following muscledamaging exercise, aiming &llow an immediate return to training and
further competition is of great importance.

The presence of EIMD and associated deleterious symptoms is a familiar experience
for the elite and novice athlete. In particular, such experiences may be presentitupre
season when exercise is likely to be unaccustomed, or when activity during training and/or
competition has a large eccentric compor{Bailey et al. 2007; Thompson et al. 1999)
when exercise involves repeated exposure to intense physical contacts between opposing
players as in collisiotvased sport@McLellan et al. 2011; Takarada 2008Yyith EMD
resulting in prolonged reductions in muscle strength and p@yene and Eston 2002a;

Twist and Eston 2005and increases in muscle sorenes3 24 postexercisg/Armstrong
1984; Byrnes et al. 1985; Jones et al. 198@ny athtétes engage in peskercise recovery
strategies aiming to alleviate deleterious symptoms of EIMD and attenuating declines in
muscle functior(Vaile et al. 2008c)More recently, attention has fa®d on the effect of
cold therapy in aiding recovery from musclamaging exercisgeston and Peters 1999;
Howatson and Van Someren 2003; Yanagisawa et al. 2003a; Yanagisawa et al. 2003b)
Although, the role of cal therapy as a treatment of spaetated injuries is wellocumented
(Bleakley et al. 2004 )support for its specific application to EIMD, particularly following

teamsport exercise, remains predomitigmnecdotal.
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Biochemical indirect markers of muscle damage and inflammation

EIMD is associated with structural damage of the sarconfEreken et al. 1983;
Newham et al. 1987protein leakage from the injured muscle fib{8erichte et al. 1999)
an acute inflammatory respon@eelding et al. 1993; Macintyre et al. 1996)d DOMS
(Faulkner et al. 1993; Maclintyre et al. 1998Fcordingly, the assessment of muscle protein
responses in the blood, including creatine kinase (CK), asparate aminotransferase (AST) and
C-reactive protein (CRP), to various exercise modalities are commonly implemented to
provide indirect evidence for musadamage and cell inflammati¢Bailey et al. 2007;
Halson et al. 2008; Warren et al. 199@creased cytokine levels have mainly been found
after eccentric exercise with plasma levels of CK increased almdstdi@ days following
eccentric exercis@Bruunsgaard et al. 1997K is released by the muscle into the lymphatic
system where it is transged to the thoracic duct and then enters the blood stiidawas et
al. 1997) Further, the local response to tissue injury and damage involves the production of
cytokines that are releasat the site of inflammatiofPedersen and HoffmaRoetz 2000)
These cytokines facilitate an influx of lymphocytes, neutrophils, monocytes and other cells
that participate in the healing of the tissue. The local inflammatory response to tissue damage
is accompanied by a systemic response (acute phase response) and includes the production of
hepatocytes derived acute phase proteins such agR&eBrsen and HoffmaBoetz 2000)
However, it has recently been demonstrated that caution should be sortsvgemuscle
proteins in the blood as indicators of muscle damage as blood concentration is a function of
the interaction of production and clearance from the b{&actton and Donnelly 1996;
Sorichter et al. 1995Accordingly, Warren et a(Warren et al. 1999%uggested that the
measurement of MVC provides the best indication of muscle injury following EIMD.
Therefore, measures of neuromuscular functrere implemented as the primary means of

evaluating muscle damage with measures of CK, AST and CRP used as additional evidence
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to indicate indirect levels of muscle damage and cell inflammation following the demands

associated with exercise.

Post-Exercise Cold Therapy

The Use of Cold Therapy as a Recovery Strategy

The increased physical demands of competitive sports and the intense nature of
consecutive day training and competition bouts has resulted in many amateur and
professional athletes engagingpiostexercise CWI recover{Barnett 2006)While
anecdotasupport for the benefits of CWI are generally positive, the effectiveness ef post
exercise cold therapy on recovery of exercise performance, alterations in neuromuscular
functions and perceptions of recovery remain vafigadley et al. 2007; Jakeman et al. 2009;
Yamane et al. 2006 he rationale behind the implementation of postrcise CWI is based
on empirical evidence supporting the use of cold therapy following acute soft tissue injuries
(Bleakley et al. 2004; Meussen and Lievens 1988)vell as benefits for reducing body
temperatre (Hadad etl. 2004) Although various forms of cold therapy have been suggested
to be effective treatments to decrease metabolism, inflammation, blood flow, pain, and skin,
muscle and intrarticular temperatures, as well as increase tissue stiffiviessck et al.

1999) the specific effects of CWI on the recovery profile and subsequent performance of
athletes remain varigdingram et al. 2009; Yamane et al. 200B)is section of the review

will therefore focus on the crent effects of cold therapy on physiological and inflammatory
responses, muscle function and also the effect of hydrostatic pressure on physiological
alterations. Furthermore, current evidence on the specific effects edxmrsise cold

therapy on reoeery from various modes of exercise, primarily associated with-sgarts
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exercise, on the recovery of exercise performance, EIMD, exénciseed thermal stress

and contact sports will also be discussed.

Physiological Responses to Cold Therapy: Cooler Temperatures and Hydrostatic
Pressure

The implementation of cold therapy (ice packs, CWI etc) results in a number of
physiological responses to numerous body syst@eskley and Dawon 2009) The most
common physiological response with cold therapy is a reduction in skin tempé€vsasin
et al. 1994)Dependenupon the mode and duration of cold therapy application,
intramuscular temperature is also reduced resulting in a peripheral vasoconstrictive response
(Ho et al. 1994; Karunakara et al. 1999; Marsh and Sleiveft)19Be associated
redistribution of blood flow to the cofélo et al. 1994; Karunakara et al. 1999; Marsh and
Sleivert 1999%timulates venous return, thus increasing central blood volBorale
Petersen et al. 1992Yold therapy administered at temperatures lower than 15°C have also
been shown to induce substantial alterations on numerous body system$inahg o6 c ol d
shock responsed characterised by hyperventi/|l
nervous system, increasing the release of noradrenaline in the(bémdiluoto et al. 2005)
and esultant tachycardi@ipton 1989) This response normally reaches a peak within the
first 30 s of <15eC CWI, with many@Dattadi vi dua
and Tipton 2006)Other physiological responsassociated with superficial application of
cold include a decrease in local metabolic function, reduced oedema for(iailan et al.
1997)as well as reducemerve conduction velocity, muscleagm andncreasd local
anaesthetic effec(®eston et al. 1994As such, cold therapy is thought to play a significant
role in minimsing the inflammatory respong¢Burke et al. 2000; Meeusen and Lievens

1986) Furthermore, recently observed benefits of ga&trcise cold therapy have been
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postulated to relate to the resultant effect of cold temperatures on blood flow, and if CWI is
the modality inplemented, the additional effects of hydrostatic pressure applied to the body
during immersion in water is also thought to contribute to altered physiological function
(Vaile et al. 2008c; Vaile et al. 2010; Wilcoekal. 2006) Therefore, the reduction in
metabolic function, oedema formation and subsequent reductions in the inflammatory
response are the proposed rationale for the implementation eéygsise cold therapy
following athletic eventgWilcock et al. 2006)

In addition to the demonstest physiological responses to colder temperatures,
hydrostatic pressure exerted on the body due to water immersion produces significant
physiological alterations which have been postulated to be beneficial to re@dfiegek et
al. 2006) Cardiovascular responses to body cooling and wait@ersion include increases in
peripheral vascular resistance, blood pressure and stroke volume, and reductions in heart rate,
cardiac output and peripheral blood flgBgondePetersen et al. 1992; Sramek et al. 2000;
Wilcock et al. 2006)The redistribution of blood from the periphery to the core has been
suggested to result from both peripheral vasoconstrifhitamsh and Sleivert 199@)nd the
hydrostatic pressure exerted on the body during water imme&fidcock et al. 2006)The
increased blood flow throughout the body results in a concomiterease in central blood
volume and venous return and is thereby suggested to improve cardiac efficiency and blood
delivery to the working musclédarsh and Sleivert 1999)Vilcock et al.(2006)suggested
that the hydrostatic pressure exerted on the body while immersed in water causes a
displacement of fluid from the peripheries into tleatcal cavity, thus enhancing the return of
fluid from the muscles into the blood and increasing central blood volume, stroke volume and
cardiac output . The increase in central circulatory volume is thought to be beneficial in
reducing cardiac stress digethe increased venous return and stroke vol{Mzav et al.

2000)and improved muscle blood flo@BondePetersen et al. 1992)
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Evidence of reduced cardiac stress following CWI has been observed with resultant
increases in vagaklated hart rate variability (HRV) indiceBuchheit et al. 2009; Lemaitre
et al. 2008) These hgher blood pressures activate arterial high pressure and cardiopulmonary
low pressure baroreflexes, which is thought to enhance vagal nerve activity and inhibit
sympathetic nerve activity, leading to a bradycaftia et al. 2008; Pump et al. 2004nd in
increase in vagalelated HRV indexe@Buchheit et al. 2009; Spinelli et al. 199%)deed,
Schniepp et a[2002)observed a reduction in maximum and average heart rates after CWI,
consistent with other investigatio(Bergh and Ekblom 1979b; Blomstrand et1£184;
Suzuki et al. 1980)it has been postulated that improved cardiac efficiency is likely due to a
combination of coldnduced peripheral vasoconstriction, hydrostatic pressure and the passive
nature of CWKBuchheit et al. 2009; Schniepp et al. 200®)cordingly, one rationale for
implementing posexercise CWI to improve regery has been based on the proposed
beneficial effects of combined hydrostatic pressure and cold temperatures reducing cardiac

strain and improving blood flow throughout the bd@jilcock et al. 2006)

The Effects of Cold Therapy following Acute Injury and the Associated
Inflammatory Respon se

Further to thehighlightedimmediate beneficial physiological responses there is
currently substantial evidence supportthg use otold therapy as a means of reducing the
inflammatory responsgeston and Pete 1999; Hiruma et al. 1999; Yanagisawa et al. 2003a)
Indeed, cold therapy is walbcumented to be beneficial for the treatment of acute soft tissue
injury by providing pain relief, muscle spasm reduction and a modification of the
inflammatory responsgnight 1989; Knight et al. 2000; Prentice 1998¢cordingly, cold
application immediately poshjury is primarily used to reduce cell metabolifikowal

1983; Prentice 1990hecrosis, oedema formation and neutrophil migration; thereby
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minimising secondary hypoxic injury and thegdee of tissue damag@Eston and Peters
1999; Hiruma et al. 1999; Knight 1989; Knight et al. 2000; Yanagisawa et al. 200i&b)
reduction in metabolic activity in the cells that survive the original trauma retiggnsless
susceptible to hypoxia (secondary trauma) and hence the total number of cells traumatised is
potentially reduce@Knight 1976) Further, it is thought that cold reduces blood flow by
increasing viscosity and causing localised vasoconstriction, which further reduces blood flow
and less fluid volume at the injury site, thus resulting in a reducatioedema formation
(Knight 1976) An additional beneficial effect of cold therapy on acute musculoskeleta
injury is the reduction in muscle spasm by decreasing naoiisensorperve conduction
velocity, andthusreducing pain through colthiduced anaesthegjBrentice 1982; Rintice
1990) Hence, traditionally cold therapy has been implemented to provide beneficial effects
for the acute recovery of soft tissue injury and according to this rationale, cold therapy has
more recently been implemented as a{go&rcise recoveryigttegy in an aim to minimise
similar deleterious symptoms associated with training and competition.

Furthermore, implementation of cold therapy following acute musculoskeletal injury
has also demonstrated beneficial effects in reducing immediate andg&dlperceptions of
pain and tendernegsleeusen and Lievens 1986; Prentice 1990 application of cold
sufficient to lower muscle temperatures byll® e C has b eenmaoherven t o r e
conduction velocity continuing with decreasing temperature until nerve fibre conductio
ceases complete(dwenson et al. 1996] he additional reduction in muscle spindle activity,
stretchreflex response, and spasticity are also thought to contribute to the inhibition of the
painspasm cycléMeussen and Lievens 198@ome authors attribute the reduced pain
perception to the localised analgesic effects of cooling ratherinhéition of muscle
damaggDenegar and Perrin 1992; Gulick et al. 1996; Meeusen and Lievens A886)gh

there is substantial support for an analgesic effect of(B®degar and Perrin 1992; Gulick
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et al. 1996; Meeusen and Lievens 1986; Weston et al. 1®@4duration of this analgesia is
limited to 1:3 h(Meussen and Lievens 198&)d accordingly this mechanism may only
account for the acute reductions in perceptions of lassreness and pain.dfm an athletic
point-of-view, the reduction in pain anduscle sorenes$AS) with cold therapy, regardless
of the mechanism, together with reduced inflammation and secondary muscle damage has
provided a sting rationale to implement peskercise cold therapy into recovery regimes.
However, to date there is ayudty of evidence outlining the beneficial effects of post
exercise cold therapy on reducing MS and inflammation following activity specific te team
sports(Ingram ¢ al. 2009)

Although there is agreement that cold therapy serves an important role in the initial
treatment of the acute inflammatory phase after a soft tissue t(&mght 1989; Knight et
al. 2000; Prentice 1990bhe repression of the natural occurring inflammatory mechanism has
recently been suggested to be detrimewntahtiscle repair and adaptati(rapointe et al.
2002; Yamane et al. 20Q6hidball (2005)recently suggested that muscle inflammation is a
functionally beneficial response the repair and adaptive process. Cellular and connective
tissue hypotheses state that adaptation proceeds from successful muscle repair and/or
reorganization of several contractile and structural components such as the sarflomares
et al. 1998)theextracellular matriXStauber et al. 1990and the cytoskeletaiMacintyre et
al. 1995) making the muscle less vulnerable to further EIMD. The repair process is
presumably partially dependent on the inflaatory response triggered by the initial
mechanical damag®lacintyre et al. 1995; Smith 1991%enerally, inflammation serves to
remove damaged muscle tissue by recruiting neutrophils and macrophages, but it is also
likely important for the process governing muscle repair and/or reorganization afteatr
(Armstrong 1984; Macintyre et al. 1995; Tidball 2008)hile neutrophils have been linked

to the promotion of muscle damage, their role in processing and removal of damaged tissue
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may also be important in mdsaegeneratioKuipers et al. 1983; Round et al. 1987)
Similarly, whilst macrophages can injure muscle cells, there is increasing @videsupport
the existence of macrophaderived factors influencing muscle growth and regeneration
(Tidball 2005) Accordingly, although traditional evidence outlines that cold therapy is
beneficial in the acuteecovery of soft tissue injurffMyrer et al. 1997; Yanagisawa et al.
2003b) the prolongedféects of cold therapy on muscle repair and adaptations, particularly
in an athletic setting are unknown. Barnet e{2006)recently eluded that application of a
recovery modality, such as cold, designed to reduce inflammation has recently been
suggested not be in the best interests of the athlete. As such, altholghvauély utilised
as a treatment modality following acute soft tissue infiyrer et al. 1997; Yanagisawa et
al. 2003a)there remains some controversy over the effectiveness of cold therapy in
improving the prolonged symptoms associated with skeletal muscle damage avad trau
(Farry et al. 1980)

Evidence to support the negative effects of repressing the inflammation response via
cooling modalitiegFarry et al. 1980; Fu et.d@997)and nonrsteroid antinflammatory drugs
( NS A (Dapanje et al. 200Zpllowing musculoskeletal trauma on muscle repair and
adaptation have been observed in animal studies. Certainly, cooling after exercise in an
endurancdraining program imposing exhaustive running upon rats for 5 days per week was
found to enhance rather than reduceatstructural damage after 7 wedks et al. 1997)
suggesting a detrimental effect of pesercise cooling on muscle repair and adaptation.
Further, Farry et a(1980)found that no regimen of cooling in rats lessened oedema and that
a detrimental effect with temperatures below 15°C existed. These authors also reported that
the volumes of notraumatised and traumatised limbs were greater 48 htafie20-min
applications of crushed ice than in the control condition. In addition, although Lapointe et al.

(2002)e x ami ned the effects of NSAI D&s on muscl e
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the inflammatory response with NSAIDOGOGs signi
Treatment with NSAID affected in parallel the concentration of macrophédg®gulations

and the adaptive response which likely reflected an impairment of skeletal muscle repair and
adaptatior(Lapointe et al. 2002)Accordingly, Lapointe et a{2002)postulated that the

decresaed inflammatory response altered repair likely resulted in an incomplete or inadequate
muscle adaptation.

Although the aforementioned studies relate to investigations in humans, Isabell et al.
(1992)demonstrated that peskercise ice massage following 300 concentric/eccentric
contractions of the elbow flexors resulted in the highest peak soreness and CK levels and the
lowest ROM compared to an exercise group. Isabell ét292)observed no effect of cold
therapy on indices of muscle damage and suggested repeated cold therapy may in fact be
detrimental to muscle repair and adaptation over a prolongestipeith levels of CK
significantly higher 120 h postxercise following ice massage compared to a control and
exercise group. In agreement, Yamane g28l06)recently examined the effect of cold
therapy on endurance or forearm flexor resistance training on untrained men over a period of
4-6 weeks. Cold therapy comprised of onévaes 20 min CWI for the endurance training and
one 20 min CWI for the resistance training following each training session. The results
indicated that postxercise cooling lessened the effects of training reductions O
ventilitory threshold and ant@l diameter observed pestining. Accordingly, Yamane et al.
(2006)suggestd that CWI may actually have negative effects on muscle adaptation and
repair by retarding any pestining adaptive processes associated with improvement in
performancgYamane et al. 2006)

Although evidence supports the effect of cold therapy in the treatment of acute soft
tissue injury(Myrer et al. 1997; Yanagisawa et al. 20Q3hyofibre micredamage and

cellular and humoral events induced by endurance tagidgsh training within skeletal
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muscles are considered as physiological preconditions not only for repair processes, such as
myofibre regeneration, but also for the adaptive processes leading to improved muscular
performance. Thus, lowering muscle tempam by cold therapy may indeed interfere with

these regenerative processes and may retard rather than support the desired improvement of
muscular performangg&’amane et al. 2006Vhile the exact mechanisms remain to be
elucidated, these results challenge the position that the acute inflammatory process must be
repressed toafvour recovery from muscle damag@apointe et al. 2002)Accordingly,

further investigations eWaating the effect of posgxercise cold therapy on muscle repair and

adaptation processes, particularly in an athletic setting, is required.

Colder Muscle Temperatures: The Effects on Peripheral Muscle Function

The effects of cooler muscle temperatanethe production of skeletal muscle force
and neural conduction are often contradici@gwards et al. 1992; Oska et al. 1997)
Generally, in cooler muscle fibres there is an extended time of relaxation that reflects
prolongation of crosbridge @atachment resulting in a reduction in crdsgdge cycling
(Ferretti et al. 1992)An impairment in the activatiorf enotor units during a short time
interval has also been observed, suggested to be due to the lower nerve impulse frequency
(Vanggaard 1975)urther, the maximum tetanic tension produced during muscle cooling has
been demonstrated to be depressed with the reduction more pronounced on cooling below
2 0 g0@&vies et al. 198Ranatunga and Wylie 1983dditionally, the external cooling of
muscle temperature to 24eC and | ower has bee
power generating abilities of both human and animal skeletal m{izages and Young
1983; Holewijn and Heus 1992; Ranatunga et al. 198dged, the rate of force development

(RFD) of an evoked twitch was significantly slowed by 22% when isolated rat muscle was
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cool ed (Rauwkne? & &. C990Prinkwater and Behn{R007) also showed thdhe rate
of isometric twitch and tetanic force development declined by a similar 50 and 46%,
respectively when the plantar fl exors were ¢
Ranatunga et a{1987)found that time to peak twitch almost déedbin cooling the skin to
12.5eC. As such, any cooling modality which
results in a delayed conduction velocity and RTD resulting in significant reductions in
immediate production of forg@avies and Young 1983; Ranatunga et al. 1987)
Consequently, it may be viewed as deleterious to peak power output if the rate and force
production of skeletal muscle fibres are reduced.

In addition to the prolongation of RFD, another characteristic of muscle cooling on
twitch contractile properties the prolongation of the half relaxation time (2 RT).
Drinkwater and Behn(2007)illustrated a 132% increase in the %2 RT of single evoked twitch
while ¥2 RT of tension developdyy tetanic stimulation was 119% longer when human
pl antar flexors were cooled to 22eC. Similar
al. (1987)illustrated a 200% increase in %2 RT. Faulkner gf1&l90)postulated that the
prolongation of relaxation may be caused by slowed adenosine triphosphate (ATP) binding to
the ATRbinding site on the myosin he#itls causing slower detachment of the myosin
crossbridges. In addition, slowing of the sarcoplasmic reticulum ATPase is also thought to
slow the active process of-uptake of calcium out of the sarcoplasm, thereby prolonging
contraction(Drinkwater and Behm 2007; Kossler and Kuchler 198¢xordingly, in regard
to an athletic setting, cooling a muscle to
ability to produce immediate force and poW@ravies and Young 1983; Ranaturejal.
1987)

More recently, Davies et gl1982)reported some observations on the effects of

temperature on the contractile properties of the tricegesmuscle. The authors observed
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that under the col dest conditions (muscle te
tension was significantly reduced. A slower rate of tension development and decreased

velocity of muscle shortening under colchd@ions also has been reported by several authors
(Bigland-Ritchie et al. 1992; Cornwall 1994; Sargeant 198Zlarke and Roycgl962)

repored that 10 min cold application increased the time necessary to reach 95% of maximum
force in forearm flexor muscle, which has since been supported by Davies and(Y®38p

Further, BiglaneRitchie et al(1992)reported a lengthened-Mave duration in locally

cooled finger muscles when the muscle temper
that changes in the rate processes with decreasing temperature may be a consequence of the
effect of temperature ometabolic rat€Bergh and Ekblom 1979b; Faulkner et al. 1980

the maximal rate of ATP hydrolys{Edwards et al. 19725lowed conduction velocity

resulting from cooler muscle temperatures is also thought to be due to impairmetfft of Ca

release fronthe sarcoplasmic reticuluiossler and Kuchler 1987)educed C% sensitivity

(Sweitzer and Moss 199(nd/or impaired kinetics of the muscle fibre action potentials

(Edwards et al. 1972; Segal and Faulkner 1985; Ward and Thesleft T@édgfore, reduced

force and power provides clear evidence that electrical and mechanical muscle response is

affected by cold.

Colder Muscle Temperatures: The Effect s on Voluntary Force Production

Cooling also has been reported to modify the neuromuscular adjustments during
voluntary contractionfClarke et al. 1959; Davies et al. 198RJevious studies examining
human voluntary contractile performance at alteredateutemperatures have observed that
the endurance time of sustained, submaximal, voluntary contractions are temperature

dependen(Clarke et al. 1959; Edwards et al. 1972pecifically, optimal force development
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seems to occur at peripheral temperatureséf 88e C, al t hough such evi de
equivocal(Binkhorst et al. 197Mavies et al. 1982Maximal voluntary force was found to

be depressed when exposed t(@arkmetalcld958) t emper at
Binkhorst, Hooft and Visserd977)found that within anuscle temperature range of22

38eC the maximum force was not significantly
was increased with temperature. Although a peripheral temperature rang2 & #8C h a s

been described for optimal voluntary force proitin (Edwards et al. 1972pavies et al.

(1982)r eported that | ocal cooling to 24eC of th
temperatures, Holewijn and He{i992)observed a fall in the maximal grip force after 30

min | ocal cool i ng(1997féGuedCedycedanaximal@msskl@aperéotmared .
during dynamic exercise performed at a lowered room air temperatir@ (& C) . I n cont |
Meigal et al.(2003; 1998y eport ed t hat exposure to cold (1
impair MVC during isometric elbow flexion or handgrip. Edwards ef1#192)also showed

that local muscle cooling did not modify MVC and even prolongeid@netric voluntary

contraction sustained until fatigue. Coulange e24l06)concluded that total body

immersion in cold water did not affect MVC and endurance to fatigue butchttere

neuromuscular propagatiamthe coolest muscle and enhanced fatiguduced EMG

changes in the leg muscles. To further demonstrate equivocal findings, M¢Ga6v)

demonstrated that a cold treatment significantly increased the force production of the
guadricepsnusculature when applied immediately before isometric leg extension. Therefore,
although the literature suggests colder muscle temperatures slow peripheral nerve conduction
velocity (Drinkwater and Behm 200,/@quivocal findings are present regarding the ability to

produce maximal voluntary force following cold thergpiplewijn and Heus 1992; McGown

1967)
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It is also possibléhat the effects of cold therapy on voluntary force production are
dependent on the temperature of the muscle, with pronounced decrements only observed once
muscle temperatures getvery t d  ( {Davies € al.)1982; Ranatunga 1984; Ranatunga
et al. 1987)Indeed, Ranatanga et @1984)did not find any decrement in voluntary force at
a muscle temperature of 25eGeb2t56efCouvmadgiet ha
latter study by the same authors, Ranatanga €t%87)demonstrated an 8% increase in
voluntary force with cooling the first dorsa
temperatte s decr eased \eelleandec2ethents in voluhtayrfaece. Davies
etal.(1982)c ool ed the triceps surae to 24eC and fo
Similarly,i n cool ing the finger (199%4demonsstrateda bel ow =
decrease of isometric grip strength by 14.8% in males and 30.5% decrease in females.
Holewijn (1992)f ound t hat 1 mmersion in 15eC water fo
21.8% decline in maximal force of grip strength. Clarke gt1&59)found that MVC of the
finger flexors did not change with no less than 30 imimersion in a water temperature of
18eC, but fell by 40% only once2002he water te
demonstrated that the decrement in MVC after a fatigue protocol was more pronounced in
mildly cooled muscleZ 9 e C, 17 % decr esméretr)mi tch amu sich enr3me |
decrement). Whilst the temperature at which cooling begins to impair maximal voluntary
force is not exact, the general consensus i s
inhibit maximal foce(Davies etal. 1982vi t h t emper atures bel ow 24c¢
voluntary force. Thughis suggestthat the reduction in voluntary force production in colder
muscle temperatures may be due to slowed ROihkwater and Behm 200&nd a
reduction in tetanitension(Davies et al. 1982)The slowed twitch contractile responsesi

reductions in voluntary force production 1in
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implications for athletic performance, particularly when maximal force is required soon after
postexercise cold therapy.

A decrease in muscle temperaturelmaold therapy has also resulted in a reduction
in shortterm power outpuiBergh and Ekblom 1979b; Schniepp et al. 20@2hniepp et al.
(2002)found hat CWI resulted in a significant decrement in shemnn power output in elite
cyclists and attributed the decline in power output to a variety of physiological effects that
decreased temperature has on muscle function. Similarly, Bergh and EkiSi6@ip)
observed a4% decline in power output during maximum cycling per 1°C reduction when
muscle temperature decreased from 38 to 30°C; which was attributed to a slower rate of
tension development. The reduction in power output has also been attributeddsedcr
muscle stiffness and greater mechanical resistance in colder mseiéser et al. 1990)
As such, the cétctive results of the aforementioned studies demonstrate that colder muscle
temperatures24e C result in significantly sl owed
an evoked Mwave and twitch{Bigland-Ritchie et al. 1992; Drinkwater and Behm 2007)
together with decreases in voluntary force produdi@ernwall 1994)and power output
(Bergh and Ekblom 1979a; Schniepp et al. 2008grefore, when maximal force or power is
required in close succession, implementation of-pgstcise cold therapy may be questioned
due to observed decrements in skeletal muscle function. Despite tleffettteof post
exercise cold therapy on the recovery of skeletal muscle function following athletic
performance such as teaport exercise, particularly when maximal force and power is not

required until nextlay training or competition, remains equivica
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Post-Exercise Cold Therapy: The Effects on Subsequent Exercise Performance

As athletes are often exposed to tournament schedules, or training and matches in
close succession, implementation of pesg¢rcise cold therapy is now commonly employed
in many sportgBailey et al. 2007; Kinugasa and Kilding 2009; Rowsell et al. 2009; Vaile et
al. 2008a) Despite increased popularity of cold therapy, the effects on improving subsequent
exercise performance remaiguavocal(Gill et al. 2006; Ingram et al. 2009; Montgomery et
al. 2008b; Yamane et al. 200®ecently, the ameliorated recovery of maximal force
production and exercise performance have been observed followirgxaosise cold
therapy(Bailey et al. 2007; Ingram et al. 2009; Lane and Wegner 2004; Vaile et al. 2008a, b,
c). For example, following 90 min of intermittent shuttle running, y@o&rcise CWI reduced
decrement# isometric MVC of the KEBailey et al. 2007)Similarly, Ingram et al(2009)
reported a facilitated return to baseline isometric leg extension and flexion force values with
CWI when compared to contrast water therapy or a control condition. In addition, the ability
to mantain power output and performance during subsequentiighsity, intermittent
cycling sessions was demonstrated following CWI when sessions were separated by 24 h
(Lane and Wegner 2004y performed in the heéVaile et al. 2008a)Thus, when cold
therapy follows multjoint, high-intensity intermittensprint exercise, positive effects on
subsequent exercise performance have been obg®aitely @ al. 2007; Ingram et al. 2009;
Vaile et al. 2008a)Table 2.2provides asummay of the current literatureeportingthe
effects of posexercise cold therapy on the recovery of subsequent exercise performance.
Positive effects of cold therapy implemedterior to a bout of strength training have
also been observdBurke et al. 2000; McGown 196 Burke et al(2000)demonstrated that
cold therapy employed prior to isometric strengéining resulted in greater improvements
in force production. Earlier studies have reported similar findings when strength training was

combined with preexercise cold therapzrose 1958; McGown 196With some authors
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postulaing that increased force productipresent followingcold therapy was due to
impaired sensory percepti¢Bennett 1984; Holewijn and Heus 1992; Ruiz et al. 1993)
associated with decreased nerve conduction velaniigold-inducedanaesthesiéingersoll
et al.1992; LaRiviere and Osternig 1990Yhilst the precise mechanism for the observed
improvement is unknown, and in contrast to the previous section on temperature and muscle
force production, the use of cold therapy prior to strength training has demexhsuigerior
gains in force production when compared with thermal therapy and passive rg@wéey
et al. 2000; Ru et al. 1993)

Previous studies have demonstrated positive effects of cold therapy on subsequent
performance following a single bout of exercise, aloiith veducederceived general
fatigue and leg sorene@Rowsell et al. 2009; Rowsell et al. 201Hpwever, when
consecutive bouts of exercise are performed over ssigeedays in a tournament schedule,
the effects on subsequent exercise performance remains eqiMooéjomery et al. 2008b;
Rowsell et al. 2009Montgomery et al(2008b)demonstrated attenuated decreases-im20
sprint test ad line-drill performance during a-8ay basketball compeitin with CWI
recovery Further, improvements in the recovery of higtensity cycling performed over
consecutive days have also been observed previf¢aile et al.2008b) However, whilst
Rowsell et al(2009)demonstrated lower ratings of fatigue and ameliorated perception of leg
soreness following repeated miaplay during a 4day soccer tournament, CWI did not
significantly improve subsequent physical performance (CMJ and 1z r2peated sprint
test). This finding isn accordance with previous research reporting that CWI (10 min at
10eC) after 90 min of intermittent shuttle r
in young active males at 24 and 48 h of recovery compared with-emmoersion control
group(Bailey et al. 2007)In a similar finding, although lower ratings of muscle soreness

were observedCWI (10mi n at  9).deénorfStrated né sigdificant benefit to exercise
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performance when two bouts of higitensity, simulated teaisports exercise were separated

by 24 h(King and Duffield 2009)Moreover, Coffey et a(2004)also demonstrated no

significant improvementinruntim®-e x hausti on after CWI (10eC f
etal.(2010)( 14eC for 5 min) further demonstrating
sprint compared to passive recovery. Collectively, although CWI recovery appears to be
beneficial in enhancing the perceptions of recovery and muscle so(Roessell et al. 2009;

Rowsell et al. 2011)he positive effects on performance ogensecutive days of exercise

remain equivocalKing and Duffield 2009; Rowsell et al. 2009; Rowsell et al. 2011)
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Table 22 Summary of the Literature Examining P&stercise Cold Water Immersion following Var®&xerciseModalities

Exercise Protocol

Interventions

Outcomes

Pournet et al.
(2011)

Parouty et al.
(2010)

Heyman et al.
(2009)

King and
Duffield (2009)

Ingram et al.
(2009)

N =41

Elite athletes
(Football, Rughy,
Volleyball)

N =10

5F

5M

Well trained
swimmers

N=13
Well trained
climbers (F)

N =10
Club netball players
(F)

N=11
Teamsport athletes

(M)

- 20 min exhaustive, intermittent
exercise followed by 15 min recovery

- 2 x 100 m swimming sprints
interspersed by 30 min recovery

- 2 X climbing tests to volitional
exhaustion separated by 20 min
recovery

- Simulated teanrsport exercise circuit
(4 x 15 min)performed on consecutive
days separated by 24 h recovery peri

=a = =a —a —9

E R

=a —a

Cwl = 15 min at 1
T WI = 15 min at 3
CTWT = alternating between 1 min 3!
s in cold (10¢gC),
(42eC) for total
CWI = 5 min at 14

Cont = 5 min out of water seated rest
28e¢eC

Passive rest

ACT = cycling at 3840 W

EMS of forearm muscles

CWI of forearms & arms (3 x 5 min at
15+%k C)

15 min passive seated rest

ACT = 15 min shuttle run at 40% v
VO2max

CWI =2 x 5 min immersion (9.3 +
1.6eC, 2.5 min ou
CTWT =4 x Imin immersion (9.7 +
1.4eC), 2 min war
2.0eC)

- 80 min simulated teargportexercise Upon completion of exercise and 24 h post

followed by 20 min shuttle run to
exhaustion

exercise

T Cwl = 2 x 5 min i
separated by 2.5 min upright seating
room temp (22eC)

CWI and CTWT improved MVC 1 h
postexercise compared to pre
exercise values

CWI blunted the rise in leukocytes 1
h postexercise and plasma CK 24 h
post.

CWI improved perceptions of
recovery

CWI resulted in slower swimming
performance bub | i lowdr peék
HR

ACT & CWI maintained performance
in second bout of exercise
CWI reduced T

Trends for attenuated decline in 5 x
20 m sprint & VJ with CTWT & CWI
ACT significantly elevated HR, RPE
& MS in session 2 comped to other

conditions

No change in performance in sessio
2 (24 h) in any condition

CWI lowered MS and reduced the
decrement in isometric leg extensior
and flexion strength in 48 h recovery
period

CWI resulted in a more rapid return-
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Vaile et al.
(2008b)

Montgomery et
al. (2008a)

Montgomery et
al. (2008b)

Bailey et al.
(2007)

Lane and

1
1
N=12 - 4 RM sessions
Endurance trained -5 consecutive exercise days of 105 days
cyclists (M) min duration consisting of 66 maxima i
effort sprints plus 9 min cycling TT q
1
1
N =29 - 3 day baskdiall tournament 1
Basketball players - One game each day q
(M) T
N =29 - 3 day basketball tournament Ll
Basketball players - One game each day q
(M) 1
N =20 - 90 min intermittent shuttle run Ll
Healthy (M) q
N =10

CTWT = 2 min col
2 min warm immersion (40C)  (
transfer time) repeated 3 times
Cont = seated rest

d
3

Recovery performed on eacfithe 5 exercise

C Wi = 14 min full
H WI = 14 min full
CTWT = full body
mi n, hot (38eC) 1
Passive rest

CHO & stretching (n=9)

CWI at 11eC for 5

Full leg compression at 18mmHg for
~18 h (n=10)

CHO & stretching (n=9)

CWwI at 11eC for 5
Full leg compression at 18mmHg for
~18 h (n=10)

Cwl = 10 min at 1
Cont = nosimmersion passive rest

- Repeated bouts of HI cycling (18 mi 15 min immediately postxercise

Chapter 2

baseline repeated sprint performanc
(10 x20 m sprint)

Sprint (0.12.2%) and TT (0.4..7%)
performance enhanced across 5 day
trial following CWI & CTWT

T reduced with CWI

No diff in HR

CWI & compression had little benefit
on reducing biomarkers (CK. MYO,
IL-6, FABP) 6 h after game, but had
moderate=ffect on reducing
biomarkers at the end of the
competition (3 days)

CWI produced acute analgesic effec

CWI better maintained 20 m
acceleration (0.5 + 1.4%) after 3 day
compared with compression.3t
1.6%)

CWI similar benefits to maintaining
line drill performance as compressio
CWI resulted in smallest decrement
flexibility

CWI reduced MS 1, 24 & 48 h pest
exercise and resulted in smaller
decrements in MVC of KF 2& 48 h
compared with cont

CWI reduced MYO 1 h after exercist
but did not alter CK

Significant decline in total work
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Wegner(2004) Physically active of varying work at resistance of 80g.k 1 ACT =cycling at 30% V@max completed between exercise bout 1
(M) of BW) separated by 24 h T Cwi = immersi on o and2onlyincont
1 Cont = seated rest
Schniepp etal. N =10 - 2 RM sessions 1 Cwi=15minatt 2¢ C up t c Timeto PP notdifference between
(2002) Well trained - 2 maximum effort sprints (~30 s) 1 Cont =15 min seated rest conditions
cyclists separated by 15 min recovery Max. and average power declined b
13.7 & 9.5% in CWI compared to 4.5
& 2.3% in cont, respectively
CWI produced greater decline in
MHR compared to cont (8.1 V4%46)
Burke et al. N =45 - 1 set of 4 repetitions (60% MVC, All prior to isometric strength training CWI resulted in great increase in
(2000) (N=21F 70% MVC, 80% MVC, 100% MVC) 1 Cont =10 min seated rest MVC compared to cont & hot
N =24 M) - 2 s build up to MVC and 6 s hold f  CWI = 10 min standing in cold batch
- 5 consecuve days of lower limb to gluteal fold (
static contractions f  Hot = 10 min standing in hot bath to
gluteal fold (43

M = Male; F = FemaleMVC = maximal voluntary contractiofGWI = cold water immersionfWI = temperate water immersioHWI| = hot water immersionCTWT =

contrast temperature water therapilS = electromyostimudtion; ACT = active;CHO = carbohydrateHR = heart rateMHR = maximum heart ratd®P =peak power;
RM = repeated measurdd| = high-intensity;BW = body weight;VO,max = maximal oxygen consumptio@K = creatine kinasey'YO = myoglobin;IL -6 =interleukn
6; FABP = freefatty acid building proteinkKF = knee flexorMS = muscle sorenes3;T = time trial; VJ = vertical jump;RPE =rate of perceived exertiofis, = skin

temperature.
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To further highlight equivocdindings several studies havesaldemonstrated
negative effects of CWI on the recovery of exercise perform@mave et al. 2007; Peiffer
et al. 2009a; Schniepp et al. 200deed, Peiffer et a{2009a)recently observed
decrements in maximal and average sprint pov@0% and7.2%, respectivelyfollowing
poste xerci se CWI (12eC for 15 min), together
Similarly, postexercise wholdody CWI (121 4 ¢ C -mia)mresultesl in a reduction in
sprint cycling performance, illustrated by a decreased peak arabavyeower of repeated
30-s sprints performed immediately after immers{@nowe et al. 2007; Schniepp et al.
2002) The authors postulated that the most likely cause of the reduction in cycle sprint power
output following CWI was a decrease in the contractile speed of the cooled muscle during
maximal contractioriBigland-Ritchie et al. 1992)indeed, as previously duted, cold
exposure can increase action potential propagation time in the niiBsoign and Ekblom
1979a; BiglaneRitchie et al. 1992and decrease dynamic contraefibrce by 46% for each
leC decr ease i n(Bemgh and Ekblom 1870¢)hesreductiom ire acute
anaerobic performance complements earlier data indicating that cooling may have negative
effects on anaerobic spting-events requiring optimal muscle temperature for high power
output(Holewijn andHeus 1992; Sargeant 198pprticularly when exercise bouts are
performed in close succession.

Although the effects of CWI recovery on subsequent exercise performance remain
equivocal(Bailey et al. 2007; Ingramt @l. 2009; King and Duffield 2009)he present
literature outlines that the benefits of pegercise CWI on ensuing performance may be
dependent upon the modality of exercise. When longer duration;jointtexercise is
performed, CWI appears to berteficial(Bailey et al. 2007; Ingram et al. 2008pwever,

when shorter bouts of hightensity exercise are performed (e.g-S3§prints), cooler muscle
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temperatures resulting from CWI appear to be detrimental to the production of high anaerobic

power outpu{Crowe et al. 2007; Peiffer et al. 2009a; Schniepp et al. 2002)

Post-Exercise Cold Therapy: The Effects on Signs and Symptoms of EIMD

EIMD resulting from the eccentric component of intermittientning and the landing
phase during tearsport exercise, or en direct physical collisions occur during exercise
results in immediate and prolonged reductions in muscle function, most notably a reduction
in force-generating capacit{Byrne et al. 2004; McLellan et al. 201 Butther symptoms of
EIMD include increased perceptions of pain and tenderness, muscle stiffness and DOMS
(Clarkson et al. 1992; Eston and Peters 1988)ch are the most commonly reported
components of spoerelated injuriegByrne et al. 2004)implementation of postxergse
cold therapy has recently indicated beneficial effects on reducingpestise muscle
soreness after strenuous eccentric muscle ac{Béyey et al. 2007; Eston and Peters 1999;
Halson et al. 2008; Vaile at. 2008c)and tearrsport exercis¢Yanagisawa et al. 2003a)
however, findings remain equivocal on the recovery of skeletal muscle fufisiell et al.
1992; Paddoidones and Quigley 1997; Sellwood et al. 2007)

Previous research has suggesthat CWI may be an effective treatment for muscle
damaggEston and Peters 1999; Vaile et al. 2008lycieducing the inflammatory response
and consequent secondary hypoxic inj{irgkarada 2003; Thompson et al. 2008§leed,

Eston and Petef8999)d e monstrated beneficial effects of
every 12 h) on reducing plasma CK and muscle stiffness following daimageng

eccentric exercise of the elbow flexors. Using a similar exercise protocol, Yanagisawa et al.
(2003a; 2003balso reported a reduction in exereisduced muscle oedema as well as a

tendency for reduced muscle soreness and CK activity withepestise CWI (15 min at
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5 e C) hernfone,rwhen CWI followethulti-joint prolonged intermittent shuttle running
exercise, Bailey et a{2007)reporteda reduction in serum myoglobin responsie iost

exercise and diminished perceptions of muscle soreness ughtpaiexercise. Based on an
attenuated decline in peak knee flexion torque, Bailey €2@0.7)postulated that CWI

mediated a reduced inflammatory response; thus reducing subsequent secondary muscle
damage evidenced by an attenuated efflux of myoglobin. Accordingly, these collective results
suggest that when single or mjtiint exercise involves eccentric muscle acsi¢explicitly

or via intermittent shuttle running), peskercise CWI is beneficial in reducing markers of

CK and myoglobin, and reducing perceptions of muscle sor¢Bassy et al. 2007; Eston

and Peters 1999)

In contrast, several studies documenting elevations ingxastise markers of muscle
damage following concentri¢dalson et al. 200&)nd eccentric based exerc{faddorJones
and Quigley 1997; Sellwood et al. 20@gve reported no benefits of CWI on reducing
symptoms 6EIMD. Following a highintensity, combined fixedand seHpaced cycling
protocol, Halson et a{2008)reported significant icreases in CK, CRP, 46 and TNFU ;
although the elevation of these variables were not affected by CWI recovery. Furthermore,
Ingram et al(2009)reported no significardifference in the elevation of CK and CRP;
despite lower muscle soreness ratings, reduced decrements in isometric leg strength, and
faster 10 x 20m sprint times. In addition, when singt@nt bouts of eccentric leg extension
(Sellwood et al. 2007gnd eccentric elbow flexiofPaddorJones and Quigley 199Were
performed, CWI of the exercised limbs offered no benefit in the recovery of muscle
performancer subjective muscular pain compared with a control. Furthermore, Paddon
Jones and Quigle§l997)observed DOMS in eight resistaritained males after performing
64 eccentric actions of the elbow flexors. The results indicated that following 5 x 20 min ice

water immersions, with 60 min recovery between each immersion, no significant differences
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in muscle soreness, isometric and isokinetic torque, or limb volume were evident between the
experimental and control arms over a 96 h recovery period. Similartiffacences in the
perception of muscle soreness were reported following studies using single ice massage
applications of 120 min duration either immediately, 24 h or 48 when exercise induced
DOMS (Gulick et al. 1996; Yackzan et d1984) Of note, Isabell et a{1992)observed no
effect of ice massage on improving indices of skeletal muscle damage and suggested that
repeated cryotherapy may actually be cairidicatory to the prolonged repair and
adaptation of skeletal muscle function. Therefore, it appears that the effects of various
modalities of posexercise cold application following singland multijoint exercise
inducing prolonged muscle damage a@strate equivocal findings on reducing perceptions
of pain and MS, reducing cytokine and endocrine responses.

Interestingly, of the studies reporting no significant benefit on reducing the symptoms
of EIMD, either ice water immersigfaddorJones and Quigley 1997; Sellwood et al. 2007)
or ice massagg@sulick et al. 1996; Yackzan et al. 198¥ve been implemented as fhest
exercise intervention; resulting potentid detrimental effects on prolonged muscle repair
and adaptation observéidabell et al. 1992)n contrast, when posixercise recovery
consists of cold water immersion limving either single or muHjoint exercise eliciting
significant muscle damage, perceptions of MS, concentrations of CK and myoglobin, and
recovery of voluntary torque were all enhan{Bdiley et al. 2007; Estoand Peters 1999;
Yanagisawa et al. 2003bJhus, it may be suggested that the colder temperatures of ice
therapy were of no benefit, and possibly detrimental to the recovery of symptoms of EIMD
compared to postxercise cold therapy. Furthermore, of thelges demonstrating no
beneficial effect on attenuating the elevation of endocrine and cytokine resfldalses et
al. 2008; Ingram et al. 200%he exercise modality to recovery from primarily consisted of

concentriebased exercise and thus the levalenfuctions in exercise performanoay not
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have been sufficiertd observe any significant benefits of pegercise CWI. However, as
Ingram et al(2009)observed reduced decrements in isometric voluntary torque and faster 10
x 20-m sorint time following CWI, further research examining the effects of-pmstcise

cold therapy after exercise indicative of tegports is required.

Post-Exercise Cold Therapy: Effects following Exercise in the Heat

Given that many athletievents may ccur in warm climates and the increased
physiological perturbations associated with exercise in the heat; cooling strategies to counter
the acute and prolonged effects of exeranskiced elevations in heat stress have become
popular(Marino 2002; Quod et al. 20Qd)espite such association, research detatheg
efficacy of CWI on the recovery from exerciseluced heat stregs particularremains
relatively novel(Peiffer et al. 2009a; Peiffer et al. 2010a, b; Vaile et al. 2008a; Vaile et al.
2010) Previous researdilms demonstrated that cooling hyperthermic athletes in various
water temperatures20e C) results in safe and efficient
load (Proulx et al. 2006)CWI applied after a bout of exercisetive heat can decreasg,dat
a rate that is faster than heat loss occurring under normal convective cor(d@temsnts et
al. 2002; Mitchell et al. 2001; Peiffer et al. 2009a; Yeargin et al. 260&)ently, \aile et al.
(2008b)and Yeargin et a[2006)have shwn that CWI used immediately after exercise can
result in a greater decrease in rectal temperatwe Yeargin et al(2006)used a 12 min
CWI intervention (14eC) 4 min after the tern
mean cor e c oo Inint ¢ addiion,émmediate PasteRise@ooling resulted
in a mean cor e tmbafter I5gnina fa t @WIo fa t0 . 104628@8b)( Vai | e
The greater cooling rates observed by Vaile €2808b)and Yeargin et a[2006)were

postulated to be due to peripheral blood pooling that might have occurred immediately
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following exercise, potentially contributing to the greater core cgois such,
implementation of posg¢xercise cooling following exercise in the heat is a safe and efficient
mode of reducing the rise ingfe Provided in Rble 2.3s asummay of therelevant
literature pertaining to the current literature examininggtifiects of posexercise cold
therapy on recovery following exercigaluced elevations in thermal strain.

CWI has been implicated to have a positive effect on reducing exeanide
passivelyinduced elevations incde with concomitant increases in exise performance
upon the return of body temperature to resting valMesrison et al. 2004; Peiffer et al.
2010b; Thomas et al. 2006; Vaile et al. 2008a)eed, the return to optimal performance of
voluntary foce and activation were facilitated when cooling methods were introduced to
speed the rate of reduction ig,E(Morrison et al. 2004; Thomas et al. 2006homas et al.
(2006)demonstrated that passivehduced elevations ingeresulted in a reduction in
voluntary force production. However, torque and VA were restored to baseline values only
when ToreWas lowered bacto normal values via a cooling garment. In agreement, Morrison
et al.(2004)observed an 13% and 11% reduction in MVC and VA, respectively when
subjects were passivelye at ed t o 39. 4eC. Ogdbacktonesti|y cool i n
values did VA and MVC return to baseline values. Morrison €2804)postulated that the
reduction in MVC and VA was directly influenced by an increase.sr dnd thus the faster
rate ofreduction in Tere With cooling resulted in a greater recovery of force production and

activation.
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Table 23 Summary of Literature Examining PeSkercise Cold Water Immersion Following Exercise in the Heat

Subjects

Exercise Protocol Environmental

Intervention Outcomes

Peiffer et al.

(2010a)

Peiffer et al.

(2010b)

Vaile et al.
(2010)

Peiffer et al.

(2009D)

Peiffer et al.

(2009a)

Buchheit et
al. (2009)

N =10
Male cyclists

N =10
Male cyclists

N =10
Endurance
trained male

cyclists

N=12
Male cyclists

N=10
Well trained
male cyclists

N =10
Male cyclists

Temperature

- 2 RM sessions 35 C
- 25 min CP cycling (254 + 22 40% RH
W), 4 km TT, intervention, 25

min CP, 4 km TT

- 2 RM sessions 35.0 N

-1 km cycling TT, 20 min 40.0 +3.0% RH

recovery intervention, 1 km TT

32.8 N
43.6 + 1.8% RH

- 2 RM sessions
- All -out 35 min cycling, 15
min recovery (CWI or ACT),
40 min passive recovery
(supine rest), repeat 86 min
cycling bout

- 4 RM sessions 40eC
- Cycling time trial b 40% RH
exhaustion
- 2 RM sessions 32.2 N

- 90 min CP cycling (PO = 21€
+ 12 W) followed by 16.1 km
TT

55.0+2.4% RH

35.0+0.3+C
40.0 +3.0% RH

- 2 x supramaximal cycling
interspersed by 20 min passiv
recovery in which time 5 min o

CWI or passive seating was

performed

1 15 min seated recovery (Cont) -Tel ower in CWI (0.

1 5 min CWI - PO greater in second TT with CWI (327.9 £ 55.°
W) compared to Cont (288.0 + 58.8 W)
T 5 min CWI (: - No change in |
1 20 min seated in room air (Cont - After second TT T,slower in CWI V Cont
35¢C) - No diff. in maximal isokinetic concentric torque

M 15 min ACT (cycling at 40% of
PPO)
T 15minfultbody CWI

- Significant decline in performance with ACT but
not with CWI
- T\e reduced immediately after CWI and at the end
40 min passive recovenntil the end of exercise bot
2
- Reduced limb blood flow (leg & arm) and HR witt
CWwiI

T 5, 10 or 20 mi
20 min seated at room
temperature

- Greater rate of reduction ineWwith CWI
- Tmus reduced with 45 min after CWI
- Time to exhaustion lower for all water immersior
durations
- Tmus lower follaving 10 & 20 min immersion
compared to 5 min
- Isometric and isokinetic torque not altered by an
duration of CWI

f 20 min CWI (
T 20 min passive

- Tereduced in CWI 50 min podtT
- Ts reduced withCWI
- Greater reduction in pedtT MVC and SMVC with
CWI compared to Cont
- 9% smaller femoral vein diameter with CWI

T 5 min CWI
T 5 min seated r
RH (cont)

a t - No effect of CWI on T, cycling performance of HF
recovery
- Vagatrelated HR variability decreased after
exercise 1 and further after exercise 2 under cont
not CWI
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Vaile et al. N =10 - 5 RM sessions 34.0 N 1 Intermittent (5 x 1 min in, 2 min - ACT resulted in 4.1 + 1.8% less total work
(2008a) Well trained - 30 min cycling task (15 min  39.4 + 1.5% RH out) CWI completed in second exercise task. No change i
male cyclists  CP at 75% PPO then 15 min o 10eC work with CWI
TT), 15 min recovery, 40 min o 15eC - CWI reduced thermal strain, meapand RPE
passive rest, repeat 30 min o 20eC
cycling task f Continuous CV

T ACT cycling (40% VQpeax 31.1
N 2. 6¢eC, 48.0

Halson et al. N=11 - 2 RM sessions 34.3 N T 3 x Cwil at 11 - CWI reduced HR, [, Tg
(2008) Endurance ~40 min simulated TT 41.2 +3.0% RH f Passive rest - No diff. between CWI and Cont for Lalucose,
trained male (Cont) pH, catecholamines, cortisol, testosterone, CK, CF
cyclists IL-6, IGL-1
Yeargin et al. N =15 - 3 RM sessions ~27¢C T CwWl = 13. 98 -CWlresultedin afaster 2 mile performance tim
(2006) BWwW, 12 M) - 90 min hilly trail run, 12 min T 1 wi = 5. 23 compared to Mock
Highly recovery, 30 min passive rest, 1 Mock = seated in tub with no - CWI andIWI reduced T and HR
trained, heat mile race water at 29.5
acclimated
distance
runners
Clements et N =17 - 3 RM sessions 27 N 1« T CwWl = 14.03 - No diff. in cooling rates found at start of immersio
al. (2002) Highly ~19 km hilly trail run (~86 T 1 wi = 5.15 K until 8 min
trained, heat min), 12 min recovery 1 Mock = no wat ei -CWI&IWIprovided similar cooling rates which
acclimated were greater than mock atl2 min
distance - Tie Similar between CWI & IWI at end of immersio
runners - IWI reduced T, at 610 min posimmersion

compared to CWI and mock

T, = rectal temperatur€; ,,,s = muscle temperaturd;, = body tenperatureT 5 = skin temperatureCWI = cold water immersionWI| = ice water immersionACT = active;PO =power
output;PPO =peak power outpulf T = time trial; RM = repeated measureSP =constant paced®H = relative humidity;HR = heart rateMVC = maximal voluntary contractiolSMVC =
superimposed maximal voluntary contractivi@ ,peak =peak oxygen consumptioRPE =rate of perceived exertioha™ = lactate,CK = creatine kinaseCRP =c-reactive proteintL -6 =

interleukin 6;IGL -1 =insulin-like growth factor 1W = women;M = men
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Although the aforementioned studies are related to passindalged elevations in
Teore Similar positive effects of cooling following exercisgluced increases ingehave
been observe(Peiffer et al. 2010b; Vaile et al. 2008a; Vaile et al. 2010; Yeargin et al..2006)
Yeargin et al(2006)demonstrated that 12 min of whdleo d y C WI (14eC) after
running in the heat significantly reduced the time to competmde2running time trial
compared with a control condition. An improvemeh6% in performance times observed by
Yeargin et al(2006)is similar to theesults previously mentioned by Marsh and Sleivert
(1999) andOlschewski and BruckL988) and Lee and Haymé&$995)during constant
paced exercisél'he improved running performance occurred with a mean rectal temperature
(Tyy that was 0.5eC | ower t ha ri20l0a)Jdemohsgateda nt r o |
comparabl e 0. gwitG CWIeribruaatsecond cyclimy tinie trial andsebved
a significantly greater power output resulting in a faster completion of the subsedument 4
cycling timetrial. In addition, RPE during the second consfaanrte session was significantly
lower after CWI and paralleled the reduction ja(Peiffer et al. 2010a)These studies
highlight that effective reduction in.de with cooling following exercise in the heat result in
a concomitant enhancement of subsequentesaperformance, particularly in warm
thermal environments.

Similarly, Vaile et al(2008a)found that CWI performed between two higiitensity
cycling bouts maintained repeated performance in hot environmental conditions compared
with active recovery. More recently, Vaile et@010)demonstrated similar results with
postexercise CWI maintaining perfoance during higlintensity cycling in hot conditions
compared to an active recovery. Vaile e{2008a; 2010postulated that a reductionnimean
body temperature and heart rate following all CWI protocols may have resulted in a decrease
in peripheral blood flow and therefore produced a greater volume of blood available centrally

or to the working muscl@_ee and Haymes 1995; Marsh and Sleivert 198)lting in
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improved exercise performance. The faster performance times may also support the
suggestions by &rino (2002)that CWI may attenuate the reduction in nmo&cruitment
allowing the maintenance of a higher exercise intensity during subsequent exercise. Growing
evidence indicates a complex role of central regulation of voluntary muscle activation, and
therefore performance, in response or anticipation ohtkenal thermal loadVarino 2004;
Tucker et al. 2004)Accordingly, the act of cooling ngaalleviate this thermal load via
reductions in body temperature, and allow an increase in the activation and recruitment of
muscle forc§Marino 2004; Tucker et al. 2004hereby improving recovery and subsequent
exercise performance in hot conditions. Cooling following passivelyced increases in
thermal stress have highlighted increaseldintary force production and activation when
TeoreValues were returned to restifigorrison et al. 2004; Thomas et al. 2008pwever,

there is currently a paucity of research examining the refdtiprbetween cooling reducing
Teore@nd concomitant enhancement of voluntary force and activation contributing to
improvements in subsequent exercise performance after exeigzed elevations in

thermal stres§Peiffer et al. 2009a)particularly relating to tearsports performance.

In addition, observed improvements in exercise performance following CWI after
exercise in bt environmental conditions may also be a result of improved perceptions of
thermal sensatiofVaile et al. 2008a; White et al. 2002¢ductions in postxercise heart
rate and cardiovascular strgdrngrimsson et al. 2004; Yeargin et al. 20p6jentially
contributing to increased central motor drive. Vaile ef2l08a)observed a significantly
reduced heart rate during 40 min of passive rest in the heat following all CWI protocols
compared with active recovery. Similarly, Halson e{2008)demonstrated an immediate 3
15% decrease in heart rate following CWI and suggested that the decline resulted from an
increase in central blood volume expansion and an increase in stroke vivllsugport,

Buchheit et al. (2009) demonstrated that CWI implemented before and after supramaximal
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exercise in the heat (35.0 + 0.3°C; 40.0 = 3.0% RH) accelerated the restoration in

parasympathetic functiofikely in response tgasoconstriction and hydrostatic pressure of

CWI activating cardiopulmonary baroreceptors thus enhancing vagal nerve activity and

inhibiting sympathetic activation accordance, Vaile et g2010)more recently

demonstrated significant reductions iR, Teg blood flow, arm blood flow and heart rate

following CWI compared with awve recovery. Furthermore subsequent cycling performance

was reduced following activel(.8%) but maintained following CWI. The authors postulated

that the resultant reduction in thernaald cardiovasculatrain with CWI contributed to the

improved subsguent exercise performan(dalson et al. 2008; Vaile et al. 2008a; Vaile et

al. 2010) Whilst the attenuation in thermal strain with cooling is well documented to improve

subsequent exercise performance followpagsivelyinduced elevations ifcqe (Morrison et

al. 2004; Thomas et al. 2006hinimal research has focusew the relationship between

cooling reducing exercisiaduced elevations in thermal stseend the subsequent effect on

exercise performang®uffield et al. 2009b) Further the relationship between cooling

reducing cardioascular strain following exercise in the heat contributing to increased central

motor drive and thusnprovingsubsequent exercise performance remains unknown.
Collectively,the aforementioned studies have reported beneficial effects of CWI

recovery folbwing exercise in the hedtowevercontrasting findings demonstrating

negative effects of cooling on exercise performance have also been ol{§zoreidy et al.

1991, Peiffer et al. 2009a; Schniepp et al. 20B8) example, Peiffer et gR009a)recently

demonstrated that despite significant reductions in skin arfdlldwing CWI recoveryafter

90 min cycling in the heat, greater decreases in MVC and VA were evident compared with a

control condition. A 13% decrease in maximal isometric force was observed immediately

posttime trial and suggests that p@stercise CWI impaired muscle furmti when assessed

immediately posCWI. A decrease in vessel diameter immediately-pastcise, with a
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further decrease following CWI lasting for 90 min after the tred (TT) was observed in
Peiffer et al(2009a) which the authors suggested was likely a vasonconstrictive response to
the cold exposur@Park et al. 1999)Peiffer et al(2009a)speculated that the magnitude of
the decrease in vessel diameter after CWI (~12%) would have lead to a decrease in femoral
vessel blood flow (~24%) away from the recovering mu@alalther et al. 2006)suggesting
a possible negative effect CWI in this case. An explanation for observed reductions in post
CWI MVC may relate to the direct association betkrvered T,,sreducing muscular
force productior(Bergh and Ekblom 1979a; Oska et al. 199Rerefore, Peiffer et al.
(2009a)speculated that the decrease in muscle force output observed in their study was due
to lower Tyhysafter the 20 min of CWI.

Similarly, Cheung and Sleivef2004)examined the effect of pesikercise whole
body cooling (cooling garment) on isokinetic knee extension torque. Isokinetic torque was
decreased by 10% irrespective of changesdr The authors postaled that the reduction
in torque was most likely due to decreases;insBergh and Ekblom 1979ajiowever, this
conclusion is difficult to verify as the par
core temperates. Although, it is weldocumented that exposure to CWI can rapidly
decrease muscle temperature with concomitant reduction in muscular force(Betghtand
Ekblom 1979a; Howard Jr et al. 1998)nder these cooler muscle temperatures, additional
motor units must be recruited to produce similar levels of muscular force gRtpue
1990) As such, without an adequate waum, force production and power output
immediately following CWI may be impaird8ergh and Ekblom 1979a%imilar findings
have also been reported in Rleyperhermic conditions, with reductions in peak and average
power output during the second of two cycl e

(Crowe et al. 2007; Schniepp et al. 2002)
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In conclusion, tk results of theutlinedstudies highlight that the benefits of post
exercise CWI following exercise in the heat may be time dependent. As such, when maximal
force and/or power is required immediately following CWI after exercise in the heat, muscle
forceoutput is reduce(Peiffer et al. 2009a)ikely due to colder muscle temperatures
inhibiting contractile functioriBergh and Ekblom 1979a; Oska et al. 19%¥Qwever, when
subsequent exercise performance is completed with a prior adequateigvarrthe duration
between exercesbouts is extended after CWI, the enhanced reductiog,yamd thus
cardiovascular and thermal strain results in improved exercise perforivamlecet al.
2008a; Vaile et al. 2010AIthough this is a common observation in the current literature,
there remains a paucity of research examining the potential relationship between reductions
in postCWI Tcoreinfluencing central motodrive to explain observed improvements in
subsequent exercise performance. More specifically, this potential neuromuscular mechanism

has not been evaluated following teaport exercise in the heat with pestercise CWI.

Post-Exercise Cold Therapy: Th e Effects following Collision -Based Exercise (direct
and non-direct)

In addition to teansport athletes being required to perform in warm environmental
conditions, sports including rugby league, rugby union, Australian and American Football
and soccer atsinvolve exogenous load consisting of regular indirect and direct physical
collisions between opposing players throughout the course of training and/ofpiaatch
(Brewer and Davis 1995; Gissane et al. 200he combative nature of such sports,
combining intermittent higlntensity activity and repeated bluiorce trauma, may result in
micro-damage to skeletal muscle and pastrcise muscle soreness, in excess of the normal
rigours of tearrsport demand@awson et al. 2004; McLellan et al. 2018xcordingly,

postexercise CWI has become increasingly popular following collib@ased exercise
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despite a paucity of resea fully elucidating the benefits following hightensity physical
collision sportgBanfi et al. 2007; Rowsell et al. 2009; Rowsell et al. 20Although Gill et

al. (2006)previously examined the specific effects of pesercse recovery strategies
(contrast water therapy, compression garments, active and passive recouagipy players,
Banfi et al.(2007)is the only investigation to examine the effects of CWI recovery following
rugby (collisionbased) exercise. Whilst no performanceittssvere reported, CWI

stabilied CK values, when combined with an initial active recovery. The combined effect of
postexercise CWI and active recovery has also been examined followinmgroof saccer
matchplay (Kinugasa and Kilding 2009Although CWI combined with active recovery
(cycling) resulted in enhanced perceptions of recovery, no significant efiscobserved for
VJ height(Kinugasa and Kilding 2009 hese results are in accordance with Rowsell et al.
(2009)who reported r@uced perceptions of leg soreness and general fatigue with CWI
recovery during a-lay soccer tournament, without any improvement in physical
performance (CMJ performance and repeated sprint time). Similarly, Ascensa@@13).
reported that CWI following a oreff soccer match, reduced-P4soreness and attenuated
increases in CK, myoglobin and CRP concentrations. As fluehesults of the
aforementioned studies demonstrate beneficial effects of CWI when combined with active
recovery on enhancing perceptions of recovery following ispont exercise. Although

recent evidence followingimulated tearsport exercisendicaies potential benefits of CWI
recovery(Ingram et al. 2009there remains a paucity of evidence examining the specific
effects of CWI alone on physiological, pertwance and perceptual recovery following direct
collision-based tearsport exerciseAs a summaryTable 2.4 outlies the current literature
examining the effects of various recovery strategies followmgs involvingcollision-based

(teamspor) exercise
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Subjects

Interventions
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Table 24 Summary of Literature Examining PeSkercise Recovery Strategies Following CollisBased Exercise

Outcomes

Rowsell et al.
(2011)

Ascensao et al.
(2011)

Rowsell et al.
(2009)

Kinugasa and
Kilding (2009)

Banfi et al.
(2007)

N =20 - 4-day soccer tournament
Junior elite soccer - One full match each day
players (M)

N =20 - Oneoff friendly soccer match

Junior Soccer (M)

N =20 - 4- day simulated soccer tournament
Junior elite soccer - One match per day

players

N =28 - 3 soccer matches played on separat

Junior Soccer (M) days with a recovery after each matct

N =30
National rugby

- Elite rugby union training sessions

= —a

=a —a

Cwl (n=10) = 5
(1 min seated
TWI (n=10) =5 x 1 min at

34eC, 1 min se

C WI = 10 min a
T WI = 10 min a
CWwi = 20 min a
T WI = 20 min a

Passive = static stretching (7
min) & sustained leg raise (2
min)

CTWT =1 min immersion to
mesosternal e |
foll owed by ho
for 2 min repeated 3 times
Comb = CWI for 1 min,
followed by ACT cycle (6680
rpm, 96110 W) for 2 min
repeated 3 times

Pasive rest

- CWI reduced perqaions of leg soreness
and general fatigue, and attenuated the
decline in total distance run compared to
TWI

- CWI reduced CK, MYO, CRP and
adductor MS 30 min post match

- CK, CRP, quadriceps strength &
perceptions of MS were reduced 2pdst
exercise with CK & CRP remaining lower g
48 h postexercise with CWI compared to
TWI

- CWI reduced perceptions of leg soreness
and general fatigue

- No change in CK & LDH

- No change in physical test performance
(CMJ, 12 x 20n RSA)

- Immediate perceived quality of recovery
higher afte Comb compared to CTWT &
passive

- Perceived lighter legs with Comb compar
to passive at 24 h

- No effect on VJ

- ACT followed by CWI stabilised CK
activity
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union team
Gill et al. N =23 - Four competition weeks of the New
(2006) Elite rugby players Zealand National Provincial
(M) Championship were monitored.
- Randomly assigned recovery
performed immediate postatch
Dawsonetal. N=12 - 12 semiprofessional AFL matches
(2005) AFL - Next day training performance after

game

=a —a

=a =

ACT = 10 min cycling at 180 W
followed by CWI of legs for 10
min

CWI = 10 min immersion of the
legs followed by 10 min ACT

Passive = 9 min seated rest
ACT = 7 min lowintensity
cycle exercise (8200 rpm,
~150 W)

CTWT = Alternating between
immersion in cold waterg¢
10C) for 1 min and hot water
4042eC) for 2
min

Compression garment = Lower
body compression garment
(Skins®) for ~12 h

Control = passive rest

Stretch = 15 min gentle static
stretch of legs & back

Pool walking = 15 min easy
wal king in 28e¢
Hot/cold = standing in hot
(~45eC) shower
followed by standing in waist
deepcoldvat er ( ~12
min repeated 5 times

Chapter 2

- Passive recovery resulted in significantly
less CK recovery compared to ACT, CTW1
and Compression.

- No diff observed in CK activity between
ACT, CTWT and compression

- No diff in MS ratings between any
conditions

- VJ, 6:s work and power significantly
reduced 15 h from baseline in control only

RSA =repeated sprint abilitycMJ countermovement jump/J = vertical jump;AFL = Australian Football Leagu&,DH = lactate dehydrogenaséK = creatine kinase;
MYO = myoglobin;CRP = c-reactive proteinMS = muscle sorenesd) = male;CWI = cold water immersionfWI = temperate water immersio@,TWT = contrast

temperature water therapiCT = active
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Furthermore, although the specific effects of CWI was not investigated, Gill et al.
(2006)and Dawson et a(2005)examined theffect of various recovery modalities
following physical collision sports of rugby and AFL mafallay, respectively. Gill et al.
(2006)examined four recovery interventions (passive, contrast water therapy, compression
garments and active recovery) on the rate and magrofudescle damage recovery
following competitive rugby matches. CK activity was significantly increasedmagth
with the magnitude of recovery significantly worse in passive recovery compared to the other
modalities. Similarly, Dawson et §2005)reported that measures of vertical jumys 6
cycling work and power following AFL mateplay were only significantly lower than
baselire values in the control condition (passive recovery) compared to stretching, pool
walking and contrast water therapy. As such, these findings collectively demonstrate that
recovery with active, contrast water therapy, compression garments or stretdowmpl
collision-based exercise is superior in ameliorating perceptual and performance variables
compared to a passive recovery. Although these studies did not specifically evaluate the
effects of CWI following collisiorbased exercise, the results do higjit that recovery
modalities are superior to maintaining performance and improving perceptions of recovery
compared to passive rest. As such, with CWI commonly implemented in an athletic setting
following collision-based exercise (rugby league, unidRL etc), due to the paucity of
research examining the specific effects of goarcise CWI in such a setting, further

research is warranted.

Post-Exercise Cold Therapy: The Effects on Perceptions of Recovery

A common observation in the literatureglamenting CWI recovery following mutti

joint exercise is the improvement in subjective reports of heightened re¢bladspn et al.
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2008; Rowsell et al. 2009erceptions of general fatigue, muscle soreness and DOMS are
commonly reported to be reduced following C{MElson et al. 2008; Rowsell et al. 2009;

Vaile et al. 2008b)Indeed, Halson et g2008)reported lower ratings ofemeral fatigue and

leg soreness, together with an increased perception of physical and mental recovery after
CWI was implemented following a simulated-&0n cycling timetrial. Similarly, Rowsell et

al. (2009)reported that following CWI, athletes reported less general fatigue and leg soreness
over the duration of-dlay soccer tournament compared with thermoneutral water immersion.
Potential mechanisnts explain reduced perceptions of MS and DOMS following CWI have
been related to the analgesic effect of cold the(meusen and Lievens 198&Yhilst this
mechanism is plausible, the duration of such analgesia is limite@ todostCWI (Meeusen

and Lievens 1986 Currently, the precise mechanisms to explain prolonged reductions in MS
with CWI (24- 48 h) have been speculative and relateredaction in the extent of skeletal
muscle damage as a result of C{izston and Peters 199%owever, to date no research has
fully elucidated this potential mechanism. An alternative mechanism to explain prolonged
reductions in MS following CWI may also relate to the potential placé#botef the
intervention(Beedie 2007; Wilcock et al. 2008hdeed, of the studies demonstrating

enhanced perceptions of MS with CWI, stady incorporated a placebo control into their
investigation and thus a treatment effect cannot be dismiBsédy et al. 2007; Halson et al.
2008; Rowsell et al. 2009)Vhilst the potential placebo effect cahbe discounted, it is

difficult to incorporate a placebo control to minimise the potential treatment effect of such an
intervention. Regardless, for athletic performance, it has previously been demonstrated that
athletes perform better when they belidveytreceived beneficial treatme(Beedie 2007,

Clark et al. 2000)Although a placebo effect of CWI may results in reductions perceptions of
prolonged MS and fatigue, more importantly, the relationship between enhanced perceptions

of recovery with CWI influencing subsequent athletic performance renaibe elucidated.
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CONCLUSION

Teamsport exercise commonly induces prolonged reductions in muscle function and
increased perceptions of MS and fatigue. When such exercise is performed with additional
exogenous load, including competing in the heat posure to repeated intense physical
collisions, the extent of the reductions in muscle function, EIMD and increases in
physiological load can be more pronounced. As such, acute and prolonged exercise
performance is often reduced until appropriate recovack to optimal physiological
functioning occurs. Therefore, many teaports implement postxercise CWI in an effort to
minimise deleterious symptoms associated with training and competition, aiming to ensure
that performance in subsequent bouts of ageris optimal. Although recent evidence
highlights beneficial effects of CWI on reducing physiological load and enhancing
subsequent exercise performance, the precise mechanisms influencing such improvements
have not been fully elucidated. In particultue effect and subsequent influence postrcise
CWI has on altering central and peripheral neuromuscular function following exercise
indicative of tearrsports remains unknown. Therefore, this thesis aims to evaluate the effect
of postexercise CWI on theecovery oflneuromusculafunction following exercise
modalities common to teasports. Specifically, the effects of pastercise cold therapy
following EIMD will firstly be examined. Following this, implementation of CWI following
intermittentsprint exercise in the heat and involving direct physical collisioaespectively

will be evaluated.
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CHAPTER 3

Cold Application for Neuromuscular Recovery
Following Intense LoweiBody Exercise
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ABSTRACT
This study examined the effects of cold therapy (COLD) on recovery of voluntary and

evoked contractile properties following higttensity, musclelamaging and fatiguing

exercise. Temesistancdrained males performed 6 x 25 maximal concentric/eccentric muscle
contractions of the dominant knee extensors (KE) followed byrai@Gecovery (COLD v
control) in a randomized croswer design. Voluntary and evoked neuromuscular properties
of the right KE, ratings of perceived muscle soreness (MS) and pain, and blood markers for
muscle damage were measured pred postexercise, and immediately pasicovery, 2h,

24-h and 48n postrecovery. Exercise resulted in decrements in voluntaryeasokled torque,
increased MS and elevated muscle damage mamRe@05). Measures of maximal

voluntary contraction (MVC) or voluntary activation (VA) were not significantly enhanced

by COLD (P>0.05). Activation of right KE decreased pestercise with inkeased activation

of biceps femoris (BF)R<0.05). However, no significant differences were evident between
conditions of activation of KE and hamstrings at any time p&w®0(05). No significant
differences were observed between conditions for creatiasd or asparate
aminotransferasd®¢0.05). However, perceptual ratings of pain were significady(05)

lower following COLD compared to control. In conclusion, following damage to the
contractile apparatus, COLD did not significantly hasten the sxgaf peripheral

contractile trauma. Despite no beneficial effect of COLD on recovery of MVC, perceptions

of pain were reduced following COLD.
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INTRODUCTION
Cold therapy is an accepted form of treatment for acute soft tissue injury to help

alleviatepain, muscle sorenefBailey et al. 2007and inflammatior(Yanagisawa et al.

2003b) More receny, cold therapy has been utdid in many sports as a pastercise

recovery strategy to reduce potential oheéintal effects of soreness and damage as a result of
training and competitiofMWilcock et al. 2006)With athletes often involved in repeated bouts
of highrintensity training and/or competition performed within 48 h or over consecutive days,
the potential for inducing sustained muscle dantagebe augmentetdherefore, to ensure

that subsequent training sessions are performed with maximal effort, it is common for
athletes to engage in pestercise recovery strategies. In particular, cold therapy is
commonly used as a recovery strategyiag to alleviate and/or minimgspossible

perturbations in performance associated with training and competition(ldildeck et al.

2006)

Evidence outlining the performance and perceptual effects of cold therapy following
exerciseinduced muscle damage (EIMD) are var{ggdton and Peters 1999; Howatson et al.
2005; Jakeman et al. 2009; Vaile et al. 2008@)jle et al.(2008c)recently reported that
following exerciseinduced delayed onset musslereness (DOMS), isometric strength and
squat jump performance was improved with cold water immersion (CWI) recovery.
Improvement in the recovery of voluntary force and a reduction in perceived muscle soreness
was also demonstrated following prolongednimiétent shuttle running which induced
symptoms of muscle damag@ailey et al. 2007)Despite the aforerméoned studies
demonstrating beneficial effects of CWI, Jakeman €2aD9)recently reported that CWI
following a damaging bout of exercise had no beneficiatetia recovery of maximal
voluntary force (MVC) or perceived soreness. Interestingly, Sellwood @0&l7)reported
that icewater immersion did not minimesmarkers of D®IS, including perception of pain

and tenderness, with ratings of pain increasetl @dstrecovery. As such, evidence that cold
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therapy maintains or improves recovery of performance and perceptions of soreness remains

equivocal(Bailey et al. 2007; Eston and Peters 1999; Jakeman et al. 2009; Vaile et al. 2008c)
To date few studies demonstrating beneficial effects of cold therapy have been able to

relate the improvement in performance or perceptual recovery toofdgisal,

immunological, hematological or neuromuscular mechan{stalson et al. 2008 More

specifically, data on the fefacy of cold therapy on neuromuscular recovery is limited

(Peiffer et al. 2009a)ollowing DOMSinducing exercise, signiant reductions in maximal

voluntary force have been report@trown et al. 1997; Paddejones and Quigley 1997)

which have primarily been attributed to peripddenuscle fatiguéSayers et al. 2003)

However, data describing the role of centratligdiated fatigue mechanisrwlowing

eccentric exercise is limitg@ehm et al. 2001; Pasquet et al. 2000)erefore, the aim of

this investigation was to determine the effects of cold therapy on the recovery of voluntary

and evoked contractile properties following higkensity eccentric exer@sdesigned to

result in contractile damage and perceived soreness. As cold therapyksowvet to reduce

acute inflammatory respons@ailey et al. 2007; Eston and Peters 998was hypothesex

that potential improvements in performance and perceptual recovery following a bout of

EIMD would be present due to COLD recovery.

METHODS

Participants
Ten resistance trained male athletes (meS8Daged 21 + 1.6 yr, height 1@+ 3.6

cm and body mass 87.3 + 9.3 kg were recruited as participants. At the time of testing,
participants regularly completed upper and lower body strength traimdngides per week
for the past 4.4 £ 1.1 y and competed in team sport competitionaamidgr(rugby

league/union) at least twice per week. Testing was completed during tseasion of
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competition so the potential for the exercise to be unaccustomed was minimized. All
participants were informed of the requirements of the study and vewdbalréten consent
was gained prior to the commencement of testing. Human ethics clearance was granted by the

Institutional Ethics Committee prior to the completion of any testing procedures.

Overview
Participants were required to undertake a familgdian session followed by two

experimental sessions in a randomized, crossover design. The two sessions were identical
apart from the implementation of the recovery intervention. Each session consisted of an
exercise protocol of singlleg maximal concentt/eccentric contractions followed by a cold
therapy (ice cuffs) or a control condition (no recovery) intervention. Neuromuscular
performance was measured-esercise, posexercise, postecovery and again-224 and

48-h postrecovery. Venous blood sghes were collected for markers of muscle damage and
inflammation; whilst perceptual ratings of soreness and pain were also recorded at each of the
aforementioned time points. Each testing session was conducted in an enclosed laboratory
(dry bulb temperate 20.2 + 1.4°C) with sessions performed at the same time of day to
minimize diurnal variation. The repeated bout effect (RBE) has previously been demonstrated
to last up to 612 months following unaccustomed exergiNesaka et al. 2001)n order to

account for any potential RBE, participants recruited were resisteained so the exercise

was unlikely to be unaccustomed and a period of 6 weeks was allowed bédieveen t

completion of respective conditiofiSbbeling and Clarkson 1989; McHughagt 1999)

During the 6 week period between experimental conditions, participants were required to
maintain normal training status and avoid unaccustomed exercise in the week prior to each
testing session. Participants were required to present in a sésttednd avoid any

consumption of food or drink (including caffeineh3rior to testing and refrain from
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alcohol consumption 24 prior to testing. All food, drink and physical activity in thel24
prior to the first testing session and during théh48covery period was recorded and
replicated for all testing sessions. Participants refrained from any strenuous activity during

the 48h recovery period and activity diaries were monitored throughout.

Exercise Protocol
Upon completion of prexercise neromuscular tests, an intense sinlgig exercise

protocol consisting of a series of maximal concentric (CON) and eccentric (ECC)
contractions of the knee extensor (KE) muscles of the dominant leg were perfohaed
exercise protocol consisted of 6 x 22xxmmal CON/ECC KE contractions (total contractions:
CON =150, ECC = 150) at an angular velocity of 60°/s and 120°/s respectively with each set
separated by-iin rest(represented schematicallyfingure 3.1) Pilot testing indicated that

a total of 150 C® and 150 ECC contractions induced acute muscle fatigue and DOMS in
trained participants as evidenced by a reduction in MVC and prolonged muscle soreness (up
to 48h postexercise). The maximal CON/ECC contractions were performed within a range
of 15° to &° knee flexion (0° being full extension). During the exercise protocol, participants
were instructed to produce maximal effort as fast as possible in both the CON and ECC
phass of the contraction and continue exerting maximal effort throughout theafudler of

motion. Strong verbal encouragement was consistently provided during all voluntary efforts
with extra encouragement provided during the final contractions to promote maintenance of
maximal effort. Participants also received continual visual feddbigerformance from the
computer monitor. At the completion of the exercise protocol;@astcise neuromuscular,
physiological and perceptual measures were performed prior to participants engaging in the

respective recovery intervention.
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Figure 3.1 Schematic diagram of the exercise protocol and-pwiats for measures.

Recovery Interventions

Within 10 min of completing the exercise protocol, the recovery intervention was
administered in a designated area ofléitratory. To isolate the cooling to the limb
exercised, cold therapy (COLD) consisted of the application of ice cuffs (AirCalf, Coleman
Co Inc, Wichita, Kansas USA) covering the entire surface of the exercised leg (quadriceps,
knee and calf). Once theree cuffs were applied to the exercised leg, participants rested in a
supine position for a 2thin duration (Figure 3.2). Temperature of the ice water remained
consistent and was monitored using a thermometer (water temperature = 0.5°C). For the
control (CONT) condition, participants rested in a supine position for 20 min with no ice cuff
application. Skin temperature was measured in both conditionmat Bitervals by a skin
thermistor (Monotherm 4070, Mallinkrodt, St. Louis, MO, USA) placed on theiante

surface of the thigh.
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Figure 3.2 Application of ice cuffs following CON/ECC exercise protocol for 20 min duration
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Instrumentation

For the exercise protocol and neuromuscular tests, participants were seated on
isokinetic dynamorater (Humac Norm isokinetic dynamometer, Ausmedic, CSMi Medical
Solutions, Stoughton, MA) linked to a BNC2100 terminal block connected to a signal
acquisition system (PXI11024; National Instruments, Austin, Texas). A/D conversion for
torque and electromyogphic data was performed at-fi resolution and synchronously
sampled all data at a rate of 1 kHz. Participants were seated upright with a 90° hip angle on
the dynamometer chair and securely fastened by adjustable straps tightly across the chest and
pelvis with the distal right leg fixed to the dynamometer lever arm. The axis of rotation of the
dynamometer was aligned to the lateral epicondyle of the femur, indicating the anatomical
joint axis of the knee. Torque was measured and recorded instantaneeustyarm length,
chair length and dynamometer height were recorded during familiarization for accurate re

positioning during subsequent testing sessions.

Neuromuscular Tests

Muscle Activation

Muscle activation was achieved by stimulating the femagalenusing a felt pad bar
cathodal electrode with a tip spacing of 30 mm (Nicolet Biomedical, Madison, WI, USA)
positioned at the medianterior aspect of the upper thigh, directly below the inguinal fold.
The anode was a 90 x 50 mm reusable adifesivegel pad electrode (Verity Medical, Ltd.,
Stockbridge, Hampshire, UK) and positioned opposite the cathode on thepostédor
aspect of the upper thigh, directly below the gluteal fold. The current applied to the femoral
nerve was delivered by a DigitimBS7AH stimulator (Digitimer Ltd, Welwyn Garden City,

Hertfordshire, UK) using a single squarmave pulse with a width of 200 ps (400 V with a
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current of 100450mA) that was driven by a custom designed instrument using LabView
software (version 8.0, Lab¥®w; National Instruments). Initially, the current was manually
applied in incremental steps until a twitch of moderate amplitude was observed. Following
this, the position of the stimulating electrode was adjusted until the site most responsive to
the stinulation was located. The electrode was then securely fastened in position using a
Velcro strap with a constant force of 1.5 kg/f applied via an algometer (Pafff Tt
Algometer, Wagner Instruments, Greenwich, CT). The stimulus intensity was gradually
increased until a plateau in twitch amplitude anevBe response was achieved with the
stimulus intensity increased by a further 25% to ensure that supramaximal stimulation was

applied to the nerve.

Maximal Voluntary Isometric Contractions (MVC)

Priorto muscle activation, participants completed a wamtonsisting of sub
maximal voluntary contractions (50, 60, 80 and 90%, respectivayjcipants then
performed 5 x 5 maximal voluntary contractions (MV@jth 5-s rest between each
contraction wih the knee flexed at 65° (0° being full extensi®axticipants were instructed
to produce a maximal effort for the entire 5 s after which time they were told to relax until the
next MVC. Asuperimposed electrical twitetas delivered during each MVC whan
reduction in peak force was observBdiring each contraction, the trigger for stimulation
was manually primed within-2 s after initiation of each contraction. Once primed, the
stimulus was automatically triggered when customized LabView softwareteidi decline
in peak force. Manual priming of the trigger was necessary to prevent premature stimulation
prior to the attainment of peak force. When primed, the decline in peak force necessary to
automatically trigger the stimulus was <1%. Within 3 $ofelng each superimposed

contraction, a second stimulus was delivered with the muscle at complete rest to obtain a
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potentiated twitch and Mvave responsdiean voluntary isometric torque was determined as
the average peak isometric torque produced oves tumtractions (mean MVC). Mean
torque values were determined during the 25 ms preceding the delivery of the electrical

stimulus.

Voluntary Activation (VA)

VA was calculated using the twitch interpolation techni(pléen et al. 1995)Pe&
superi mposed torque following the delivery o
determined as the peak torque value produced during th&®Ehs period subsequent to the
delivery of the stimulus. Interpolated twitch torque was subsequently determipedkas
superimposed torque minus voluntary peak torque. VA was determined by expressing the
interpolated twitch torque (ITT) as a percentage of the peak potentiated evoked twitch torque
(Pt) obtained at rest between contractions using the following equei#iof?o) = [11
(ITT/Pt)] x 100. Mean VA was determined from the average of all 5 superimposed

contractions.

Potentiated Evoked Twitch Contractile and M -wave Properties

Torquetime curves from the potentiated evoked twitch contractions were averaged
aaoss all trials with mean data used to determine the following characteristics: (1) peak
potentiated twitch torque (Pt); (2) the rate of torque development (RTD); (3) time to peak
torque (TPt); (4) the rate of relaxation (RR); (5) halxation time (1/RT); and (6)
contraction duration (CD)Wilder and Cannon 2009)Torque onset was determined as the
point at which torque increased beyond 2 standard deviations above the mean torque value

calculated over a 5fs period immediately prior to stimulati¢wwilder and Cannon 2009)
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Potentiated Mvave data wreaveraged across the tats with the mean used to determine

(1) peak to peak amplitude; (2) duration; and (3) latency.

Surface Electromyography (EMG)

Surface EMG data greobtained from the vastus lateralis (VL), vastus medialis
(VM) and the antagonist biceps femoris (BFgure 3.3) Voluntary EMG data ere
obtained during the exercise protocol and during assessment of MM gnase, post
exercise and posecovery period. EMG signals were sampled using differential surface
electrodes (Bagnoll6, Delsys Inc, Boston, MA)ositioned on VL, VM and BF according to
Cram and Kasma(1998) The electrode placement sites were marked with permanent pen
and participants were asked to main these placement sites between testing sesgions.
reusable selddhesive electrode was attached to the patella of the opposing limb to ground
the signals. The EMG cables were taped during the exercise protocol to prevent movement
artifacts in the EMGignal. VoluntaryfEMG signals were pramplified and bandpass
filtered, with a bandwidth frequency ranging from 20 to 450 Hz (common mode rejection
rato > 90dB; i mpedance input = 100Mqg; gain

Voluntary EMG signals were quantified using the root mean square (FRHE.
amplitude was calculated as the average of the 25 ms preceding the superimposed twitch
during MVC.The EMG signal was then avesbetween vasti muscles to provide a global
indication of total KE motor unit activity. For processing, voluntary EMG data were
normalized against the peak to peakndve amplitude with average RMS data expressed as
a percentage of the average VM/VL-Wwave amplitude.

All data were processed offline with the determination of peak and mean MVC, VA,
potentiated twitch and Mvave properties, and RMS achieved using Matlab software (version

R2010a; The MathWorks Inc. Natick, MA). For the isometric contractiworsection for the
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effect of gravity on the lower leg during the superimposed and potentiated evoked
contractions was performed by calculating the mean load applied to the force transducer
during the 56ms period immediately prior to force onset. The mead applied to the
transducer during this period was used to offset force data. Once corrected for the effect of
gravity, force data were then multiplied by lever arm length and expressed in units of torque

(N'm™).

100



Chapter 3

Figure 3.3 Neuromuscularssessment of MVC, VA, EMG, Evoked Twitch andwWéve on the Humac Isokinetic Dynamometer.
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Physiological Measures

Venous Blood Measures

On arrival, a 5 mL sample of venous blotakenfrom the antecubital vein, was
obtained preexercise and posecovey intervals (immediately, 2, 24 and 48 h) for the
measurement of creatine kinase (CK)gactive protein (CRP) and aspartate
aminotransferase (ASTYsing an evacuated venipuncture system and serum separator tubes
(Monovette, Sarstedt, Numbrecht, Germasgmples were allowed to clot at room
temperature prior to centrifugation for 10 min at 4000 rpm. Plasma was then extracted and
stored at20°C until analysis. Before analysis the plasma was allowed to reach room
temperature and mixed gently via inversi@i, CRP and AST were analyzed according to
manufacturero6s instructions provided in the
spectrophotometer, Dade Bearing, USA). kasgay Coefficients of Variance were < 5% for

all venous blood analyses.

Perceptual Measures

Following collection of resting blood variables, perceptual rating of perceived
exertion (RPE) and muscle soreness (MS) were determined using modifieihiQikert
scales (RPE: O=very, very light and 10 = very, very hard; MS: 0 = no somamk4$ = very
very sore). RPE was determined-mad postexercise, whilst MS was determined paed
postexercise and throughout the recovery period (pasbvery, 2h, 24h and 48h post
recovery). Assessment of perceived ratingpafin thresholdwas determined via an
algometer (Pain Te®f FPI Algometer, Wagner Instruments, Greenwich, CT) positioned on
the belly of the VM of the dominant Ieghe tip of the algometer (1 cm diameter) was held

by the tester and positioned perpendicular to the skfacaion the VM. The force applied
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was gradually ramped and subjects were requi
occurred. The value was recorded in kg/f and the testing site was marked with permanent pen
to ensure rdest reliability. Onlyone tester performed this measure to account for possible

variability in the speed and consistency of force delivered.

Statistical Analysis

Data recorded from neuromuscular, physiological and perceptual measures are
reported as meansSD; whilst data or plasma CK, AST and CRP, mean and peak MVC and
VA are reported as a percentage change frorepeecise values. A repeated measures
analysis of variance (ANOVA) (condition x time) was used to determine significant
difference between conditions and overhe f or each recovery inter\
of Sphericity was performed indicating normal distribution of data. Pairwise comparisons
were used to determine the time points for significance which was set at p < 0.05. All data
collected were analyzagsing SPS®’ version 16.0 (Statistical Package for the Social

Sciences, Chicago, Il, USA).

RESULTS

Maximal Voluntary Contraction and Voluntary Activation

Mean MVC was significantly reduced following the exercise protocol in both
conditions and remainegignificantly lower than prexercise values for the duration of the
48-h recovery periodH<0.01; Figure 31). Despite the postxercise suppression of MVC,
there were no significant differencd®>0.05) in mean MVC between the respective recovery
condiions at any time point over the ensuinghBcovery period. Further, no significant

difference was present for the increase in percentage-eixpreise mean MVC immediately
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following COLD compared with CONT (83 + 10 v 77 + 12% respectivies0.23). Man
VA was significantly reduced from piexercise valueat postrecovery P<0.05) and 2h
postrecoverytime-points(P<0.05) in CONT only (Figure 8). Despite this reduction, no

significant difference was observed between recovery conditions at angdiméP>0.05).

Potentiated Twitch Contractile Properties

All potentiated twitch properties were significantly reduced jgastrcise and during
the recovery period?<0.01) compared to prexercise values in both conditions. Further, Pt,
TPt and RTD rmained significantly reducedi2and 24h postrecovery P<0.001), wilile
TPt remairdsignificantly slower 4& postrecovery P<0.01). Following COLD recovery,
CD was significantly longeR<0.04) compared with CONT (Figure53. Although there
was a tred for a slower %2 RT immediately pestcovery following COLD compared to
CONT (P=0.10), which was also present alh 2nd 24h postrecovery P=0.18, these

differences were not significantly different (Figur&)3.
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MVC (% Pre MVC) and(c) percentage mean voluntary activation (% Mean VA) for cold
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No Significant differences between cbiions (>0.05)
 Significant time effect from prexercise valuesP0.05)
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Figure 3.5 Evokedtwitch properties of the right knee extensors.
(a) peak twitch(b) time to peak twitch(c) rate of torque developmerit) rate of relaxaon,
(e) half relaxation time and{f) contraction duration for cold therapy (COLD) and control
(CONT), respectively

* Significant difference between conditiori®<Q.05)
 Significant time effect from prexercise valuesP0.05)
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Voluntary EMG

Voluntaly EMG (RMS) expressed as a percentage of th@adMe amplitude was not
significantly different between conditions at any time pd#®(.05). Mean RMS of VM and
VL was significantly reduced pasixercise, zh and 24h postrecovery compared to pre
exercisevalues in both condition$€0.04). A significant increase in RMS of BF was evident
postexercise, postecovery and 2 postrecovery in both groups compared to-psercise
values P<0.01; Figure 3). No significant differences were evident betweenveop

conditions at any time point for mean RMS of VM, VL or B(.05).

Potentiated M -wave Properties

The duration of the Mvave in VM was significantly increased following COLD
postrecovery P<0.01) (2.85 = 7.65 v 5.7 = 8.99 ms) andifostrecovey (P<0.05) (2.9 +
5.42 v 5.0 £ 6.5 ms). No significant differences were evident between recovery conditions at

any time point for Mwave amplitude and latency in VM and VBX0.05).
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Figure 3.6 (a) Mean value for root mean squareR) of vastus medialis (VM) and vastus
lateralis (VL),(b) RMS of biceps femoris (BF) for cold therapy (COLD) and control
(CONT), respectively

No significant differences between conditioRs0.05)
 Significant time effect from prexercise valuesP0.05)
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Physiological Measures

Skin temperature was reduced during COLD with 17.6 £ 2.0°C at 0 min and 11.4 £
0.7°C at 20 minR<0.05). Skin temperature during CONT was unchanged (21.2 £ 1.2°C at 0
min and 22.7 £ 0.8°C at 20 mirfP%0.05).Plasma CK values were significantly increased
from preexercise values atl2 (P<0.06) and 24h postrecovery P<0.056) in CONT only. A
significant increase in AST from pexercise values at 24 postrecovery was also evident
in CONT only P<0.056). There was o significant change in CRP as a result of the exercise
protocol and no significant difference was observed between condiisQ<g). At 48h
postrecovery, plasma CK as a percentage ofgxercise values were 130 + 105% following
COLD and 165 + 131%otlowing CONT; although these values were not significantly
different (P=0.34; Figure ). Percentage of prexercise values in AST were significantly
lower 24h (P<0.095 and 48h postrecovery P<0.05) following a recovery of COLD

compared with CONT (Figre 37).

Perceptual Measures

Rating of pairand perceptions of MS were significantly increased as a result of the
exercise protocol and did not return to-psearcise values in the 48recovery period in both
conditions P<0.01).Following a recoverpf COLD, perceptual ratings of algometaduced
PAIN occurred at a significantly higher rating of kg/fd&ostrecovery compared to CONT
(P<0.05; Figure 38). Despite this, no significant differences were evident between recovery

conditions for percepins of MS at any time poinPg0.05; Figure 3B).
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Figure 3.7 Percentage of prexercise values for plasma venous blood responses for
(a) creatine kinas€CK), (b) aspartate aminotransferg#&T) and(c) C-reactive protein
(CRP)for cold trerapy (COLD) and control (CONT), respectively

* Significant difference between conditiori®<Q.05)
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Figure 3.8 Perceptual ratings @) pain threshold andb) muscle soreness
on a 10point Likert scale for cold therapy (COLD) anaintrol (CONT), respectively

* Significant difference between conditior®<(.05)
 Significant time effect from prexercise valuesP0.05)
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DISCUSSION
The intense nature of the exercise protocol resulted in significanépestise

declines in muscl&unction and increased markers of muscle damage-eRestise MVC
remained below prexercise values up to 48following exercise. Despite the observed
reduction in MVC, minimal changes in voluntary activation were evident. Further, the
exercise protodaesulted in significant reductions in twitch contractile properties and
elevations in CK and AST, indicating that the likely origin of muscle fatigue was primarily
peripheral in naturAllen et al. 1995; BiglandRitchie et al. 1986)Despite the inteuption
and suppression of muscle contractile function, COLD did not significantly hasten the
recovery of peripheral contractile damage. Apart from a significant reduction in perception of
pain at 48nh postrecovery, COLD recovery did not significantlyeal indices of exercise
induced muscle damage. The results of the present study therefore suggest that a single
application of COLD is of no significant benefit to restore the reduction in muscle function
and contractile damage following higitensity ecentric exercise.

To date, evidence outlining performance benefits of cold therapy as a recovery
strategy remain varieEston and Peters 1999; Vaile et al. 2008thgreement with the
results of the present study, Jakeman €2809)recently reported that a single bout of CWI
following strenuous plyometric exercise resulted in no significant effect on restoration of
concentric muscle strength. It may be possibleithptementation oé singleapplication of
cold therapywas not sufficient to induce beneficial changes following damage to muscle
contractile properties as a result of eccentric loading. Although, when repeated applications
of cryotherapy were administered podsimaging exercise, results have indicated similar
findings (Eston and Peters 1999; Howatson et al. 2086)vatson et al2005)demonstrated
that repeated application of ice massage was ineffective in reducing markerscté m
damage and enhancing the recovery of isometric and isokinetic strength of the elbow flexors.

Similarly, despite a reduction in muscle stiffness, Eston and K&898)reported no benefit
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of repeated CWI on the recovery of strenigés following EIMD. h accordance with results
of the pesent study it seems likely that following exercise resulting in damage and trauma to
skeletal muscle fibres, a single bout of COLD does not significantly hasten the recovery of
muscle contractile damagEston andPeters 1999; Howatson et al. 2005; Jakeman et al.
2009)

Findingsfromthe aforementioned research are in opposition to recent studies
demonstrating beneficial effects of CWI on recovery of voluntary f(Bedey et al. 2007;
Ingram et al. 2009; Vaile et al. 2008&hese investigations report hastened recovery of
muscle function following CWI recovery after muyjgint, high-intensity exercise, often
involving increases in endogenous thermal IReiffer et al. 2009a; Vaile et al. 2008a; Vaile
et al. 2010pnd exercise simulating the demands of tsparts(Ingram et al. 2009)Studies
which have reported no effect of COLD on recovery of muscle function often elicit EIMD via
singlejoint modalities, frequently causing trauma to muscle contractile propgtibegtson
et al. 2005; Isabell ell. 1992; Jakeman et al. 2008 such, due to eccentric exercise
eliciting damage of muscle contractile properties it may be that COLD does not affect
immediate repair of contractile trauma. Rather, other mechanisms may be responsible for the
observedmprovement in the recovery of voluntary force observed in previous studies, such
as reductions in thermal and cardiovascular s(faifer et al. 2009a; Vaile et al. 2008a)
Accordingly, given the different responses of COLD following different modes of exercise,
further research to fully elucidate the effects of COLD recovery following exdruseed
damage to muscle contractile peopes is warranted.

Despite a reduction in peskercise MVC, VA was not significantly altered by the
exercise protocol. Given the reductions in twitch contractile properties and elevated blood
markers indicative of muscle damage, the likely cause otestMVC is due to a reduction

in peripheral contractile abilitfAllen et al. 1995; BiglandRitchie et al. 1986)The effect of
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eccentric contractions on central activation and the-towese for the recovery of VA is not
fully understoodEndoh et al. 2005; Prasartwuth et al. 2006; Prasartwuth et al.. Z70G&)
said, a reduction in pesecovery VA compared to prexercise values was only observed in
CONT in the present study. To our knowledge, recovery ofdflawing COLD has not

been examined following EIMD. Previous evidence has demonstrated an increase
antagonistic effect following fatiguing exercise to assist protection against further damage to
the agonist, reducing agonist M\(Bsek and Cafarelli 1993; Rothmuller and Cafarelli 1995)
It is interesting to note in the presenidy that COLD resulted in a trend for a reduction in
hamstring RMS compared to CONT. However, as these results were not significant, it is
difficult to speculate on the effects of a reduced reliance up@ttoeation of the antagonist
muscle in the recary of muscle function and central activation. As such, the effects of
COLD on the alteration in neural activation pattern following EIMD remains unknown and
further research is warranted.

In accordance with previous research, the intense nature @f¢batric contractions
resulted in significant elevation in indirect markers of muscle damage and cell inflammation
(Eston and Peters 1999; Goodall and Howatson 2008; Howatson et al. 2005; Vaile et al.
2008c) A recovery of COLD did not significantly affect the presence of CK in the blood at
any time point. These results are in accordance with previous research demonstrating no
significant effect of COLD on CK appearance following EINEBxailey et al. 2007; Goodall
and Howatson 2008; Howatson et al. 2005; Jakeman et al.. ZD&8ite only a single
application of posexercise COLD implemented in the present study, repeated application of
CWI (Goodall and Howatson 2008hd ice massadélowatson et al. 2009)ave also
demonstrated no effect on CK appearance. Despite the lack of significance, it is interesting to
note that following COLD recovery, the percentage change of AST and CK egprectively

smaller compared to CONT. Consequently, while CK presence in the blood is only an
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indirect marker of muscle damage, it may be that the application of COLD had some success
in blunting postexercise CK and AST release réston and Peters 199%ston and Peters
(1999)have previously demonstrated a positive aéfedcCWI on the appearance of CK and
postulated that the observed reduction in CK efflux was possibly due to a decreased
permeability of blood and lymph vessels; thus resulting in an attenuated inflammatory
response and reduced rate of ppstrcise damage the muscle tissue. As such, with smaller
elevations in AST and CK appearance observed following COLD in the present study, further
research examining the effect of COLD on the efflux of indirect muscle damage markers is
warranted.

The exercise protocoéduced algometenduced pain threshold and increased
perceptions of MS, which did not return to yeeercise values in the 48recovery period.
However, immediately following a recovery of COLD, subjects could withstand a greater
amount of force on thieelly of the VM until a subjective pain threshold was reachdths
previously been shown that the application of cold through various interventions (ice
massage, ice packs) stimulates an analgesic effect resulting in a decreased perception of pain
(Cheung et al. 2003; Meeusen and Lievens 198@Jecrease in tissue temperature also
results in a reduced nerve conduction viéyoand activity of the muscle spind{Meeusen
and Lievens 1986ps evilenced in the present study by a delayed CD, TPt and twitch latency
after COLD. The acute relief of pain via the application of COLD is postulated to be due to
an analgesic effect; however, the duration of this analgesia is limited to(Meeusen and
Lievens 1986)Alternatively, given the lack of conditienduced change itwitch contractile
properties by 24 h posixercise, with lingering reductions of MS and PAIN in COLD at the
same time point, a perceptual or placebo effect may have been present.

In conclusionthe aim of the current investigation was to determine tleetsfof cold

therapy on the recovery of voluntary and evoked contractile properties following high
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intensity, eccentric exercise. The exercise protocol resulted in a prolonged reduction in
muscle function and induced symptoms of EIMD. Whilst it was hygmred that COLD
recovery may ameliorate potential indices of EIMD following intense eccentric exercise,
COLD did not significantly hasten the recovery of twitch contractile damage, presence of
blood markers of muscle damage or voluntary force in theptasudy. Although cold
therapy is commonly implemented in an athletic environment in an effort to reduce the
effects of soreness and damage, the present study demonstrated that despite improved

perceptions of pain, COLD did not significantly improve tlali®us effects of EIMD.
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CHAPTER 4

Cold Water Immersion Recovery Following
Intermittent -Sprint Exercise in the Heat

As accepted for publication into tRiropean Journal of Applied PhysiolodyOl
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