
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



The use of water immersion as a recovery 
intervention following high-intensity exercise: 

An investigation of the physiological and 
performance effects

David Crampton

Thesis submitted for the award o f PhD to the Department o f Physiology

Trinity College Dublin 

March 2012



Declaration

I declare that this thesis is all my own work and has/will not be submitted to this or any 

other university as part o f any postgraduate program m e. I grant perm ission to the Trinity 

College librarian to lend or copy this thesis in part on request.

I agree to deposit this thesis in the University’s open access institutional repository or 

allow the library to do so on my behalf, subject to Irish Copyright Legislation and Trinity 

College Library conditions o f  use and acknowledgem ent.

David Crampton 

March 2012

TRINITY COLLEGE'S

2 5 S E P  2012

LIBRARY DU3LIN ^



Abstract

Despite the lack of a clear scientific basis for its usage, cold water immersion (CWI) and 
contrast water therapy (CWT) are commonly used recovery interventions in elite sport. 
Anecdotally, a number of theoretical benefits have been advanced to support the use of 
water immersion, including the suggestion that CWI and/or CWT facilitate lactate 
clearance following high-intensity exercise. Therefore, the primary aim of this thesis was 
to investigate the effect of different water immersion protocols between two bouts of 
high-intensity exercise to establish if there was a benefit to subsequent performance, and 
if so, was this benefit directly related to a particular physiological effect associated with 
the immersion protocol.

An initial survey of inter-county Gaelic games players and squad physiotherapists was 
conducted to gather empirical data on the relative popularity of water immersion as a 
recovery intervention at the elite level in Gaelic games. Of the respondents, 86% of 
physiotherapists confirmed water immersion usage within their respective squads and 
73% of players confirmed they used immersion to facilitate post-training/game recovery 
and also as an injury treatment and rehabilitation modality. The majority of both players 
(73%) and physiotherapists (71%) were of the opinion that water immersion was 
beneficial for facilitating general recovery, however 24% of players and 27% of 
physiotherapists were undecided, highlighting the need for further research into the use 
of CWI and CWT as post-exercise recovery interventions.

The first study compared CWT with passive recovery between two bouts of sprint 
cycling to establish if CWT had a beneficial effect on subsequent performance. The main 
finding was that maintenance of both Wingate and repeated intermittent sprint 
performance was improved following CWT when compared with passive recovery, 
despite no significant difference in blood lactate clearance across trials.

The second study investigated the effect of CWT on maintenance of subsequent 
endurance performance when compared with CWI, thermoneutral immersion (TWI) and 
active recovery (ACT) at an ambient temperature of ~ 2 rC . Following an initial 
endurance exercise test to failure, CWI (92%) was more effective than CWT (80%) for 
maintaining performance relative to pre-recovery, and this effect was associated with a 
lower core temperature (Tc) and heart rate (HR) during the initial 15 min of the 
subsequent exercise bout, when compared with CWT, TWI and ACT. Performance 
following CWT was significantly improved compared with TWI (70%) and ACT (69%); 
however, this effect was not mediated by changes in Tc or HR data. The physiological 
mechanism for the improvement following CWT is unclear; however, CWI was 
associated with a pronounced post-immersion Tc ‘afterdrop’ effect which resulted in a 
lower Tc during the initial stage of the subsequent exercise bout, thus, reducing 
physiological strain.

The third study investigated the effect of water immersion and water temperature on 
haemodynamic (CO, SV and HR) and core temperature responses following



supramaximal exercise. No significant differences in CO and SV were detected between 
CWl at 8 and 15°C and TWI at 34°C. However, both CO and SV were significantly 
higher during all immersion trials compared with passive recovery and this was 
attributed to the hydrostatic pressure effect associate with immersion, which increased 
central blood volume and cardiac pre-load. Cardiac output was higher for active recovery 
when compared with all other trials; this increase was primarily mediated by an increase 
in HR as opposed to SV. Total peripheral resistance was significantly greater during 
passive recovery when compared with CWI at 8 and 15°C and TWI at 34°C, which 
would suggest greater parasympathetic reactivation during the immersion period. Post
immersion Tc afterdrop was evident following CWI at 8 and 15°C; however, the 
magnitude and duration o f the effect were greater following CWI at 8°C, possibly due to 
a greater decrease in lower body muscle temperature during immersion.

Having investigated the effects o f CWI and active recovery independently, the fourth and 
final study compared the effects of active and passive CWI on subsequent supramaximal 
performance. It is well established that prolonged cooling has a negative effect on sprint 
performance; however, our hypothesis was that the inclusion of an active component 
(arm-cranking) during immersion would attenuate this negative effect. Following both 
active and passive CWI, mean power, peak power and total work were significantly 
reduced when compared with active TWI and an active non-immersed control; however 
the magnitude o f this negative effect was greater for passive compared with active CWI. 
There was a significant Tc afterdrop effect following both CWI trials, despite the fact 
that Tc was maintained during active CWI. Relative blood lactate concentration at the 
end o f the recovery period was significantly lower for active compared with passive 
CWI, which further demonstrates that active recovery facilitates blood lactate clearance. 
This final study demonstrated that the inclusion o f an active component during CWI did 
not prevent the subsequent post-immersion Tc afterdrop effect and although the negative 
performance effect typically associated with CWI was attenuated, active TWI was 
significantly more effective for maintaining subsequent supramaximal performance. This 
suggests that lower body CWI is contraindicated prior to sprint exercise unless a re
warming period is included to allow core and muscle temperatures to recover.

The effectiveness o f both CWI and CWT as post-exercise recovery interventions was 
demonstrated in this thesis, however, the results in general demonstrate that the 
immersion protocols used must be specific to the subsequent exercise requirements, for 
example, CWI is contraindicated for subsequent supramaximal exercise unless there is a 
prior re-warming period. CWT would appear to benefit both supramaximal and 
endurance performance, however, it is less effective for maintaining endurance 
performance when compared with CWI. The reduction in Tc and HR during subsequent 
endurance exercise demonstrates a physiological basis for the effectiveness o f CWI; 
however, no such effect was demonstrated following CWT, suggesting that another 
mechanism, perhaps even perceptual is involved. In conclusion, this thesis demonstrates 
the validity o f both CWI and CWT as safe and effective post-exercise recovery 
interventions.
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Chapter 1
Introduction



1. Introduction

1.1 The evolution of co!d water immersion (CWI) as a recovery intervention

In Northern and Eastern Europe, as well as China and North America there has been a 

tradition of ‘ice swimming’ for many years, see Figure 1.1. In Northern Europe this 

has been associated with the sauna tradition, whereby devotees would jump into a 

hole cut into a frozen lake straight after leaving the sauna. ‘Polar Bear’ clubs in North 

America and Canada organise outdoor swimming events during the winter months, 

with particular emphasis on New Years’ Day, to raise money for charity. Ice 

swimming as a pastime is particularly popular with middle-aged and elderly people 

and a number of health benefits have been anecdotally attributed to it, including relief 

from rheumatic pain and alleviation of arthritis symptoms.

F ig u re  1.1: Ice sw im m in g  in Finland.

The principle o f using cold water immersion to provide health benefits was adapted 

by a Japanese scientist in the late 1970’s and early 1980’s. Professor Toshiro 

Yamauchi designed and built a cryotherapy chamber in order to investigate the effects 

of extremely cold air (-150°C) on the symptoms of rheumatoid arthritis (Yamauchi et 

al,  1981) and after presenting this method at a Rheumatology Congress in 

Wiesbaden, whole body cryotherapy was introduced to Germany. While initially 

whole body cryotherapy was primarily used as a clinical intervention to treat 

inflammatory rheumatic diseases in German (Fricke, 1989) and Polish treatment 

centres (Jonderko et al,  1988; Zdrojewicz et al,  1988; Zagrobelny et al,  1992), more 

recently it has been touted as a post-exercise recovery intervention.
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The definition o f recovery is ‘a return to a normal condition’. Although a number of 

variables such as lactate, temperature, heart rate, creatine kinase etc. may be 

measured in attempt to describe the factors which contribute to recovery, the most 

reliable indicator o f the restoration o f functional capacity from an exercise 

perspective is subsequent performance. Therefore, unless otherwise stated, the term 

‘recovery’ in the present thesis is used to describe the recovery o f performance to a 

pre-intervention baseline level.

The Olympic Rehabilitation Centre in Spala, Poland, has previously been used by 

many sporting bodies as a training and injury rehabilitation centre. The Irish rugby 

team spent time in Spala prior to the rugby world cup in France in 2007 and 

underwent a period o f concentrated conditioning work, with regular whole body 

cryotherapy treatments to facilitate recovery between sessions. The Welsh rugby team 

prepared in a similar fashion in Spala for the 2011 rugby world cup, with twice-daily 

cryotherapy treatments as part o f their training regime.

The cooling effect o f a cryotherapy chamber is typically achieved by the evaporation 

o f liquid nitrogen. Westerlund et al. (2003) described a typical whole body 

cryotherapy procedure in a temperature-controlled unit which consisted o f three 

rooms at different temperatures, see Figure 1.2. Wearing a bathing suit, surgical 

mask, cap, gloves, socks and shoes, participants passed through the first pre-room at - 

10°C and the second pre-room at -60 °C before coming into the therapy-room which 

was at -1 1 0  °C. Participants remained in the therapy room for 2 min. Mean skin 

temperature decreased rapidly during the treatment period with the lowest 

temperatures being recorded on the calf (5.3°C) and forearm (5.2°C), and the highest 

temperatures being recorded on the hands (25.3°C) and feet (23.6°C), which were 

insulated by wearing gloves and socks. There was no change in core temperature 

(rectal) during this time. Poumot et al. (2011) reported that whole body cryotherapy 

following a simulated 48 min trail running race restricted the inflammatory process 

by causing muscular vasoconstriction and decreasing pro-inflammatory cytokines.

However, in the context o f alleviating muscle damage and soreness, Costello et al. 

(2011) investigated the effect o f whole body cryotherapy following an eccentric 

exercise protocol on recovery o f knee extensor isometric MVC, peak power output 

during repeated cycle sprints and muscles soreness at 24, 48 and 72 h post-treatment;
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and reported no effect on recovery o f MVC, sprint performance or soreness compared 

with the control. In recent years in Ireland, a number o f high-profile injured GAA 

players have undergone whole body cryotherapy in treatment centres in Clare 

(Shannon Cryotherapy Clinic, Ennis) and Wexford (Whites Hotel, Wexford Town) as 

part o f their rehabilitation. This year, Kilkenny hurler Colin Fennelly and Kerry 

footballer Darren O ’Sullivan both underwent a number o f whole body cryotherapy 

sessions prior to the All-Ireland finals in an attempt to facilitate their recovery from 

hamstring injuries, despite the fact that there is little evidence to support the use of 

cryotherapy for soft-tissue injury rehabilitation. Due to the small number of 

cryotherapy chambers in Ireland and the cost associated with repeated usage, cold 

water immersion (CWI) is a more practical and common-place method o f using cold 

exposure to facilitate post-exercise recovery and injury treatment and rehabilitation.

E N T R A N C E  
AND EXIT

i e r g e n c y

D O O R

Figure 1.2: W hole body cryotherapy chamber (taken from W esterlund et al. (2003)).

The popularisation o f CWI as a recovery intervention in sport began in the early 

2000’s and perhaps slightly preceded the use o f whole body cryotherapy for the same 

purpose. Among the earliest proponents o f ‘ice baths’ were the English rugby team 

which won the Rugby World Cup in 2003 in Australia, and distance runner Paula 

Radcliffe. After winning the 10,000m at the European athletics championships in 

2002, Radcliffe revealed that she took a 10 min ice bath after every race. Describing 

the sensation, she revealed, "It's absolute agony, and I  dread it, hut it allows my body
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to recover so much more quickly. ” The association between success at the elite level 

and the use o f ice baths to facilitate recovery resulted in CWI becoming a popular 

recovery intervention in a wide variety o f sports and a number o f theories were 

presented in an attempt to provide a scientific basis for its usage. Perhaps the most 

popular theory in the early years o f the CWI phenomenon related to its supposed 

beneficial effects on lactic acid clearance. Craig Smith, Lancashire county cricket 

physiotherapist, offered the following explanation in the ‘Treatment Room’ section of 

the BBC sports academy website, when describing why rugby players such as Jonny 

Wilkinson used ice baths. “When you  get into an ice bath fo r  five  to 10 minutes, the 

icy cold water causes your blood vessels to tighten and drains the blood out o f  your 

legs. After 10 minutes your legs fe e l cold and numb. So when Wilko gets out o f  the 

bath, his legs f i l l  up with 'new' blood that invigorates his muscles with oxygen to help 

the cells fiinction better. A t the same time, the more blood coming into Jonny's legs 

will have to leave as well, draining away and at the same time taking with it the lactic 

acid that has built up from  his match. ” Dr Chris Bleakley, a physiotherapist at the 

University o f Ulster stated the following in The Guardian newspaper in 2006. "The 

theory behind this is that cold causes a decrease in the size o f  blood vessels and heat 

causes an increase - and this contrast creates a pumping mechanism which would 

increase blood flow  to flush  out the toxins in the area, a bit like massage. ” 

Anecdotally, this ‘pumping’ theory has become quite widespread however there is 

little evidence to support the assertion that an alternating 

vasoconstriction/vasodilation effect facilitates the removal o f metabolites at muscle 

level following exercise.

Despite the lack o f a clear scientific basis for its usage, CWI is now accepted as 

somewhat o f a necessary evil among elite level athletes and sports people. In an 

interview with ‘World Soccer’ in 2008, Liverpool player Ryan Babel vividly 

described his introduction to CWI. “After a match we have to stand in an ice bath fo r  

five  minutes. You can be affected with cramp or lactic acid, and that causes small 

tears in the muscles, but by applying cold water it repairs the damage immediately. 

During preseason 1 had to do it after every training session and it was so cold, really 

horrible. Even during training I  was thinking about the dreaded cold water but now 

I'm used to it — and it certainly works as I'm more flexible and feeling  a lot better the 

follow ing day. ” This demonstrates that regardless o f the existing literature, a sizeable
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proportion of elite athletes and sports people believe that the use of CWI following 

strenuous exercise and competition enhances their recovery and thus it has become an 

integral component of their physical preparation. Anecdotal reports from club and 

inter-county GAA squads suggest that a typical CWI treatment consists of a container 

such as a mortar tub, wheelie bin or bath tub V* filled with cold mains water to which 

ice cubes are added manually. The player is then immersed in the bath for a short 

period, usually of the order of a few minutes (1 to 5 min), before getting out. 

Sometimes the player will then stand under a warm shower for a minute or two before 

getting back into the cold water bath and this type of protocol constitutes contrast 

water therapy (CWT), whereby cold and warm water are repeatedly and deliberately 

alternated. A series of cold/warm water immersions may be repeated a number of 

times in a single CWT session (Higgins & Kaminski, 1998; Morton, 2007).

In recent years, there has been a notable increase in the number of studies specifically 

attempting to address the validity of CWI and CWT as recovery interventions yet 

despite this there is a lack of consensus, with some studies suggesting that post

exercise CWI and CWT may be beneficial (Kuligowski et al., 1998; Vaile et a i, 

2008b) and some suggesting CWI may even have a negative effect on recovery 

(Sellwood et a i, 2007). The lack of consensus may be explained in part by the 

variability of study design in the literature. In particular, some studies assess same 

day recovery and some assess next day recovery. Some assess the alleviation of 

symptoms associated with delayed onset muscle soreness (DOMS) and some assess 

recovery of exercise performance. This thesis is not designed to address the 

effectiveness of CWI or CWT as a treatment for acute/chronic soft tissue injury or 

DOMS, although the resulting data may ha\'e implications for injury rehabilitation. 

Much o f the existing published research has investigated the effect of continuous or 

intermittent CWI (Vaile et a i, 2008a; Rowsell et al., 2009; Peiffer et a i, 2010; Vaile 

et al., 2010); however CWT is also a common recovery intervention, particularly 

when muscle cooling is undesirable such as in a situation where repeated exercise 

efforts are required. In such a scenario, the negative effect of muscle cooling on 

power output may limit subsequent performance, particularly in the initial stage of a 

post-cooling exercise bout (Crowley et al., 1991). Given a relatively short window of 

recovery, CWT may provide some of the benefits of CWI without causing significant 

muscle cooling.
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The shortage of research into the physiological and performance effects of post

exercise CWI and CWT has led to the use of protocols that are decided upon 

arbitrarily or designed to fit the practical needs of the user. Immersion protocols, 

particularly in team sports, may be limited by logistical constraints such as access to 

facilities and equipment, and the amount o f time available following training or 

competition. Time, in particular, becomes increasingly important when large groups 

of athletes such as football or rugby squads are all sharing a limited number of water 

baths. However, the physiological basis for a quick, “in-and-out” protocol compared 

with a more prolonged immersion, is also as yet untested. Injury-based research 

typically isolates a single limb or joint for investigation, and utilises some type of 

cold application to the injured joint/limb to investigate the effect of local cooling 

(Ingersoll et a i ,  1992; Warren et al., 2004; Palmieri et a l ,  2006). However, anecdotal 

reports suggest that athletes will typically immerse themselves to mid-torso level and 

sometimes to shoulder level during post-exercise recovery, consequently studies 

investigating isolated local water immersion (single joint or limb), are of limited use 

in describing the physiological effects of immersion o f a much larger proportion of 

body mass. It is also important to make the distinction between studies which have 

investigated the physiological effects of water immersion in rested vs. exercising 

participants.

There does not appear to be a standard protocol for CWI or CWT usage from one 

athletic group or club to the next, with a large degree of variation in the duration of 

immersion, body position in the water and the absolute water temperature (Cochrane, 

2004; Wilcock et a l ,  2006; Hing et a l ,  2008). The immersion protocols investigated 

in this thesis replicate the practical conditions present in the field in terms of 

equipment, depth of immersion and body position, and the primary aim is to 

investigate the physiological effect of prolonged hip-level immersion (Figure 1.3) on 

uninjured healthy participants rather than localised immersion such as the ankle joint 

on injured participants (Figure 1.4) in order to establish the effectiveness of different 

water immersion strategies as a post-exercise recovery intervention.
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F igure  1.3: Cold water immersion (CW l) usage in the NFL. Washington Redskins wide receiver 

Santana Moss using an ‘ice bath’ following a training session.

F igu re  1.4: Former England rugby international Jason Robinson using local CW l.



1.2 Therapeutic cold exposure

1.2.1 Acute injury treatment

Local cold application, which is typically referred to as ‘cryotherapy’ in much of the 

published literature, is used for the treatment and rehabilitation of soft tissue and joint 

injuries (Meeusen & Lievens, 1986; Gieck & Saliba, 1987; Harvey & Tanner, 1991; 

Weston et a i ,  1994; Bleakley et a l ,  2004; Bleakley et a l ,  2006). Cryotherapy is a 

broad term used to describe the therapeutic usage o f cold to reduce metabolism 

(Merrick et a l ,  1999), limit progression of tissue oedema (Yanagisawa et a l ,  2004) 

or reduce pain (Hubbard & Denegar, 2004). This is not to be confused with whole 

body cryotherapy as previously described. The term cryotherapy is occasionally also 

used to describe the use of CWl, however, it is typically associated with injury 

treatment scenarios (Cross et al ,  1996; Kennet et a l ,  2007; Kemozek et a l ,  2008), 

although it has also been used in some studies which have investigated post-exercise 

recovery (Barnett, 2006; Wilcock et a l ,  2006; Bailey et a l ,  2007). Common methods 

of applying cold for therapeutic purposes include dry ice packs (Palmieri et a l ,  2006), 

wet-ice (Merrick et al., 2003), cold water immersion (Ingersoll et al ,  1992) and 

commercially available cryo-sprays and gels (Myrer et a l ,  2001b). Treatment 

modalities that undergo a phase change, such as ice packs, have proven to be more 

effective at reducing skin and intramuscular temperature over a 30 min treatment 

period than synthetic gel-based treatments (Merrick et a l ,  2003). The cooling effect 

of CWl at 10°C and ice packs has previously been compared (Myrer et a l ,  1998), and 

data demonstrated that despite both resulting in a similar reduction in muscle 

temperature during treatment, following a 30 min post-treatment period re-warming 

occurred significantly faster following ice pack application (+12.3 ± 3.3°C) when 

compared with CWl (+7.4 ± 3.3°C), indicating a more prolonged reduction in muscle 

temperature following cold water immersion.

Cryotherapy is an important component of the RICE (Rest, Ice, Compression, 

Elevation) principle commonly used in the treatment of acute soft tissue injury in 

humans (Hubbard & Denegar, 2004; Jarvinen et a l ,  2007) in order to reduce tissue 

temperature (MacAuley, 2001) and provide pain relief (Airaksinen et a l ,  2003; 

Bleakley et al ,  2006). Schaser et al. (2007) demonstrated that prolonged cooling (6 h) 

using cooled saline reduced post-traumatic microvascular dysfunction and attenuated
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tissue damage following a closed soft tissue injury to the tibial compartment of rats. 

At 24 h post-injury, intramuscular pressure and capillary dysfunction were 

significantly reduced in the cryotherapy group when compared with the control. 

Intense exercise results in an increased blood flow to the active muscle and this 

increases pressure and permeability in the capillaries, increasing limb volume post

exercise (Paddon-Jones & Quigley, 1997). Some studies have shown that the increase 

in leg muscle blood flow following exercise is restricted with ice pack application 

(Thorsson et al., 1985; Yanagisawa et a i, 2004) and this corresponds with limited 

oedema formation. This restriction in intramuscular blood flow compared with the 

rise in blood flow in non-cooled muscle peaks 10 min after the cooling period and 

may be explained by the continued cooling of the muscle following ice pack removal 

as heat is transferred to the skin and subcutaneous tissue (Enwemeka et a l,  2002). 

However, Ohkuwa et al. (1992) reported no significant change in calf blood flow 

during and after a 23 min ice pack application following a treadmill run to exhaustion, 

despite a substantial drop in skin temperature during treatment.

Primary traumatic musculoskeletal injury induces additional pathological alterations 

such as reduced oxygen delivery, increased cellular metabolism and production of 

oxygen-derived free radicals known as ‘secondary injury’. Cryotherapy has been used 

to reduce the extent of secondary injury following an initial muscle trauma by 

decreasing tissue temperature which reduces cellular metabolism and attenuates the 

local formation of oedema. Following a crush injury to the rat triceps surae, a 

reduced rate of reduction o f triphenyltetrazolium chloride (TTC), used as a marker of 

cell damage, was evident in cold-treated rats (5 h continuous ice application) 

compared with the non-treated group (Merrick et al., 1999). In another animal study, 

secondary injury was similarly reduced with cryotherapy (repeated applications of a 

gel pack over the course of 3 days) following blunt trauma to rat gastrocnemius as 

indicated by reduced lipofuscin content (Matthews et a l, 2001), an index of the 

production of oxygen derived free radicals involved in the inflammatory process 

(McCord, 1987; Seyama, 1993). Secondary injur>' may also occur following minor 

structural damage to skeletal muscle tissue, such as that which occurs following 

intense exercise requiring repeated eccentric muscle contractions (Lapointe et a i, 

2002).
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1.2.2 Delayed onset muscle soreness (DOMS)

DOMS occurs as a result of exercise-induced muscle damage, typically following 

unaccustomed high-intensity activity which requires eccentric (lengthening under 

tension) muscle contractions (Kuligowski et a i, 1998; Sellwood et a i,  2007), and is 

characterised by muscle pain and discomfort and a reduction in muscle strength and 

function 24 to 72 h post-exercise (Vaile et a l,  2007). In an untrained participant, any 

significant activity can cause DOMS; however, trained participants will typically only 

experience DOMS at the start of a training cycle or if there is a sudden increase in the 

volume or intensity o f their training (Barnett, 2006). Any intervention which may 

facilitate recovery from DOMS would reduce the extent to which training 

programmes must be altered to accommodate the inevitable drop in performance in 

the days following the exercise bout, as well as reducing the level of participant 

discomfort. A review by Cheung et al. (2003) concluded that post-exercise 

cryotherapy did not alleviate the symptoms of DOMS. Sellwood et al. (2007) 

compared the effect of 3 x 1 min cold water immersions (5 ± 1°C) and 3 x 1 min tepid 

water immersions (24°C) and reported no significant difference in pain, tenderness, 

swelling and isometric strength at 24, 48 and 72 h post-exercise. This finding is 

supported by a previous study which reported no difference between cryotherapy and 

control for isokinetic torque, isometric torque and muscle soreness in the days 

following repeated eccentric elbow flexion exercise (Paddon-Jones & Quigley, 1997). 

However, Kuligowski et al. (1998) reported that CWI and CWT of the arm for 24 min 

at 13°C following an eccentric loading protocol designed to induce DOMS, restored 

baseline elbow flexion and perceived soreness quicker than warm water immersion or 

no treatment. Furthermore, Vaile et al. (2008b) compared a 15 min cold water 

immersion (15°C) with passive recovery and reported that isometric force and 

dynamic power (squat jumping) was significantly improved at 48 and 72 h post

exercise. Warm water immersion (38°C) and contrast water immersion (alternating 15 

and 38°C) also facilitated recovery from DOMS compared with passive recovery 

which suggests that water immersion per se may exert an effect independent of 

temperature.
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1.3 Cold exposure and thermoregulation

1.3.1 Core temperature

The human response to cold exposure is to maintain Tc around the hypothalamic set 

point of 36.7°C although this displays a level of circadian rhythmicity (Waterhouse et 

al,  2005). For example, with prolonged whole body cold exposure to cold air at 5°C 

for 20 min, a reduction in Tc may be expected (Hennig et al,  1993). However, with 

local cold application to the skin surface, such as when an ice pack is applied to a 

joint or area of a limb for the treatment of a soft tissue injury, no significant effect on 

core temperature is observed (Bender et al,  2005; Palmieri et al,  2006). Bocobo et 

al  (1991) concluded that cold-water immersion had a more pronounced effect on core 

temperature such that a significantly greater reduction in rectal temperature (Tre) was 

observed in dogs with 15 min of ice bath immersion (1.6°C) compared with 30 min of 

ice pack application (0.5°C). Even with typical CWI temperatures (8 to 20°C), Tc 

decreases despite an increase in metabolic rate (O'Brien et al,  2000; Sramek et al,  

2000), and this response is unaltered with acclimation to cold water immersion (1 

h.day'' for 5 weeks). However, exercise (50% V02peak) during immersion does appear 

to limit the fall in Tc in response to cold water immersion compared with passive 

immersion (O'Brien et al,  2000). In addition, cold water (14°C) or ice water (5°C) 

immersion has also been recommended for treating hyperthermic athletes, with both 

treatments showing equivalent cooling rates (Clements et a l , 2002).

1.3.2 Skin temperature

Cold application to the skin produces a rapid decline in skin temperature, the extent of 

which depends on the cooling method used (Merrick et al,  2003). However, with 

persistent application no further decline in skin temperature occurs within the normal 

treatment period of up to 30 min (Bender et al,  2005). When an ice pack is applied 

while the participant is still exercising (walking), skin temperature also drops rapidly, 

and with prolonged application in combination with exercise, skin temperature falls 

further than ice application at rest towards the end of treatment (30 min), see Figure 

1.5. In rested participants, ice pack application rapidly reduces skin temperature over 

the course of treatment, which returns to baseline over a marginally longer time- 

course, see Figure 1.6 (Enwemeka et al,  2002).
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Figure 1.5: Skin temperature response to cold application. Skin temperatures across time (before and 

after ice application to the calf) for both resting and walking conditions (adapted from Bender et al., 

2005).
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Figure 1.6: Muscle temperature response to cold application. Temperature changes at skin surface and 

1, 2 and 3cm depths in the quadriceps before, during and after cold pack therapy in rested participants 

(adapted from Enwemeka et a i, 2002).
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1.3.3 Muscle temperature

In contrast to skin temperature, intramuscular temperature remains relatively 

unaffected during ice application at rest, although a modest but significant 

progressive decline is observed over the course of a normal treatment (30 min) and 

again this may be prevented with mild (walking) exercise (Bender et a i, 2005). At a 

depth of 1cm into the quadriceps muscle (which may not be in the muscle proper, but 

rather just above the muscle boundary) during local cold application in rested 

participants there is significant cooling (but to a lesser extent than at the skin surface), 

while deeper into the muscle (2 and 3cm) no cooling is evident, see Figure 1.6 

(Enwemeka et al., 2002). The extent and depth of cooling also depends to some 

extent on the thickness of subcutaneous adipose tissue, which acts as an insulating 

layer. The fall in muscle temperature at 1cm into the quadriceps muscle has 

previously been recorded to be 14, 9 and 5°C with corresponding adipose tissue 

thicknesses o f <8, 10 to 18, and >20mm, respectively (Myrer et a i, 2001a; Otte et al., 

2002). Therefore, it is important to consider the effect of body fat on muscle cooling 

times when designing a cryotherapy treatment protocol. Akgun et al. (2004) 

concluded that with increased cold gel pack application time, deep tissue temperature 

decreased and the duration of the cooling effect increased. While direct comparisons 

between cold-water immersion and ice pack application are scarce, Myrer et al. 

(1998) demonstrated that 20 min of cold water (10°C) or ice pack treatment both 

result in a similar reduction in intramuscular temperature. However, post-treatment 

re-warming of the muscle occurred significantly faster in the ice pack group (2.0 ± 

3 .rC  over 30 min) than in the cold water immersion group, where surprisingly the 

temperature continued to fall by a further 1.8°C over 30 min. Exercise prior to 

treatment appears to enhance the cooling effect of cryotherapy, due to a greater 

thermal gradient for cooling. In assessing rates of cooling, 30 min of cycling 

increased rectus femoris temperature by approximately 2°C (Figure 1.7) and 

subsequent ice pack application produced a more rapid cooling rate than ice 

application at rest (Long et a l, 2005). With muscle cooling being prevented with mild 

walking exercise during ice application, it therefore appears important to minimise 

activity during each cryotherapy treatment (Bender et a l, 2005). This is most likely a 

result o f heat generated by active working muscle (Wirth et a l,  1998) but some
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contribution to re-warming may also be derived from the increase in muscle blood 

flow during exercise (Myrer et a l ,  2000).
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Figure 1.7: Muscle cooling and exercise. The effect o f  ice pack application following exercise and no

exercise conditions on temperature (°C) over time at 2cm depth in quadriceps muscle tissue (adapted 

from Long et al. (2005)).

1.3.4 Core temperature ‘afterdrop’

Whole body hypothermia is used in cardiopulmonary surgery and neurosurgery in 

order to reduce the metabolic demand of vital organs during periods of ischemia. A 

reduction in body/brain temperature can significantly affect post-ischemic 

neurological function and provide myocardial protection. Barone et al. (1997) stated 

that ‘brain cooling of 3 and 8°C can provide dramatic and complete neuroprotection 

from transient focal ischemia’, with reduced metabolic rate, oedema and blood-brain 

barrier disruption suggested as possible mechanisms. The rapid reduction in core 

temperature, known as ‘afterdrop’, which occurs following prolonged CWI or 

induced hypothermia, such as in cardiopulmonary bypass, is the result of 

redistribution of body heat from the core to peripheral tissues (Giesbrecht & Bristow, 

1992; Rajek et a l ,  1999), and the magnitude of this drop is dependent on the core 

temperature decrease during the cooling period (Rajek et a l ,  1998). As an alternative 

to the ‘circulatory explanation’, Webb (1986) using physical models (a bag of gelatin 

and a leg o f beef) proposed that afterdrop was a consequence of thermal conductivity
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such that the centre o f a tissue mass continues to lose heat as long as the layer above 

it is cooler, namely heat continues to flow outward from deep warm regions to cooler 

outer regions. Savard et al. (1985) also concluded that the afterdrop in Tc during re

warming from mild hypothermia was not due to superficial peripheral vasodilation 

but was possibly a result o f conduction and convection between tissues at different 

temperatures.

Mittleman et al. (1988) investigated the effect o f occluding blood flow to the upper 

and lower extremities 10 min into a stemum-level cold water immersion at 15°C and 

reported that the cooling rate (Toes) was arrested, however, when the cuff pressure was 

released the returning blood flow resulted in a large decrease in Toes- While a 

circulatory mechanism may not be the sole cause o f afterdrop in individuals passively 

recovering from cooling, it would seem that it plays a primary role in the afterdrop 

effect during exercise following cooling. Giesbrecht et al. (1992) investigated the 

effect o f treadmill exercise vs. shivering thermogenesis on Tc afterdrop following 

CWI to chest-level at 8°C and reported that the initial post-immersion afterdrop was 

58% greater during exercise than supine rest (shivering); suggesting that increased 

perfusion o f cold tissues was the probable mechanism. Blood flow to active skeletal 

muscle is greater than blood flow to inactive skeletal muscle, thus the potential for 

convective heat loss from the blood to the cooled muscle tissue is much greater 

during exercise when compared with passive recovery.

1.4 Pre-cooiing and exercise

Some o f the recent literature concerning CWI has investigated the potential benefits 

o f cold water immersion either before or after exercise in the heat as a method o f 

counteracting the negative effects o f heat stress. Pre-cooling reduces an athlete’s core 

temperature (Tc) which allows greater heat storage during a subsequent exercise bout 

in hot, humid conditions. Yeargin et al. (2006) investigated the physiological and 

performance effect o f a 12 min cold water immersion at 14 and 5°C compared with 

passive, non-immersed recovery following a 90 min cross country run and before a 2 

mile race at an ambient temperature o f 27°C. Immersion at 14°C resulted in a 6% 

improvement in race time compared with the non-immersed passive control. Rectal 

temperature (Tre) at the start o f the race was significantly lower in both immersion 

trials compared with the control trial. However, immersion at 5°C did not have a
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significant effect on race time compared with the control despite the fact that post

race Tre was significantly lower than both immersion at 14°C and the non-immersed 

control. The authors noted that following immersion at 5°C, participants reported 

feeling “stiff and cold” which would indicate that a balance is necessary between the 

extent o f cooling and retention of the normal muscle function and proprioception 

required for high-intensity exercise. Following both immersion trials, participant heart 

rates were significantly lower during the first half of the race compared with the non

immersed control trial and this was attributed to a reduction in thermal strain. Blood 

lactate following the 12 min immersion at 5°C was significantly higher than the 

control and the authors suggested this may have been a result of peripheral 

vasoconstriction. Booth et al. (1997) investigated the effect of cold water immersion 

prior to a 30 min run at 32°C and reported that the distance run was increased by 304 

± 166m and pre-exercise Tre was decreased by 0.7°C compared with the non-cooling 

condition.

I'he performance effect associated with pre-cooling before endurance exercise in hot 

conditions is primarily attributed to an increased heat storage capacity reducing 

thermal strain and increasing the time it takes to reach a critical body temperature of 

~40°C (Gonzalez-Alonso et a l ,  1999). Nybo and Nielsen (2001) investigated the link 

between critical temperature and central fatigue by comparing the effects of cycling at 

60% VOimax at an ambient temperature o f 40°C (hyperthermia) and 18°C 

(thermoneutral control). In the hyperthermic trial participants reached a peak 

oesophageal temperature (Toes) of 40 ± 0.1°C at exhaustion after 50 ± 3 min of 

exercise while in the control trial they reached a stable Toes of 38 ± 0.1°C after -20  

min and exercise was maintained for 60 min without exhausting the participants. In 

the same study, following the cycling bout the degree of voluntary activation during 

sustained maximal knee extension was assessed by superimposing electrical 

stimulation of the femoral nerve. The voluntary activation percentage (MVC / MVC + 

electrical stimulation) was significantly lower in the hyperthermia trial (54 ± 7%) 

when compared with the control trial (82 ± 6%); however, total force (MVC + 

electrical stimulation) was not different between trials. This would indicate that the 

capacity of the muscle to generate force is unaffected by hyperthermia, thus the 

reduction in voluntary activation percentage is a result of impaired central activation 

(Nybo & Nielsen, 2001). In further support of this central fatigue mechanism, the
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same relationship was demonstrated using voluntary activation percentage for 

sustained handgrip contractions, suggesting that the ability to activate skeletal muscle 

is independent o f  the m uscles status during the previous exercise bout (active or 

inactive). However, while it is quite common for endurance athletes to reach a Tc o f  

~40°C in hot, humid conditions (> 30°C), and thus, the benefits o f  pre-cooling are 

apparent, this critical Tc is not likely to be a primary limiting factor during prolonged 

exercise in cooler conditions (~  20°C).

Olschewski and Briick (1988) investigated the effect o f  pre-exercise cooling on 

endurance exercise at an ambient temperature o f  18°C and demonstrated that even a 

moderate reduction in Tc (-0.2°C) at the onset o f  exercise resulted in a 12% increase 

in cycle ergometer time to exhaustion at 80% V 0 2 peak compared with a non-cooling  

control. The onset o f  both sweating and peripheral vasodilation was delayed by 4.5 

and 4.4 min, respectively, and body temperature was significantly lower at the 

termination o f  exercise in the pre-cooled trial (~38.6°C) compared with non-cooling 

(38.9°C). This demonstrated that exercise to failure at high relative intensities in cool 

ambient temperature resulted in significant thermal strain which justified the use o f  

pre-cooling strategies. In agreement with this, at an ambient temperature o f  ~21°C, 

sweat rate is significantly lower during 60 min o f  cycling at 60% VOamax after cooling 

(30 immersion at 18°C) compared with non-cooling, and the onset o f  sweating is 

delayed due to the increased heat storage capacity (W ilson et al., 2002).

A num.ber o f  pre-cooling methods have been investigated in the literature including 

cold water immersion (Booth et al., 1997; Gonzalez-Alonso et a l ,  1999; W ilson et 

a l ,  2002), water immersion (Kay et al., 1999), cold air (Olschewski & Bruck, 1988), 

cooling vests (Castle et a l ,  2006; Duffield & Marino, 2007), ice packs (Castle et al., 

2006) and liquid perfused cooling vests (Cheung & Robinson, 2004) with varying 

degrees o f  effectiveness. Cold water immersion may represent the most accessible 

and effective pre-cooling method as all that is required is a large container and water 

source and due to the greater thermal conductivity o f  water vs. air (-0 .6  vs. -0 .025  

W m'' K'') at low temperatures such as 8°C, it is possible to achieve a much greater 

rate o f  heat loss in a short space o f  time.
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Castle et al. (2006) demonstrated that the method of pre-cooling determined the 

extent to which thermal strain was reduced during intermittent sprint cycling at 

33.7°C and 51.6% relative humidity (RH), with leg pre-cooling offering a greater 

ergogenic effect on peak power output than either upper body or whole body cooling. 

Duffield and Marino (2007) investigated the effect of pre-cooling on maximal and 

sub-maximal running performance at 32°C and 30% RH. Of the cooling methods 

used, cold water immersion was more effective than an ice-vest at reducing core 

temperature, skin temperature, HR and sweat loss. There was no significant 

difference in terms o f maximal sprint performance, however, sub-maximal data 

indicated a greater distance covered following pre-cooling via cold water immersion.

Wilson et al. (2002) compared hip-level thermo-neutral (35°C) and cold (18°C) water 

immersion prior to 60 min of steady-state sub-maximal cycle exercise (60% VOamax) 

and reported no significant difference in mechanical efficiency, metabolic rate or 

perceived exertion at an ambient temperature of 21.3°C despite delayed onset of 

sweating and a greater heat storage capacity (+ 670 kJ) following cold water 

immersion. Cheung and Robinson (2004) demonstrated that upper-body pre-cooling 

using a liquid perfused vest did not provide any benefits for intermittent sprinting 

when compared with non-cooling at a moderate ambient temperature of 22°C, despite 

reducing Tre at the start of exercise. This would suggest that CWI is the most effective 

pre-cooling method and although pre-cooling per se may be most effective in hot, 

humid conditions where thermal strain and critical Tc is of primary concern, it can 

also have a positive effect on endurance performance at cooler environmental 

temperatures.

1.5 Cold exposure and the sympathetic nervous system

Cutaneous vasoconstriction is the initial thermoregulatory response to exposure to a 

cold environment regardless of the extent of exposure namely local or whole body 

(Thompson-Torgerson et a l,  2007). Cold-sensitive afferents activate sympathetic 

nerves to release norepinephrine which causes a reduction in skin blood flow 

(Johnson et al., 2005). Elevated levels of norepinephrine have been reported in 

response to moderate and severe cold air exposure resulting in an increase in arterial 

blood pressure (Hiramatsu et a l,  1984). Marchant et al. (1994) reported a 139% 

increase in norepinephrine concentration during treadmill exercise at an air
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temperature of 6°C. Previously, Weiss et al. (1988) reported that resting at 6°C 

increased norepinephrine to the same concentration as endurance cycling exercise at 

6°C. Cold-water immersion at 6°C could result in a much greater heat loss via 

conduction over a shorter period of time, so a greater increase in sympathetic activity 

may be expected when compared with cold air exposure.

The cold pressor test is often used to detect autonomic disorders and measures the 

response of blood pressure (BP) and HR to hand immersion in cold water (McLean et 

a l,  1992). Immersion of the hand in cold water for 2-3 min increases muscle 

sympathetic activity (measured in the leg), heart rate and mean arterial pressure 

(Victor et al., 1987; Kregel et a l, 1992). Seals (1990) reported that with regard to the 

cold pressor test, the magnitude of the increase in leg muscle sympathetic nerve 

activity (MSNA) was influenced by the size of the tissue area exposed to the stimulus, 

such that cold water immersion of two hands resulted in a greater response than 

immersion of a single hand. Peikert and Smolander (1991) demonstrated the additive 

effect of cold exposure on exercise related MSNA. When isometric leg extension was 

performed in conjunction with the cold pressor test, there was a greater arterial blood 

pressure and heart rate response than either test alone. Sudden cold exposure per se 

may increase the risk of myocardial infarction by initiating a cardiovascular response 

known as the ‘cold shock’ response (Raguz et a l, 2008). As in the cold pressor test, 

the cold shock response is mediated by the sympathetic nervous system, causing HR 

(tachycardia) and blood pressure to increase. This response can be attenuated with 

repeated cold water immersions and the reduction in the magnitude of the response 

can last 7 to 14 months (Tipton et a l,  2000).

Tsukiyama et al. (1999) demonstrated that cold pressor stimulation reduced the 

intramuscular vasodilative response in human masseter and temporalis muscles 

following sustained isometric contractions. In these examples, participants were 

exposed to the cold pressor test during the exercise bout, which usually consisted of 

sustained isometric contractions. It is difficult to say exactly how relevant these 

studies are to the effect of cold exposure following dynamic exercise involving a 

much greater muscle mass.
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1.6 Physiological effect of immersion

Much o f what we know of the physiological effects of immersion has been derived 

from studies which investigated the effect of thermoneutral water immersion (TWI), 

at 34 to 35°C, on rested, non-exercising participants in order to limit the effect of 

temperature on the response (Lollgen et a l,  1981; Norsk et a l,  1986; Gabrielsen et 

a i,  1993; Itoh et al., 2007; Schega et al., 2007). This could be described as the 

physiological effect o f water immersion per se and while these studies do provide 

useful data describing the mechanisms driving the response to immersion it is 

important to make the distinction between rested and exercised participants and 

thermoneutral water immersion (TWI) and cold water immersion (CWI), however the 

effects described may prove beneficial for the recovery of athletes. Wilcock et al. 

(2006) postulated that these physiological changes include intracellular-intravascular 

fluid shifts, reduction o f muscle oedema and increased cardiac output (without 

increasing energy expenditure) which increases blood flow and possible nutrient and 

waste transportation through the body. They also suggested there may be an 

associated psychological benefit to athletes with a reduced perception o f fatigue 

during immersion.

When an object is immersed, in this case the human body, the column of water exerts 

a compressive force on it which increases with depth (Wilcock et al., 2006). This is 

known as hydrostatic pressure and is calculated as follows:

P =  Patm + g • p ■ h

Where Patm is atmospheric pressure (1013 hPa); g is gravity (9.81 m.s'^); p is the 

density of water (1000 kg.m'^) and h is the height of the water column (m). In a 

human participant this can cause fluid displacement from the immersed extremities, 

such as the lower legs, towards the central cavity. Taking the example of an 

individual standing in chest-level water the pressure acting on their feet is greater than 

the pressure acting on their torso and this creates a pressure gradient which displaces 

fluid from areas o f relatively high pressure (lower legs) to areas of lower pressure 

(torso). The impact of hydrostatic pressure has previously been observed in rested, 

non-exercising young men during thermoneutral immersion (34°C) to navel level 

(Itoh et a i,  2007) which resulted in an increase in stroke volume and cardiac output 

vs. non-immersion, while decreasing systolic blood pressure and peripheral
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resistance. Furthermore, stroke volume and cardiac output during navel level 

immersion manifested a greater increase than chest and neck level immersion. 

However, Lollgen et al. (1981) reported that the increase in cardiac output was 

directly related to the depth o f immersion (hip, sternum, chin) with the lowest cardiac 

output and pulmonary artery pressure at hip level and the highest at chin level. The 

authors postulated that as there was no change in plasma norepinephrine between rest, 

hip, sternum and chin level immersion while heart rate was reduced; indicating a 

reduction in sympathetic activation during thermoneutral immersion. Stroke volume 

can increase as a result o f an increase in venous return or elevated sympathetic 

stimulation, such as during exercise. The increase in stroke volume in rested 

participants which occurs during immersion is characterised by an increase in venous 

return primarily due to the hydrostatic pressure effect and an increase in central blood 

volume. This causes cardiac muscle fibres to stretch closer to their optimum length 

during filling (diastole) resulting in a more forceful contraction which ejects a greater 

volume o f blood from the ventricles. This relationship between end-diastolic volume 

and stroke volume is known as the Frank-Starling mechanism.

Water temperature has an effect on the cardiovascular response to immersion in 

rested participants. Park et al. (1999) reported that stroke volume tended to be greater 

during resting head-out immersion at 30°C compared with 34.5°C, although the 

difference was not significant, and this was attributed to the additional cold stimulus 

at the lower temperature inducing a greater degree o f peripheral vasoconstriction, 

thereby increasing peripheral resistance and cardiac pre-load. Average mean skin 

temperature was 34.6°C during thermoneutral immersion and 30.1°C during 30°C 

immersion. The authors concluded that the purpose o f the increase in cardiac output 

during immersion vs. non-immersion is to maintain mean arterial pressure (MAP) in 

the face o f reduced vascular resistance. It is perhaps more likely that the purpose o f 

the reduction in vascular resistance is to maintain MAP in the face o f  an increase in 

cardiac output as a result o f the hydrostatic pressure effect o f immersion. MAP is 

constantly monitored by baroreceptors, which are pressure sensors present in the 

carotid sinus and aortic arch o f the circulatory system (Joyner, 2006). These 

baroreceptors continuously generate action potentials in response to the pressure in 

the arteries with the rate o f firing in the corresponding afferent neurons increasing as 

MAP increases. The cardiac control centre o f the medulla responds by decreasing
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sympathetic activity and increasing parasympathetic activity which has the effect o f  

reducing heart rate, stroke volume and total peripheral resistance (TPR). Conversely, 

when MAP drops, baroreceptor activity decreases which induces the cardiac control 

centre to increase sympathetic activity and decrease parasympathetic activity which 

results in an increase in heart rate and stroke volum e and stimulates vasoconstriction. 

This combined increase in cardiac output and TPR elevates MAP to the required 

level.

Thus, any deviation in MAP triggers an autonomically mediated reflex response 

resulting in alterations in cardiac output and total peripheral resistance. Peripheral 

resistance is under both intrinsic and extrinsic control; with intrinsic control matching 

blood flow  through a tissue (such as skeletal muscle) with the tissues metabolic 

needs; and extrinsic control regulating blood pressure via the sympathetic nervous 

system, generally mediated by the production o f  epinephrine and norepinephrine. 

With intrinsic control, local metabolic factors such as changes in O2 , CO2 and lactate 

override sympathetic drive at that level and this is particularly evident during exercise 

where despite increased sympathetic drive causing generalized vasoconstriction, there 

is vasodilation in the active skeletal muscles. This balance between intrinsic and 

extrinsic control maintains MAP and thus, blood flow  to the brain. Thus, it would 

seem logical that an increase in CO, mediated by an increased stroke volum e during 

immersion would necessitate a decrease in TPR in order to maintain MAP. This is 

supported by Boussuges (2006) who reported that arterial compliance was 

significantly increased and systemic vascular resistance (SVR) was reduced during 

thermoneutral immersion (34.5°C) to chest level with no change in blood pressure vs. 

baseline non-immersed data. SVR decreased from a baseline o f  1262 ±  194 dynes s' 

' •cm'  ̂ to 1138 ± 176 dynes■ s'' cm'^ during immersion and stroke volume increased 

from 78 ± 10 ml to 84 ± 11 ml while total arterial compliance increased from 1.48 ±  

0.17 ml mmHg'' to 1.63 ± 0.15 ml mmHg’'. Furthermore, Pump et al. (2001) 

demonstrated that CO and SV increased while TPR decreased during seated 

immersion at 35°C compared with rest and these changes were associated with a 

reduction in plasma epinephrine concentration.

In addition to the increase in central blood volum e due to the upward displacement o f  

tluid during immersion, negative trans-capillary pressure due to the hydrostatic effect
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causes interstitial fluid to move into the circulation resulting in an increase in plasma 

volume which is characterised by a significant reduction in haematocrit (Norsk et a l,  

1986; Gabrielsen et a l ,  2002). Johansen et al. (1997) investigated the relative 

contribution o f the abdomen and legs to this central blood volume expansion during 

thermoneutral immersion (35°C) by comparing immersion for 30 min with and 

without infiation of a thigh cuff on each leg for the first 15 min. Central venous 

pressure (CVP) increased from -3.7 ± 1.0 mmHg pre-immersion to 10.4 ± 0.8 mmHg 

after the first 5 min of immersion alone and remained at a similar level for the rest of 

the 30 min immersion period. During the first 15 min of the immersion + occlusion 

trial CVP increased from -3.8 ± 0.6 to 7.0 ± 0.8 mmHg, however, when the cuff 

pressure was released CVP increased further to 9.6 ± 0.8 mmHg. Haematocrit 

decreased during immersion alone; however, it remained relatively unchanged while 

the thigh cuffs were inflated in the occlusion trial before significantly decreasing 

below pre-immersion levels when the pressure was released. This attenuated 

haemodilution during immersion + thigh occlusion vs. immersion alone has also been 

demonstrated by Gabrielsen et al. (2002). This would suggest that fluid from the 

interstitial compartment of the legs is the primary cause of the expansion in central 

blood volume and the resulting haemodilution which occurs during immersion. 

Hinghofer-Szalkay et al. (1987) reported an 11 ± 3% increase in plasma volume 

following 30 min of thermoneutral neck-level immersion and this was associated with 

a 1% reduction in haematocrit.

1.7 Contrast water therapy (CWT)

Contrast therapy (CWT) consists of alternating cold and warm modalities and 

requires two containers, one filled with water at a temperature in the region of 35 to 

40°C, the other filled with water usually at a temperature of 8 to 15°C, in which 

immersion is alternated for periods ranging from 1 to 10 min and 4 to 5 cycles per 

treatment (Myrer et al., 1994; Higgins & Kaminski, 1998; Kuligowski et a l ,  1998; 

Fiscus et a l ,  2005; Hamlin, 2007; Morton, 2007). Contrast therapy may also be 

administered using dry cold and hot packs, although this appears to be less common 

(Myrer et a l ,  1997). Despite its popularity as a post-exercise recovery intervention 

there is a lack of quality contrast water immersion research. A review by Cochrane 

(2004) concluded that more research was necessary in a post-exercise setting as
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opposed to an injury treatment setting which had previously been the focus of much 

of the literature. More recently, Hing et al. (2008) conducted a systematic review of 

randomised controlled trials evaluating the usage of CWT as a recovery intervention 

and concluded that the 12 studies reviewed were of limited methodological quality 

and there was insufficient evidence to support the theory that contrast water 

immersion enhanced recovery and performance. As the cold component of contrast 

hydrotherapy has been discussed in the previous section, much of the following 

information relates to the physiological effect of warm water immersion or local 

application of heat.

There are a number of methods of applying heat as part of a contrast therapy protocol, 

such as dry heat packs (Myrer et a l,  1997), warm water immersion (Higgins & 

Kaminski, 1998; Vaile et al,  2007; Petrofsky et a l,  2007a; Ingram et al., 2009) and a 

warm shower (Hamlin, 2007; King & Duffield, 2009). Water temperatures of 40 and 

15°C have previously been used to investigate the effect of contrast therapy on 

intramuscular temperature using an immersion ratio of 4 min warm to 1 min cold 

(Myrer et al,  1994; Higgins & Kaminski, 1998). The same ratio of warm to cold 

immersion has been used to investigate changes in blood flow during CWT (Fiscus et 

al,  2005).

1.7.1 CWT and thermoregulation

Much of the data regarding the effect of warm water immersion on core temperature 

relates to periods of 1 to 3 hours duration. Rectal temperature increased significantly 

(1.5 ± 0.2°C), following a 1 h single leg immersion in hot water (approximately 45°C) 

(Morton, 2007). In addition, immersion to neck level in warm water (36°C) results in 

a constant increase in rectal and oesophageal temperature over a 3 h period (O'Brien 

et a l,  1998). To this author’s knowledge, core temperature changes have not been 

investigated during a specific CWT protocol in the existing literature, thus, further 

research is required to clarify the effect of alternating periods of cold and warm 

immersion. Myrer et al (1997) demonstrated that subcutaneous temperature (just 

below the skin) fluctuated significantly by 8 to 14°C during 20 min of contrast 

therapy using dry cold and heat packs. Yamasaki et al (2000) reported that skin 

temperature increased significantly and was correlated with an increase in skin blood 

flow during passive rest for 1 h at an ambient temperature of 33°C. As with core
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temperature, the effect of ahemating cold and warm immersion on skin temperature 

during CWT is yet to be described in the literature.

Significant increases in muscle temperature (3.6 ± 0.5°C) during warm water 

immersion (approximately 45°C) have previously been demonstrated during a 1 hour

single leg immersion (Morton et a l ,  2007). Myrer et al. (1994) compared a 40°C

continuous warm bath immersion of a single leg for 20 min with a 40°C/15°C contrast 

bath (4 min warm: 1 min cold) for the same duration. The contrast bath had no 

significant effect on the temperature o f the gastrocnemius at 1cm below skin and 

subcutaneous fat and by the end of the 20 min period tissue temperature was 

significantly higher in the continuous warm bath. The same effect was demonstrated 

by Higgins and Kaminski (1998) when they compared warm baths and contrast baths 

over a 31 min period, with tissue temperature of the gastrocnemius being significantly 

higher at the end of the warm bath vs. the contrast bath.

1.7.2 CWT and blood lactate clearance

The alternating elevation and reduction of blood flow resulting from alternating hot 

and cold water immersion during CWT (Fiscus et al., 2005) is suggested to facilitate 

the removal of metabolic by-products o f intense exercise, such as lactate and H^, 

which are implicated in the onset of muscle fatigue (Boning et al., 2005). Petrofsky et 

al. (2007a) measured skin blood flow in the foot during 16 min of contrast bath 

therapy and concluded that a ratio o f 3 min warm to 1 min cold elicited a significantly 

greater blood flow response than a warm water treatment alone for the same duration. 

Fiscus et al. (2005) reported that while warm water immersion o f the lower leg 

caused limb blood flow to increase over a 20 min immersion period, contrast 

immersion (4 min warm (40°C) followed by 1 min cold (13°C)) over the same period 

produced significant blood flow fluctuations in resting participants. If, as it would 

appear, the blood flow effect attributed to cold and hot contrast therapy is dependent 

on substantial fluctuations in tissue temperature it would seem sensible to consider 

using lower temperatures and extended immersion times during the cold phase in 

particular. While 40°C is sufficiently warm to cause a rise in muscle temperature at 

1cm below skin and subcutaneous tissue, 15°C does not appear to be sufficiently cold 

to lead to a significant decrease in muscle temperature during a 1 min cold water 

immersion following a warm water immersion phase (Myrer et al., 1994).
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Coffey et al. (2004) demonstrated that contrast water immersion had a positive effect 

on blood lactate clearance following high intensity treadmill running but this did not 

have a significant effect on subsequent performance. Morton (2007) also reported that 

contrast water immersion, using water temperatures o f  36 and 12°C, hastened blood 

lactate clearance follow ing repeated Wingate tests in both male and female 

volunteers. Similarly, Hamlin (2007) demonstrated that contrast water therapy (6 

phases o f  1 min cold immersion to hip level and 1 min hot shower) was more 

effective in clearing blood lactate following a repeated sprint test than an active 

recovery, however, this had no significant effect on subsequent exercise performance 

1 h after treatment. Recent research would also suggest that contrast treatment might 

prove beneficial in alleviating the symptoms o f  muscle damage follow ing exercise 

such as delayed onset m uscle soreness (Kuligowski et a l ,  1998; Vaile et a l ,  2007).

1.7.3 CWT and DOMS

Kuligowski et al. (1998) compared a 24 min warm, cold and contrast water 

immersion immediately following a protocol designed to induce DOM S in the 

forearm flexors and reported that both cold and contrast decreased perceived pain 

levels at 24, 48 and 72 h compared with warm immersion and non-immersion. Vaile 

et al. (2007) also demonstrated at 24 and 48 h post-exercise a greater percentage 

decrease in peak isometric force and peak power (measured via jump squat) following  

passive recovery compared with CWT. In a subsequent study, the same authors 

reported that squat jump performance and isometric force recovery were significantly 

improved at 24, 48 and 72 h following CWT vs. passive recovery, and at 48 and 72 h 

for CWI vs. passive recovery (Vaile et al., 2008b). This evidence would suggest that 

CWT may be a more effective intervention than CWI in terms o f  the alleviation o f  the 

symptoms o f  DOMS, however, further research is required.

1.8 Lactate 

1.8.1 Origin of lactate

Lactate is generated in skeletal muscle cells as a result o f  the anaerobic breakdown o f  

glucose in the cell cytoplasm during glycolysis, see Figure 1.8. This process converts 

a single glucose m olecule into 2 m olecules o f  pyruvic acid, which can subsequently 

follow  one o f  two paths. If there is a sufficient supply o f  O2 in the m uscle cell, the
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pyruvic acid is shuttled into the mitochondrial matrix where it is converted to acetyl 

CoA, which is the initial substrate o f the Tri-carboxylic acid (TCA) cycle. The 

coenzymes NADH and FADH 2 generated during the TCA cycle serve as the energy 

source for rephosphorylation o f ATP during the subsequent oxidative phosphorylation 

phase. Each molecule o f glucose that goes through this process yields 36 ATP 

molecules. Alternatively, if  O 2 levels are insufficient, for example during high- 

intensity exercise, the enzyme lactate dehydrogenase (LDH) converts pyruvic acid to 

lactic acid in the cell cytoplasm. Lactic acid immediately dissociates in solution in the 

muscle cell yielding a lactate anion and a hydrogen ion. Anaerobic glycolysis only 

yields 2 molecules o f  ATP for every glucose molecule consumed, but involves far 

fewer steps than aerobically produced ATP and consequently ATP is generated much 

faster. However, glycogen stores are rapidly depleted during high-intensity exercise 

(Hargreaves e t a l ,  1998b).
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Figure 1.8: The lactate shuttle hypothesis (adapted from Brooks (1986)).
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1.8.2 Lactate transport

During supramaximal exercise lactate and ions accumulate in the active skeletal 

muscle. Lactate can be oxidised within the muscle fibre itself or it can be released 

into the circulation to be processed by other cells (Brooks, 1986). The transport o f 

lactate across the sarcolemma o f skeletal muscle is primarily mediated by proton- 

linked monocarboxylate transporters (M CT’s) found in the muscle cell membrane 

(Juel, 1988). The existence o f a membrane-bound lactate transporter was first put 

forward by Roth and Brooks (1990) and they studied the kinetics o f lactate transport 

in sarcolemmal membrane vesicles purified from rat skeletal muscle and concluded 

that lactate and were co-transported. Due to the difficulty o f  determining lactate 

transport kinetics in intact muscle, sarcolemmal membrane vesicles were used to 

determine the rate o f both influx and efflux (Bonen et a l ,  1997). It was confirmed 

that lactate crosses the sarcolemma by means o f a stereo-specific transport system 

based on a 1:1 coupling ratio between lactate and H^. The M CT’s facilitate the 

transport o f monocarboxylates such as lactate and pyruvate into a range o f tissues 

such as the heart and several isoforms have been identified in mammals with different 

tissue distributions (Wilson et a l ,  1998; Pilegaard et al., 1999).

With regard to influx and efflux o f lactate from human skeletal muscle, M CTl and 

MCT4 would appear to be the most relevant isoforms. Pilegaard et a l (1999) 

investigated the distribution o f M CTl and MCT4 in biopsies obtained from the 

soleus, triceps hrachii and vastus lateralis. Western blotting determined that M CTl 

content was positively correlated with the percentage o f type 1 fibres in the muscle. 

Immunofluourescence microscopy demonstrated that both M CTl and MCT4 were 

localized in the sarcolemma with MCT4 more concentrated in the membrane o f type 

II fibres than type I fibres. M CTl expression in individual muscles seems to correlate 

with their mitochondrial content such that muscles like the soleus which 

predominantly contain slow oxidative fibres, express large amounts o f M CTl 

whereas muscles with a high proportion o f  fast-twitch glycolytic fibres such as 

semimembranosus contain almost none (McCullagh et a l ,  1996).

MCT4 is also expressed in human white blood cells, which are highly glycolytic and 

net exporters o f lactate (W ilson et a l ,  1998). This would suggest that MCT4 is 

primarily involved in lactate efflux from the glycolytic muscle fibres. The mechanism
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of transport involves an ordered sequential mechanism whereby a proton first binds to 

the transporter and then the lactate anion (Juel & Halestrap, 1999). This is followed 

by the translocation of both lactate and proton across the sarcolemma and their 

sequential release from the transporter. Lactate transport activity increases in 

response to increased muscle activity. Irrespective of which MCT isoforms are 

involved, it appears that increased physical activity can improve the lactate-proton 

capacity of skeletal muscle. If lactate transport is indeed coupled to the movement of 

(Bangsbo et a l,  1995) then the activity of MCT’s must play an important role in 

muscle pH regulation, particularly during intense exercise (Juel, 2001). However, the 

co-transporter system is primarily driven by the lactate gradient unlike the Na^-H"  ̂pH 

regulatory mechanism which is strongly activated if internal pH is reduced. As there 

is co-expression of both MCTl and MCT4 it has been suggested that each isoform 

may play a different role in lactate transport. The predominance of MCT4 in 

glycolytic fibres may reflect the muscles requirement for lactate efflux whereas the 

level of MCTl expression in oxidative fibres may reflect the requirement for lactate 

influx for subsequent oxidation.

1.8.3 Blood lactate clearance

Lactate enters the bloodstream from the muscle cell, and is transported to highly 

aerobic tissues such as cardiac muscle where it is metabolised (Miller & Olson, 

1952). Lactate can also be used by the liver (Cori cycle) to generate glucose by acting 

as a substrate for gluconeogenesis (Roef et a l ,  2003). This glucose can be then be 

transported to the skeletal muscle via the circulation to fuel further activity or can be 

used to replenish glycogen stores (Richter et a l ,  1982). During intense exercise the 

rate of removal of lactate is unable to keep pace with the rate of production and blood 

lactate concentration increases. Subsequently H^ concentration also increases, 

resulting in a decrease in muscle and blood pH. This accumulation o f lactate has been 

implicated in the onset of muscle fatigue, possibly independent of a reduction in pH. 

Hogan et a l (1995) demonstrated that infusion of lactate significantly reduced tension 

development in dog gastrocnemius muscle while arterial and muscle pH were 

unchanged between control and infusion groups.
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During recovery from sustained exhaustive exercise, most o f the lactate accumulated 

during exercise will continue to be removed via oxidation, however, as the respiratory 

rate o f the muscle declines, lactate becomes the preferred substrate for hepatic 

gluconeogenesis (Brooks, 1986). Gluconeogenesis can also occur within the muscle 

itself, and following high-intensity exercise up to 50% o f the lactate formed during 

exercise is subsequently used for muscle glycogen resynthesis with a relatively small 

amount (10%) taken up by the liver (Astrand et a l ,  1986). M edbe et al. (2006) also 

investigated the extent to which lactate was resynthesised to glycogen within the 

formerly active muscles during the recovery period following intense cycle exercise 

and reported that 52% o f the lactate produced during exercise was resynthesised to 

glycogen with the remaining lactate released into the blood. Bangsbo et al. (1991) 

differed from this by suggesting that over two-thirds o f the lactate accumulated in the 

muscle during intense exercise was released into the blood, with much o f the 

remaining lactate converted to glycogen, however this was following one-legged knee 

extension as opposed to dynamic cycle exercise. Hatta et al. (1989) injected radio- 

labeled 14C-lactate or 14C-glucose into the aorta o f Wistar rats immediately after 

short-term intense exercise and reported that blood glucose was the preferred 

substrate for muscle glycogen resynthesis {vastus lateralis) even though blood lactate 

was also incorporated into the muscle during recovery.

There is some suggestion that muscle fibre type may play an important role, with 

glycolytic fibres having a greater capacity to convert lactate to glycogen than 

oxidative fibres (McLane & Holloszy, 1979; Pagliassotti & Donovan, 1990). The rate 

o f muscle glycogen resynthesis (15.1 to 33.6 m m ol.kg''.h"') following short term, 

high intensity exercise which places a high energy demand on glycolytic muscle 

fibres, has been reported to be much higher than the resynthesis rate (~2 m m ol.kg''.h ' 

')  following prolonged sub-maximal exercise (Pascoe & Gladden, 1996). Bonen et al. 

(1990) also concluded that the rate o f muscle gluconeogenesis was highly correlated 

with the number o f glycolytic fibres in a muscle, and that gluconeogenesis increased 

linearly with the increasing concentration o f lactate. Stevenson et al. (1987) suggested 

that limited resynthesis o f glycogen from lactate occurred in the muscle during the 

recovery period following electrically stimulated contraction but only when blood 

lactate concentrations were high, otherwise the lactate accumulated in the muscle 

during the contractions diffused into the bloodstream. Blomstrand et al. (1984)
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compared the effect o f  cold exhaustive cycle ergometer exercise (muscle temperature 

o f 29°C) with that o f warm exhaustive exercise (muscle temperature o f 34°C) and 

concluded that peak blood lactate concentration appeared significantly later following 

the cold exhaustive exercise and this was attributed to a slower elimination rate o f 

lactate from the muscle. Jacobs et al. (1985) compared glycogen depletion in active 

skeletal muscle after light and moderate cycle ergometer exercise in both cold (9°C) 

and comfortable (2 r C )  ambient conditions and reported that there was greater 

glycogen depletion following exercise in the cold condition. This increase in substrate 

utilisation during the cold condition was attributed to shivering thermogenesis.

In support o f this, research in rested volunteers following CWI at 18°C has shown that 

intramuscular glycogen reserves are used as a metabolic substrate to fuel thermogenic 

shivering activity in human skeletal muscle (Martineau & Jacobs, 1988). 

Subsequently, Martineau and Jacobs (1989) also demonstrated significant decreases 

in muscle glycogen content o f the vastus lateralis following prolonged CWI at 18°C 

in rested participants. In addition, Blomstrand and Essen-Gustavsson (1987) reported 

that both Type 1 and Type II fibre types contained higher concentrations o f  lactate at a 

reduced muscle temperature by comparison with normal muscle temperature when 

biopsies were performed post-exercise.

It has also been proposed that an intracellular lactate shuttle exists which involves the 

transport o f lactate into the mitochondrial matrix (Figure 1.8) where it is oxidized 

(Brooks et a l ,  1999), however, the presence o f mitochondrial lactate dehydrogenase 

(LDH) in skeletal muscle has been disputed (Rasmussen et al., 2002) and without 

LDH the mitochondria would be unable to metabolize lactate. The intracellular lactate 

shuttle theory is supported by data from Hashimoto et al. (2006) identifying the 

presence o f M CTl and LDH in the mitochondrial reticulum o f rat-derived skeletal 

muscle cells.

1.9 Fatigue

Fatigue is defined as the inability to maintain the required level o f work, which in 

exercise leads to a reduction in performance or the complete termination o f activity 

(M eeusen et al., 2006). Muscle fatigue occurs when the exercising muscle no longer 

responds to neural stimulation with the same degree o f contractile activity. Possible
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causes include an increase in local inorganic phosphate resulting from the breakdown 

of creatine phosphate; accumulation of lactic acid which may disrupt excitation- 

contraction coupling; depletion of glycogen reserves and loss of body fluids which 

increases metabolic, cardiovascular and thermoregulatory strain, particularly during 

prolonged exercise in hot conditions. These factors can combine to produce 

peripheral fatigue which is independent o f the CNS.

1.9.1 Central fatigue

Noakes et al. (2004) proposed that exercise performance was regulated by the CNS to 

prevent catastrophic physiological failure and that conscious sensations o f fatigue do 

not originate directly from the build-up of metabolites in the muscle but rather from 

the subconscious parts of the brain. Central fatigue occurs when the CNS no longer 

adequately activates the motor neurons supplying the working muscles, which causes 

the person to slow down or terminate exercise even though the muscles themselves 

are still able to perform. Central fatigue is often psychologically based and may stem 

from discomfort during strenuous exercise. Well-trained and highly motivated 

athletes are able to overcome this to a certain extent. During less strenuous exercise 

central fatigue may be associated with boredom or lack of sleep. Fatigue during 

prolonged exercise in warm conditions typically coincides with the athlete attaining 

their critical Tc. Nybo and Nielsen (2001) demonstrated that exercise induced 

hyperthermia reduced the level of voluntary activation during sustained maximal knee 

extension following cycling to exhaustion in hot conditions, which resulted in a peak 

Tc of 40 ± O.rC. However, when electrical stimulation was superimposed, the ability 

of the knee extensors to generate maximum force was the same in the hyperthermic 

trial when compared with a thermoneutral control. This reduced ability to voluntarily 

activate skeletal muscle also applied to muscle groups that were inactive during the 

preceding exercise bout, as force development during handgrip contractions followed 

the same pattern of response as was observed for the knee extensors. Central fatigue 

has been linked to a critical core temperature o f 40°C in humans and support for the 

critical core temperature theory is provided by Walters et al. (2000) which reported 

that exercising rats reached exhaustion at ~42°C regardless of their Tc at the onset of 

exercise. The serotonin hypothesis states that during prolonged exercise, increased 

brain serotonergic activity may cause a loss of drive and motivation, resulting in a
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reduction in motor unit recruitment. Prolactin release is regulated by the serotonergic 

and dopaminergic systems and as such, it can be used as an indirect marker of their 

activity. Prolactin release typically peaks at the point of exhaustion during exercise in 

the heat and is related to the Tc response. However, the critical Tc theory is not 

supported by a number o f studies (Morrison et a i ,  2004; Thomas et a i ,  2006) which 

have examined the effect of passive heating on central fatigue. Thomas et al. (2006) 

reported that voluntary force production and activation was reduced with passive 

hyperthermia and this was independent of muscle temperature, however, central 

fatigue did not occur at any one particular temperature and the reduction in force 

occurred at core temperatures significantly lower than the 40°C critical limit. In hot 

conditions, exercise-induced dehydration increases physiological strain and decreases 

performance as the ability of the athlete to tolerate thermal strain is impaired due to a 

reduced sweat rate and skin blood flow compared with euhydration (Sawka & 

Montain, 2000). It has been suggested that thirst is not a good indicator of fluid 

requirements as it is only perceived after an individual has lost > 2% of their body 

weight (Hubbard et a i ,  1984; Engell et a l ,  1987) and a loss of this magnitude can 

have a negative effect on performance (Sawka & Noakes, 2007). However, Goulet 

(2011) conducted a meta-analysis of the existing literature which investigated the 

effect of exercise-induced dehydration (mean body weight loss of 2.2 ± 1.0%) on time 

trial performance and concluded that relying on the sensation of thirst to gauge the 

need for fluid replacement maximises cycling TT performances, and that compared 

with euhydration, exercise-induced dehydration did not affect self-paced exercise. 

Watson et al. (2005) investigated the effect of dehydration (mean body mass loss of

2.2 ± 0.4%), induced via administration o f a diuretic, on 50, 200 and 400m sprint 

running and reported that sprint performance and vertical jump height were 

unaffected. During relatively short periods of high-intensity exercise, assuming that 

exercise was started in a euhydrated state, exercise-induced dehydration is unlikely to 

have a significant negative effect on performance by contributing to central fatigue.

1.9.2 Peripheral fatigue

A number o f variables can contribute to the onset of peripheral fatigue, which impairs 

local muscle function and contributes to the eventual onset of central fatigue.
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1.9.2.1 Lactate accumulation

Lactate accumulates in the muscle tissue and blood (Juel et al., 2004) as a result of 

ATP production via anaerobic glycolysis during strenuous exercise. While some of 

this accumulated lactate will be metabolised in the muscle itself, much o f it will be 

released into the circulation during the post-exercise recovery phase (Bangsbo et al., 

1991). This lactate can then be transported via the circulation to the liver as a 

gluconeogenic precursor (Dubouchaud et a l ,  2000) and to the heart where it is a 

major respiratory fuel (Juel & Halestrap, 1999). Lactate accumulation has also been 

implicated in contributing to the onset o f fatigue by disrupting excitation-contraction 

coupling, and thus, promoting a decline in tension development independent o f pH 

(Hogan et al., 1995; Favero et al., 1997; Spangenburg et al., 1998).

Movement o f lactate is coupled to the movement o f H"̂  in a 1:1 ratio, so it is 

reasonable to assume that lactate transport is an important factor in muscle pH 

regulation (Juel & Halestrap, 1999). However, there is not universal agreement on 

this point. It has been suggested that lactate production does not cause cellular 

acidosis but the two simply coincide (Robergs et al., 2004). It has also been 

contended that the accumulation o f lactic acid within skeletal muscle directly 

contributes to intracellular acidosis, as it is a strong acid anion that alters the 

behaviour o f water and yields an approximate 1:1 release o f lactate ions and H^ 

(Boning et al., 2005; Lindinger et al., 2005). In any case it is agreed that lactate 

remains a good indirect marker o f acidosis.

A linear relationship between lactate accumulation and the reduction in muscle pH 

has also been demonstrated during isometric conditions in exercising humans (Sahlin 

et al., 1975). However, there is also the possibility that an accumulation o f lactate 

ions may contribute to reduced muscle tension independent o f muscle pH, such that 

an increased ability to clear blood lactate during continuous and intermittent 

supramaximal cycling exercise was associated with a delayed onset o f fatigue (Hogan 

et al., 1995; Thomas et al., 2004). Irrespective o f the differing opinions on the effect 

o f lactate, what is clear is that blood lactate increases as a result o f high-intensity 

exercise and the magnitude o f this increase is intensity dependent.
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1.9.2.2 Acidosis

During high-intensity exercise lactic acid is produced by the exercising muscle and 

this subsequently dissociates in solution at physiological pH to yield lactate and free 

(Philp et a l ,  2005). Within the muscle, a build up o f during high-intensity 

exercise may limit the ability to generate tension via disruption o f excitation- 

contraction coupling and regulation o f the cross-bridge cycle (Spriet et a l ,  1985; 

Metzger & Fitts, 1987; Chin & Allen, 1998). The reduction in muscle pH following 

exercise is related to the exercise intensity (Street et al., 2001). Movement o f lactate 

is coupled to the movement o f H^ in a 1:1 ratio, so it is reasonable to assume that 

lactate transport is an important factor in muscle pH regulation (Juel & Halestrap, 

1999). After leaving the active muscle cell H^ accumulates in the blood where it may 

lead to the onset o f metabolic acidosis (Hollidge-Horvat et al., 1999). Much o f this H^ 

is buffered chemically via reversible reactions such as the carbonic acid/bicarbonate 

buffer system, which forms carbon dioxide that is readily “blown o f f ’ via an 

elevation in ventilation appropriate to the exercise intensity (Hirakoba et al., 1996). A 

significant linear relationship between increased H" and a decline in maximum 

voluntary contraction has previously been demonstrated (M iller et al., 1988), and this 

suggests that increased H^ is an important determinant o f muscle fatigue. The slow 

phase o f phosphocreatine resynthesis is limited by a reduction in intramuscular pH, 

and this resynthesis is dependent on blood flow to the muscle remaining intact (Sahlin 

et a l ,  1979). Reduced plasma pH following high-intensity exercise would appear to 

impair subsequent exercise performance, thus an intervention capable o f more rapidly 

clearing lactate and H"̂  may prove beneficial.

1.9.2.3 Phosphocreatine depletion

High-intensity, short duration exercise such as a standard 30 s Wingate test requires 

rapid generation o f force and therefore a substantial amount o f ATP is derived from 

the breakdown o f phosphocreatine, which is stored in skeletal muscle (Hill, 1962). 

Phosphocreatine can be re-synthesized via a reversible reaction catalysed by the 

enzyme creatine kinase, which transfers the phosphate group from ATP back to 

creatine. However, stores in the active muscle are quickly depleted during intense 

exercise and this can limit further exercise performance (Naveri et a l ,  1997). 

Bogdanis et al. (1995) previously demonstrated that a 6 min rest period following a
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30 s maximal sprint was inadequate to allow power output to recover fully, and this 

was partly attributed to the concentration o f phosphocreatine being 85% o f the pre

exercise level at the end o f the rest period, see Figure 1.9. Oral creatine 

supplementation has been associated with improved maintenance o f power output 

during repeated bouts o f high-intensity cycle ergometer exercise (Balsom et a l ,  

1995), however, other research has reported that despite creatine supplementation 

elevating the intramuscular store o f creatine, it did not affect performance o f single 

(Odland et a l ,  1997) or repeated (Finn et al., 2001) maximal sprints. This would 

suggest that despite increasing muscle creatine stores, supplementation does not 

increase phosphocreatine content prior to high-intensity exercise and the rate o f  

resynthesis following high-intensity exercise
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Figure 1.9: Phosphocreatine resynthesis following supram axim al exercise. Time course o f  

phosphocreatine resynthesis and m uscle lactate disappearance (top) and muscle pH changes (bottom ) 

during recovery from a 30 s maximal cycle ergom eter sprint (n=8). Data for PCr expressed as a

percentage o f  the resting concentration and for lactate as a percentage o f  the peak content. * /’<0.0I vs.

Rest, t  P<O.OI vs. 1.5 min (adapted fi'om Bogdanis et al. (1995)).
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1.9.2.4 K~ accumulation

The accumulation o f  extracellular as a result o f  rapid and repetitive muscle 

activation during intense exercise, may contribute to muscle fatigue by increasing the 

action potential threshold and reducing the excitability o f  the muscle fibres (Cairns et 

a l ,  1997). McKenna et al. (2006) investigated the link between reactive oxygen  

species, K"̂  regulation and skeletal muscle fatigue. Infusion o f  the antioxidant 

compound N -acetylcysteine, both prior to and during cycle ergometer exercise, 

increased time to fatigue compared with control (23.8 ± 8.3%) and this was attributed, 

at least in part, to improved K"̂  regulation. In post-operative lung transplant patients, 

impaired K  ̂ regulation may be responsible for poor exercise performance, where the 

rise in plasma K  ̂ during incremental cycle ergometry is much larger than in healthy 

controls (McKenna et a l ,  2003). However, Mohr et al. (2004) investigated 3 one- 

legged knee extension exercise bouts to exhaustion, separated by 10 min recovery and 

demonstrated that the rate o f  K  ̂ accumulation progressively declined during the 

repeated bouts, suggesting that accumulation o f  interstitial K  ̂ p e r  se  did not cause 

fatigue when intense exercise was repeated.

1.9.2.5 Glycogen depletion

Exhaustion often coincides with muscle glycogen depletion, particularly during 

endurance exercise o f  > 90 min duration (Hawley et a l ,  1997), and carbohydrate 

ingestion during prolonged exercise has been demonstrated to delay fatigue (Coggan 

& Coyle, 1991). While glycogen availability may be a limiting factor for prolonged 

endurance exercise below the lactate threshold (Febbraio & Dancey, 1999), it is not a 

limiting factor for high-intensity, short-duration exercise. With repeated high- 

intensity exercise bouts, large decreases in m uscle ATP and phosphocreatine, in 

conjunction with increases in H  ̂ and muscle and blood lactate, are more likely to 

contribute to a reduction in perfoiTnance than m uscle glycogen depletion (Hargreaves 

et a l ,  1998b). The rate o f  muscle glycogen resynthesis is higher follow ing short- 

duration, high-intensity exercise than follow ing prolonged, moderate intensity 

exercise. Bangsbo et a l  (1991) reported a glycogen resynthesis rate o f  15.1 m mol.kg' 

'.h"' follow ing 3 min o f  intense knee extension exercise while Choi et al. (1994) 

reported a rate o f  18 m mol.kg’’.h’' following three 1 min cycling bouts at 130% 

V 0 2 max- In comparison, the resynthesis rate following prolonged exercise is
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approximately 2 mmol.kg’'.h'' (Blom  et a l ,  1986; Ivy et a i ,  1988). Peak m uscle and 

blood lactate is higher following high-intensity exercise compared with prolonged 

exercise and as lactate is a glycolytic intermediate this may contribute to the increased 

rate o f  glycogen synthesis.

Stevenson et al. (1987) suggested that resynthesis o f  glycogen from lactate requires a 

high blood lactate concentration in order to prevent lactate diffusing from the m uscle 

cells into the circulation. Nordheim and Vollestad (1990) demonstrated that when 

high m uscle lactate concentration is elevated, glycogen is resynthesised in inactive 

Type II fibres, however, it is oxidised in preference to glycogen in Type I fibres. 

During active recovery following high-intensity exercise, Fairchild et al. (2003) 

reported that glycogen present in Type I fibres was broken down yet glycogen  

resynthesis in Type II fibres was unaffected by low  intensity exercise (40% VOamax )• 

These findings support the hypothesis that during the early stages o f  recovery 

following high-intensity exercise, much o f  the lactate produced becomes a substrate 

for glycogen resynthesis within the Type II m uscle fibres. However, compared with 

passive recovery, active recovery can impede m uscle glycogen resynthesis follow ing  

high-intensity exercise and this may be a result o f  blood lactate being directly 

oxidised by the active Type I fibres or transported to other removal/processing sites 

such as the liver or inactive skeletal muscle, thus, reducing lactate availability for 

glycogen resynthesis in Type II fibres (Choi et a i ,  1994).

1.10 Haematological response to high-intensity exercise

Leucocytosis is an abnormal increase in the number o f  white blood cells in the blood 

as a result o f  infection; however, leucocytosis can also occur in response to strenuous 

exercise. McCarthy et al. (1992) demonstrated this immediate leucocytosis follow ing  

30 min exercise on an electronically braked cycle ergometer at 70% o f  individual 

V 0 2 max and suggested that the immediate leucocytosis induced by exercise was 

mediated by norepinephrine and epinephrine. A similar immune response to that 

exhibited following high-intensity cardiorespiratory exercise has been demonstrated 

following resistance exercise in the form o f  repeated leg squats at 65% o f  1-repetition 

maximum (Nieman et a l ,  1995). The magnitude o f  the increase in white blood cell 

count post-exercise appears to be greater in high-intensity, short-duration exercise 

than moderate exercise o f  longer duration (AH et a i ,  2002).

39



The spleen acts as a reservoir for red blood cells, releasing them into the circulation 

during exercise or apnoea. Bakovic et al. (2005) investigated the effect o f repeated 

maximal apnoeas, with the face immersed in cold water, on trained divers and 

splenectomised participants with no diving experience. The circulating volume o f red 

blood cells increased in the diving group but not in the group that had their spleens 

removed. Similarly, immediately after a single 30 s Wingate test in untrained 

participants, red blood cell count is significantly higher than baseline and this has also 

been attributed to a release o f red blood cells from the spleen (Flamm et a l ,  1990; 

Laub et a l ,  1993). However, this increase in red blood cells is not solely responsible 

for the rise in haematocrit during and immediately after strenuous exercise and other 

factors such as fluid loss to the extravascular space must be considered. A significant 

haemoconcentration effect (APV = -17.4 ± 2.6%) has been demonstrated in response 

to a single 30 s Wingate test in active male participants, with a further, but not 

significantly greater haemoconcentration following an additional Wingate test 10 min 

later (APV = -8.2 ± 1.1%) which suggests that the plasma volume response to high- 

intensity exercise is affected by an existing haemoconcentration (Whittlesey et a l ,  

1996). Similarly, Rotstein et a i  (1998) demonstrated that at both 22°C and 35°C, six 

1 min cycling bouts at 100% V 0 2 peak significantly reduced plasma volume with no 

difference between the cool and warm conditions. Miles et a l  (1983) investigated the 

effect o f muscle mass on changes in plasma volume and reported that at the same 

relative intensity (% V 0 2 peak) the reduction in plasma volume was the same for both 

arm cranking and cycling exercise (APV = 18%) which indicated that the drop in 

plasma volume was directly related to exercise intensity and mean arterial pressure 

(MAP) rather than the size o f the muscle mass involved.

1.11 The W ingate test

The Wingate anaerobic test (WAnT) was developed during the 1970’s at the Wingate 

Institute for Physical Education and Sport, Netanya, Israel. The test was primarily 

devised as a means o f assessing muscle power, muscular endurance and fatigue. The 

Wingate test can be conducted on a mechanically or electro-magnetically braked 

cycle ergometer. Electro-magnetically braked ergometers are controlled using a 

computer software interface, whereas with a mechanically braked ergometer flywheel 

resistance is applied m.anually using weights suspended by a rope. Micklewright et a l
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(2006) compared the performance outcomes o f Wingate tests as measured by both 

types o f ergometer and concluded that results produced using the electro-magnetically 

braked ergometer were valid, however, interpretation o f the results should take into 

consideration the extent to which the protocol deviates from the original Wingate test 

protocol as described by Inbar et al. (1996). The standard Wingate test requires the 

participant to pedal on a cycle ergometer for 30 s at maximal capacity against a 

constant braking force. A 40 s anaerobic test was recommended by Katch et al. 

(1977) however when data from a 40 s Wingate test were compared with the 30 s test, 

both peak power and mean power were significantly reduced (Maud & Shultz, 1989).

It is important that participants are properly motivated and encouraged during a 

W ingate test. This becomes an even greater consideration when repeated Wingate 

tests are required, as there is always the possibility that they will avoid truly maximal 

effort as they feel they may not be able to complete the exercise protocol. The 3 main 

indices measured are peak power (PP), mean power (MP) and the rate o f  fatigue or 

fatigue index (FI). Peak power represents the highest mechanical power elicited 

during the test and typically occurs within the first few seconds. Mean power is the 

average power sustained over the 30 s period. Rate o f fatigue is the degree o f power 

drop-off during the test. Total work can also be calculated over the 30-s period as the 

product o f mean power and time. Data may be expressed in absolute terms (W) or 

relative to body mass (W .kg''). Originally peak power was assumed to represent the 

phosphagen energy system and mean power reflected the rate o f anaerobic glycolysis 

in the muscle. During a 30 s Wingate test, the contribution o f energy from the 

anaerobic system exceeds that o f the aerobic system. Kavanagh and Jacobs (1988) 

investigated oxygen consumption during a Wingate test based on an assumed 

mechanical efficiency o f 25%, and estimated the aerobic contribution to be 18%. 

However, Bogdanis et al. (1996b) reported an aerobic contribution o f 29% in a 

similar 30-s test, using an individual mechanical efficiency. The breakdown o f 

phosphocreatine to yield ATP is generally thought to provide the immediate energy 

required for explosive exercise such as weightlifting or sprinting (Glaister, 2005) and 

it would be reasonable to suggest this is the primary source o f energy during the peak 

power phase o f a Wingate test.
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However, Jacobs et al. (1983) demonstrated that muscle lactate rises to extremely 

high levels (36 mmol.kg"' dry weight) after only 10 s o f supramaximal cycle exercise, 

thus peak power is unlikely to reflect purely alactic energy processes alone. Mean 

power data is used to assess local muscular endurance over the test period. The 

Wingate test is now widely used and accepted as a method o f quantifying high- 

intensity exercise performance (Patton et a l ,  1985; Vandewalle et al., 1987; 

Hebestreit et al., 1993; Odland et al., 1997; Calbet et al., 2003; Fatouros et al., 2005; 

Hoffman et al., 2009). The nature o f the individual performing the test must be taken 

into consideration with sprint athletes generating higher venous blood lactate than 

endurance-trained athletes, reflecting the difference in muscle physiology (fibre type) 

and the relative contribution o f aerobic versus anaerobic energy systems (Granier et 

al., 1995).

1.12 Alternative recovery interventions

A number o f recovery interventions are regularly used post-exercise, often in 

conjunction with CWl or CWT as part o f an overall recovery strategy. As well as 

rehydration and nutritional strategies, which include carbohydrate and protein 

ingestion, active recovery, sports massage and compression garments are also used in 

a variety o f  sports.

1.12.1 Active recovery

Active recovery involves exercising at a low to moderate intensity following an 

exercise bout and has been shown to facilitate blood lactate clearance compared to 

passive recovery (McAinch et a l ,  2004). Martin et al. (1998) also demonstrated that 

active recovery at an intensity o f 40% V02peak accelerated lactate clearance compared 

to passive rest, see Figure 1.11. There are a number o f studies where an improvement 

in blood lactate clearance during recovery was not associated with an improvement in 

subsequent performance which would suggest that lactate clearance is less useful as a 

marker o f  recovery than was previously thought (Coffey et al., 2004; McAinch et al., 

2004; Hamlin, 2007; Vaile et al., 2010).

Spencer et al. (2006) concluded that there was a sub-optimal effect o f  active recovery 

at -32%  V02max on subsequent repeated-sprint cycling, resulting in lower power 

outputs when compared with passive recovery, which would suggest that low to
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moderate intensity exercise may not be suitable for recovery purposes in some cases. 

A comparison o f active recovery intensities (20% V02max vs. 35% V02max) 

demonstrated no difference in recovery of power output between light and moderate 

active recovery, however, both intensities had a negative effect on repeated sprint 

performance compared with passive recovery, which the authors attributed to an 

attenuated rate of phosphocreatine resynthesis (Spencer et al., 2008). Choi et al. 

(1994) reported that relative to the level immediately after supramaximal exercise, 

muscle glycogen was further reduced by active recovery at 50% V02max (-6.3 ± 3.7 

mmol.kg'* wet weight) whereas it increased following passive recovery (+15.0 ± 4.9 

mmol.kg'* wet weight) which would indicate that muscle glycogen resynthesis was 

impaired by the moderate level of activity during active recovery.

The effectiveness of active recovery between exercise bouts has been compared with 

a number of different water immersion protocols. Coffey et al. (2004) demonstrated 

that active recovery (40% peak running velocity) and CWT for 15 min both facilitated 

post-exercise lactate clearance compared with passive recovery, however, there was 

no difference in subsequent exhaustive treadmill running performance. Hamlin (2007) 

reported that CWT improved lactate clearance compared with active recovery (slow 

jogging) for 6 min, however, there was no difference in subsequent repeated sprint 

performance. Intermittent and continuous cold water immersion for 15 min facilitates 

maintenance of high-intensity cycling performance compared with active recovery, 

primarily through a reduction in thermal strain, despite active recovery enhancing 

blood lactate clearance (Vaile et a l,  2008a). A subsequent study by Vaile et al. 

(2010) supported the finding that performance was maintained following CWl 

compared with active recovery and also demonstrated that arm and leg blood flow 

were significantly reduced immediately following CWI and that this was associated 

with a significant reduction in core temperature.
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Figure 1.10: Post-exercise blood lactate concentration during active recovery. * M assage > rest; * rest 

> exercise; * m assage > exercise, all P<0.05 (adapted from M artin el al. (1998)).

1.12.2 Sports massage

Despite the popularity of post-exercise sports massage there is little evidence to 

suggest it facilitates recovery and subsequent performance (Reilly & Ekblom, 2005; 

Weerapong et a l ,  2005; Bamett, 2006). Martin et al. (1998) compared the effect of 

20 min of sports massage, active recovery and passive rest in promoting blood lactate 

clearance following repeated Wingate tests and reported no significant difference 

between massage and rest, however, active recovery significantly decreased blood 

lactate concentration, see Figure 1.10. Robertson et al. (2004) demonstrated that 20 

min of leg massage had no measurable physiological effect when compared with 

passive recovery following high-intensity exercise and that there was no difference in 

lactate clearance during recovery or peak and mean power output in subsequent 

Wingate tests.

Monedero and Donne (2000) compared the effects of a 20 min massage protocol with 

passive, active (50% V02max) and combined recovery (massage and active) between 

two 5 km cycling time trials and reported that active recovery enhanced blood lactate 

clearance and that the combined protocol was most effective in maintaining 

subsequent time trial performance. There are very few comparisons between massage 

and water immersion protocols in the existing literature. Lane and Wenger (2004) 

investigated the effect o f a 15 min massage protocol on next day recovery from a 

high-intensity cycling bout. While there was a significant decline in total work in the

■ Exercise 
□ Massage 
Q Rest
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passive recovery trial when the cycling bout was repeated 24 h later, there was no 

significant decline in the massage, active recovery (30% V02max) and CWI trials. 

Massage by its very nature is a difficult technique to investigate in a valid, controlled 

way due to its subjective nature and the issue o f standardization, however, the 

existing literature offers little evidence-based support for its usage as a post-exercise 

recovery intervention.

1.12.3 Compression garments

In recent years, the use o f commercially available graduated compression garments 

has become popular. For example, the manufacturers o f the Skins^'^ brand of 

compression garments, see Figure 1.11, claim that enhanced circulation from 

engineered gradient compression assists in reducing lactic acid build-up. However, 

Berry et al. (1990) demonstrated that wearing graduated compression garments, either 

during exercise alone or during both exercise and recovery, did not significantly 

affect oxygen consumption, heart rate, blood lactate or haematocrit during short- 

duration, high-intensity treadmill running and the subsequent 30 min recovery period. 

Duffield and Portus (2007) investigated the effect of full-body compression garments 

on throwing performance and repeated sprint ability o f cricket players and reported 

no performance benefit, however, both muscle soreness and creatine kinase were 

reduced 24 h post-exercise. Also, Scanlan et al. (2008) evaluated the effect of lower 

body compression garments on 1 h cycling time-trial performance and detected no 

significant performance enhancement compared with the control (no compression). 

The effect on simulated team sport activity on consecutive days in rugby players has 

also been investigated with no reported difference in peak power or blood lactate and 

creatine kinase 48 h post-exercise (Duffield et a l ,  2008). There is however, some 

evidence to suggest that compression garments may alleviate the symptoms of DOMS 

by reducing soreness and swelling and promoting recovery o f force production in 

resistance exercise (Kraemer et al., 2001; Kraemer et a l ,  2010). As with massage, 

there are few existing studies which directly compare the effect o f compression 

garments with water immersion protocols. During a 3 day basketball tournament the 

use o f full leg compression garments post-game were not as effective as CWI at 

maintaining 20 m sprint performance and flexibility (sit and reach test) post

tournament (Montgomery et a l ,  2008). French et al. (2008) compared the effect of
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CWT and compression garments on DOMS and detected no significant difference in 

recovery of performance 48 h after an initial resistance exercise bout. The authors 

concluded that neither CWT nor compression garments were more effective at 

promoting recovery from exercise-induced muscle damage than the control condition.

Figure 1.11: Lower body com pression garm ent (Skins™ ).

1.13 CWI and ‘same day’ recovery

Much of the existing literature pertaining to the use of CWI for ‘same day’ recovery 

has investigated its effect on exercise at high ambient temperatures of 27 to 35°C 

(Yeargin et a l ,  2006; Peiffer et a l ,  2008; Vaile et a l ,  2008a; Peiffer et a l ,  2010), see 

Table 1.1. The primary reason for using CWI in this scenario is to reduce thermal 

strain and prolong time to exhaustion or increase distance covered compared with 

non-cooling. CWI between two exercise bouts in the heat will remove heat following 

the first bout and allow the individual to start the subsequent bout at a reduced Tc 

which will increase heat storage capacity and delay the onset o f sweating (Olschewski 

& Bruck, 1988; Wilson et a l ,  2002). Yeargin et al. (2006) demonstrated the 

ergogenic effect of a 12 min cold water immersion (14°C) following 90 min of 

exercise at 27°C, where the outcome was a significantly faster 2-mile cross country 

race time compared with passive recovery. Peiffer et al. (2008) investigated the effect
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of a 5 min immersion at 14°C on repeated cycling performance at 35°C and concluded 

that CWl significantly lowered rectal temperature and maintained performance during 

subsequent high-intensity exercise. Vaile et al. (2008a) compared five different 15 

min recovery interventions (intermittent cold water immersion in 10, 15 and 20°C 

water, continuous cold water immersion in 20 °C water or active recovery) and 

demonstrated that cold water immersion was more effective in maintaining 

subsequent high-intensity performance at 34°C and 39% RH. Time-trial performances 

for all four CWI conditions were significantly better vs. active recovery during the 

second exercise bout.

However, unless sufficient time is allowed to facilitate re-warming of the cooled 

muscles, CWI between bouts is generally contraindicated for same day sprinting or 

explosive types o f exercise where an individual is required to attain maximal or even 

supramaximal intensities. The contractile properties of muscle are impaired by 

cooling (Wiles & Edwards, 1982; Algafiy & George, 2007) and the negative effect of 

reduced muscle temperature on instantaneous power has previously been 

demonstrated (Sargeant, 1987; Bigland-Ritchie et a i,  1992; Ferretti et a l,  1992a; 

Cornwall, 1994). This would appear to be most relevant to anaerobic exercise 

performance as power outputs at sub-normal muscle temperatures are not reduced 

during sub-maximal aerobic exercise (Ferretti, 1992b) and reduced muscle 

temperature may actually have a positive effect on muscular endurance (Sanya & 

Bello, 1999; Hamzat & Fatudimu, 2005). Following immersion of the lower arm in 

water at different temperatures, De Ruiter and De Haan (2000) demonstrated that at a 

muscle temperature o f 22°C, maximal isometric force was reduced to 79% of the 

force generated at 37°C. Furthermore, following repetitive isometric contractions 

maximal power was reduced to 60% at 37°C and 90% at 22°C which suggests that 

fatigue is decreased when muscle temperature is reduced. Crowley et al. (1991) 

demonstrated that a 30 min hip-level immersion at 12°C significantly reduced peak 

and mean power output in a subsequent Wingate test and this is supported by 

Schniepp et al. (2002), reporting that a 15 min hip-level CWI (12°C) between 

Wingate tests resulted in a decrease o f 13.7 and 9.5% for peak and mean power post

recovery compared with 4.7 and 2.3% for the non-cooled control, see Figure 1.12. 

Thus, it is apparent that the physiological effects of CWI which make it a viable 

recovery intervention for endurance exercise, particularly in hot conditions, namely
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reduced core and muscle temperature, make it an unsuitable recovery intervention in 

many same day exercise scenarios where thermal strain and high ambient 

temperatures are not primary limiting factors.
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Figure 1.12: Sprin t perfo rm ance  fo llow ing  C W I. M axim um  pow er ou tpu t u nder norm al cond itions 

(C on tro l) and fo llow ing  15 m in o f  co ld  w ater im m ersion  (12°C ) (adap ted  from  Schn iepp  et al. (2002)).

1.14 CWI and ‘next day’ recovery

In terms of CWI, a ‘next day’ recovery scenario may be more suitable as it avoids the 

issue of core and muscle cooling negatively affecting subsequent high-intensity 

performance such as the multiple sprint activity required in team sports (Montgomery 

et al., 2008; Ingram et a l,  2009; Rowsell et al., 2009), see Table 1.1. Montgomery et 

al. (2008) investigated the cumulative effect of CWI at 11°C vs. carbohydrate plus 

stretching protocol vs. leg compression garments during a 3 day basketball 

tournament and reported that at the end of the 3 days CWI maintained 20m sprint 

performance better than compression and resulted in the smallest reduction in 

flexibility (sit and reach test). However, it is difficult to attribute this effect directly to 

CWI as no thermoneutral control or alternative im.mersion protocol, for example 

CWT was included in the study. However, Ingram et al. (2009) did compare the 

effects of CWI and CWT over a 3 day testing period, where day 1 consisted of 

baseline performance tests followed by simulated team sport exercise, followed by a 

15 min recovery procedure (cold, contrast or non-immersed control) and day 2 was 

just a 15 min recovery procedure. At 48 h post-exercise (day 3) the performance tests 

(10 X 20m sprints and isometric leg strength) were repeated. Muscle soreness was
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significantly lower for CWI vs. CW T and control at 24 h post-exercise and lower than 

control at 48 h. CWI also facilitated a more rapid return to baseline sprint 

performance and reduced the drop in isometric leg strength at 48 h post-exercise. This 

would suggest that in a next day recovery scenario CWI provides improved 

maintenance o f  performance when compared with contrast water immersion.

Rowsell et al. (2009) compared the effects o f  cold (5 x 1 min at 10°C) and 

thermoneutral (5 x 1 min at 34°C) water immersion after each match during a 4 day 

soccer tournament and concluded that CWI reduced the players’ perception o f  leg 

soreness and general fatigue but had no significant effect on physical performance in 

terms o f  high-intensity running and distance run. A limiting factor o f this study was 

that the performance data was collected ‘in-gam e’ where the frequency and intensity 

o f  physical activity was dictated by factors that cannot be controlled such as the 

relative strength o f the competing teams, tactical considerations and individual player 

ability. Also, the intermittent nature o f the CWI protocol (5 x 1 min immersions) 

suggests it was unlikely that any significant core or muscle cooling effect occurred. 

King and Duffield (2009) examined next day recovery in female netball players 

following a simulated exercise circuit and concluded that CWI did not have any 

significant effect on performance variables (vertical jum p, 10 and 20m sprints, total 

circuit time) when compared with CWT, passive or active recovery. However, it 

should be noted that the protocol design meant that a 24 h recovery period was 

sufficient to allow recovery and maintenance o f  performance variables regardless o f 

the nature o f the recovery intervention. In order to assess the effect o f  a recovery 

intervention, the pre-intervention exercise bout must be sufficiently fatiguing to result 

in a decrement in subsequent performance in the absence o f any intervention, such as 

in the case o f a passive control. Also, this study by King and Duffield (2009) used a 

CWI protocol consisting o f a 5 min hip level immersion at 9°C followed by 2.5 min 

seated at air temperature which was then repeated. Again it is unlikely that such a 

protocol would result in significant core or muscle cooling, both o f  which require 

prolonged exposure to CWI.
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Author Exercise type
Ambient

temp. Recovery

Total
CWI

duration
CWI
temp.

Performance
effect

Peiffer et at. 
(2010)

1 km cycling 
time trial 35*C Same day 20 min 14°C No effect vs. 

passive rest

Vaile et al. 
(2008) 30 min cycling 3 3 T Same day 15 min

10, 15 
and 

20°C

Maintained 
performance vs. 
active recovery

Peiffer et al. 
(2008)

4 km cycling 
time trial 35”C Same day 5 min 14°C

Maintained 
performance vs. 

passive rest

Yeargin et al. 
(2006)

2 mile running 
road race 27”C Same day 12 min 14°C

6% faster race time 
vs. passive rest

Schniepp 
et al. (2002)

30 s cycle 
sprints - Same day 15 min 12°C

Significant 
decrease in peak 
and mean power 
vs. passive rest

Crowley et al. 
(1991)

30 s cycle 
sprints - Same day 30 min 12°C

Significant 
decrease in peak 
and mean power 

vs. warming

Rowsell et al. 
(2009)

Soccer match 
running 

performance
36°C Next day 5 min IO°C

Maintained total 
distance run vs. 

TWl

King & 
Duffield 
(2009)

20 m sprint 

10 m sprint 

Vertical jump

17°C Next day 10 min 9°C
No effect vs. CWT 

and active 
recovery

Ingram et al. 
(2009)

Repeated 20 m 
sprint test 20°C Next day 10 min 10°C

Maintained sprint 
performance vs. 

passive rest

Montgomery 
et a i  (2008) 20 m sprint 20°C Next day 5 min irc

Maintained sprint 
performance vs. 

compression 
garments

Table 1.1: CWI usage for same day and next day recovery scenarios.

50



1.15 CWT and ‘same day’ recovery

Coffey et al. (2004) compared the effectiveness o f  a 15 min active recovery (40% 

peak treadmill running velocity), passive recovery and a CW T protocol between two 

bouts o f high intensity treadmill running. The CW T protocol consisted o f standing 

hip-level cold water immersion (10°C) for 1 min and warm water immersion (42°C) 

for 2 min and this sequence was repeated for 15 min. There was no significant 

difference in subsequent performance between interventions despite an increased 

perception o f recovery following CWT and an improved rate o f blood lactate 

clearance for CWT and active recovery when compared with passive. However, it 

should be noted that regardless o f the intervention used, the recovery time between 

exercise bouts (4 h) was sufficient to restore performance to pre-recovery levels. In 

order to demonstrate an improvement in recovery between exercise bouts it is 

necessary that a reduction in performance between exercise bouts is evident in a 

control condition such as passive recovery. Hamlin (2007) investigated the effect o f a 

6 min CWT protocol vs. a 6 min active recovery (slow jogging) between two repeated 

sprint tests in junior rugby players. CWT consisted o f 1 min o f hip level cold 

immersion (8 to 10°C) followed by 1 min in a warm shower (38°C) and this was 

repeated three times. Similar to Coffey et al. (2004), there was no difference in 

repeated sprint performance following either intervention despite CW T facilitating 

post-exercise blood lactate clearance. It should be noted that despite the short duration 

o f both recovery interventions (6 min) the actual recovery window was I h between 

the two sprint tests and the author did not state what level o f activity took place for 

the remainder o f this period.

1.16 CWT and ‘next day’ recovery

Vaile et al. (2008c) compared the effect o f a daily 14 min post-exercise CWT and 

CWI protocol on maintenance o f  sprint and time-trial performance in 12 cyclists over 

a 5 day period. Both CW T and CWI enhanced maintenance o f cycling performance 

over the 5 day period when compared with hot water immersion and passive 

recovery. King et al. (2009) investigated the effect o f a 15 min CWT (1 min cold 

immersion at 10°C, 2 min warm shower at 39°C, performed five times) on simulated 

team sport activity (netball exercise circuit) on consecutive days. In contrast to Vaile 

et al. (2008c), neither CWT nor CWI (9°C for 5 min, followed by 2.5 min seated rest.
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performed twice) had a significant effect on performance, however, performance had 

returned to baseline in the passive recovery condition on the 2"“̂ day so it would 

appear that the exercise protocol was not sufficiently fatiguing to require intervention. 

Ingram et al. (2009) compared the effect o f CW T and CWI on performance 48 h after 

an exercise bout consisting o f 80 min o f simulated team sport exercise (4 x 20 min 

quarters o f intermittent running) followed by a 20 m shuttle run test to exhaustion. 

Immediately post-exercise and 24 h later, participants completed a 15 min CW T (2 

min cold at 10°C followed by 2 min warm at 40°C, performed 3 times) or CWI 

protocol (5 min at 10°C, 2.5 min seated rest, performed twice) and the control trial 

consisted o f  passive seated recovery. Relative to baseline data (gathered prior to the 

simulated exercise bout), CWT did not significantly affect isometric leg strength or 

sprint performance at 48 h post-exercise when compared with the passive control, 

whereas CWI significantly reduced the decrement in isometric leg strength and 

maintained baseline sprint performance compared with CWT and control. Overall, it 

would appear that perhaps CWI is more effective at maintaining next-day exercise 

performance compared with CWT, however, further research investigating the 

cumulative recovery effect o f both CWI and CWT over a number o f consecutive 

exercise days is required.
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Chapter 2
Survey of senior inter-county GAA 
players and physiotherapists: the use 
of water immersion as a recovery 
intervention in elite Gaelic games.
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2.1 Introduction

Given that much o f what we currently know in terms o f  the practical usage o f CWI 

and CWT for injury treatment and general recovery is based on anecdotal 

information, empirical data on the current usage o f  water immersion at elite level in 

sport would provide valuable insight into the methods being used, and the theory 

behind their usage. The simplest method o f  collecting such data is by means o f a 

questionnaire distributed to the relevant groups, namely physiotherapists, athletic 

trainers and the players/athletes themselves. A previous survey, consisting o f  a 

questionnaire com pleted by physiotherapists working with English premiership 

soccer and rugby clubs (2007/08 season), reported that 81% o f respondents (21 o f  26) 

used water immersion, with the most popular reasons being ‘to accelerate recovery’, 

followed by ‘to reduce D O M S’ (Hartley & Goodwin, 2009). On the other hand, 

Venter et al. (2010) conducted a larger survey o f  890 elite South African field sports 

players involved in hockey (24%), netball (24%), rugby (36%) and soccer (16%) and 

documented that cryotherapy, defined as ‘external cold’, was significantly more 

popular (P<0.05) among rugby players compared with hockey, netball and soccer 

players. In addition, Venter et al. (2010) also reported that national and provincial 

level players used cryotherapy (ice packs, ice baths, cold shower) significantly more 

(P<0.05) than club level players. This would suggest that the higher the level o f 

participation in sport, the greater the usage o f cryotherapy, possibly due to the 

increased physical dem ands in terms o f  training load and intensity o f  com petition, and 

therefore the greater need for effective recovery interventions.

The Gaelic Athletic Association (GAA) is the largest sporting organisation on the 

island o f Ireland and the two most popular Gaelic games in terms o f participation are 

Gaelic football and hurling. The games are strictly am ateur and structured along club 

and county lines, with club leagues and cham pionships within each county and a 32 

county league and cham pionship which represents the elite level o f  competition. At 

the elite level, senior inter-county squads in Gaelic football and hurling are com posed 

o f  players selected from club level w ithin their respective county. At present, no data 

is available on the extent o f water immersion usage amongst elite level Gaelic games 

players in Ireland.
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To obtain a better understanding of the frequency and methods o f water immersion 

usage at elite level in Gaelic games we conducted a survey o f senior inter-county 

players and the physiotherapists associated with their respective squads in both Gaelic 

football and hurling.
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2.2 Methods

2.2.1 Administration of survey

Two surveys were devised, one for physiotherapists working with senior inter-county 

squads and one for inter-county players. Due to the similar demands of hurling and 

football in terms of general fitness levels and training loads, as well as the crossover 

between players competing in both codes, particularly at club level, a single on-line 

questionnaire was provided for all players. A second, more detailed on-line 

questionnaire was provided to the team physiotherapists. Both surveys contained 

common sections, however, some sections were group-specific. Contact was made via 

e-mail with the secretary of the Scientific and Medical Welfare Committee o f the 

GAA based in Croke Park, Dublin. The committee approved the proposed format and 

content o f the physiotherapist survey and provided contact details of relevant 

personnel in each county for both hurling and football. Where there were changes in 

personnel; namely the previously registered physiotherapist was no longer involved 

with the senior inter-county squad; the relevant county board was again contacted and 

requested to provide contact details of their current senior inter-county 

physiotherapist. The player survey was administered via the Gaelic Players 

Association (GPA) which represents over 1500 current senior inter-county Gaelic 

footballers and hurlers. The GPA secretary was contacted via e-mail and having 

approved the format and content o f the proposed questionnaire, the survey was sent to 

the membership via an e-mail containing a HTML hyperlink. The survey protocol 

was conducted according to the Declaration o f Helsinki and approved by the Faculty 

of Health Sciences Research Ethics Committee, Trinity College Dublin.

2.2.2 Survey design

Both surveys were designed and administered using www.survevmonkey.com. and 

required respondents to answer a series o f questions with multiple choice answers. 

The first draft of the questionnaire was tested informally among a small number of 

club level Gaelic football players. In conjunction with the Scientific and Medical 

Welfare committee o f the GAA and the GPA, the draft format was then revised 

before the final questionnaire was distributed. The questions contained in both 

surveys were designed to establish the extent and nature of water immersion usage.
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namely; the proportion o f  squads and individual players using water immersion, 

protocols used, purpose and frequency o f  usage, and depth and body position during 

water immersion, see Appendix 2. Questions were also included to establish the 

general opinion o f senior inter-county players and squad physiotherapists on the 

effectiveness, or otherwise, o f water immersion as a recovery modality and/or an 

injury treatm ent and rehabilitation tool.

2.2.3 Rate of participation and contact method

The survey was conducted during the period from winter 2009 to summer 2010. 

Identified senior inter-county physiotherapists were sent an introductory e-mail 

explaining the nature and purpose o f the survey and asked if they would like to 

participate. When they consented to participate they were sent a hyperlink to the on

line survey. Each on-line survey was linked to a contact e-mail address so that the 

response was automatically logged and assigned to the relevant physiotherapist when 

completed and submitted. In two cases by request, the physiotherapist was sent a hard 

copy o f the survey which they completed and returned by post. There was an 

available sample o f approximately 60 physiotherapists that were associated with 

senior inter-county squads. Contact details were sought for physiotherapists from 

each county football and hurling team, including London and New York, which 

should theoretically result in a maximum sample size o f 68; however, in some 

counties an individual physiotherapist served both football and hurling teams. Overall 

56 completed responses were received from squad physiotherapists representing a 

response rate o f >90% for the total number available.

Unlike the physiotherapists, who were contacted in person, senior inter-county 

players that completed the survey remained anonymous throughout the process. A 

HTML hyperlink which was not linked to a contact e-mail address was provided to 

the secretary o f the GPA. This hyperlink was then placed in an ‘e-zine’, an e-mail 

news service the GPA provides, and forwarded to its membership. When the players 

clicked on the hyperlink they were taken to the survey, and after completing their 

responses they clicked ‘subm it’. All senior inter-county player responses were 

assigned an individual code and the system automatically updated each time a 

response was received to provide a summary o f all responses, which could also be 

viewed individually. Players were excluded from the survey if  they were not currently
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members o f a senior inter-county squad. Due to the amateur nature o f  the GAA, the 

mai<e-up o f  senior inter-county squads is quite fluid and changes on a continuous 

basis as players become injured or are replaced over the course o f the competitive 

season. Thus, unlike professional sports which largely maintain the same playing- 

group over the course o f a season, it is difficult to exactly quantify the number o f 

players represented by the GPA that are currently members o f a senior inter-county 

squad. It is also difficult to know how many players were made aware o f the survey 

as the hyperlink was sent as part o f  an e-zine containing a large amount o f additional 

information. In total, 321 valid, completed responses were received for the playing 

group.
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2.3 Results

O f the respondents in the playing group, 52% were members o f  a senior inter-county 

football squad (165 o f 321); 47% were members o f a senior inter-county hurling 

squad (152 o f 321) and 1 % (4 o f  321) competed in both codes.

2.3.1 Reason for usage and methods used

A total o f 86% o f respondents in the physiotherapist group (48 o f  56) confirmed that 

water immersion was used by the inter-county squads they were associated with, 

while 73% o f respondents in the playing group (235 o f 321) confirmed that water 

immersion was used as part o f their preparation. Overall 5% o f respondents in the 

playing group (15 o f  321) did not use immersion even though the option was 

available to them and a further 22% (71 o f 321) did not use immersion and did not 

have the option to do so. Tables 2.1 and 2.2 summarise responses amongst squad 

physiotherapists and senior inter-county players concerning the primary reasons for 

usage and the type o f  water immersion protocol used.

Training/game
recovery

Soft-tissue/joint 
injury treatment

Both

Players (n=235) 34% 15% 24%

Physiotherapists
(n=48)

21% 21% 58%

Table 2.1: Typical uses o f  water immersion.

CWl CWT Both

Players (n=235) 48% 38% 14%

Physiotherapists
(n=48) 56% 11% 33%

Table 2.2: Typical water imm ersion protocol used.
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2.3.2 Frequency of usage and body position

Analysis revealed that 81% of the respondents in the physiotherapist group whose 

squad used water immersion (39 of 48) stated that the use o f water immersion was on 

a voluntary basis and 19% of the respondents stated that usage was mandatory (9 of 

48). Tables 2.3 and 2.4 summarise responses amongst squad physiotherapists and 

senior inter-county players concerning frequency o f usage and body position during 

water immersion.

Once Twice 3
times

3 times Only used if 
+ injured

Players (n=235) 22% 36% 12% 2% 28%

Physiotherapists
(n=48) 6% 52% 19% 2% 21%

Table 2.3: Frequency o f  usage per weeic.

Seated with legs 
outstretched

Seated with 
knees bent Standing

Players CWI (n=235) 15% 49% 36%

Players CWT (n=122) 6% 6% 88%

Physiotherapists CWI 
(n=48)

21% 56% 23%

Physiotherapists CWT 
(n=23) 26% 9% 65%

Table 2.4: Body position during water immersion.

2.3.3 Duration and depth of immersion

Overall, 61% of physiotherapists (29 of 48) stated that the typical duration of any 

single cold water immersion element used by squad members was between 0 and 3 

min while only 13% (6 o f 48) stated that the typical immersion duration was greater 

than 10 min. Water temperature was not known by 69% of squad physiotherapists (32
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of 48), but 37% (18 of 48) estimated that the typical water temperature ranged from 0 

to 5 °C while 35% (17 of 48) estimated that the typical water temperature ranged from 

5 to 10 °C. Overall, 69% of physiotherapists (16 of 23) stated that the typical duration 

of any warm water immersion/exposure used as part of a contrast immersion protocol 

was between 0 and 3 min. 83% reported that the CWT protocol commenced with the 

cold water immersion (19 of 23) phase and 65% stated that the CWT protocol 

finished with warm water immersion phase (15 of 23). Analysis o f CWT protocol 

ratios (cold: warm) revealed that 35% used a cold to warm immersion ratio o f 1:2 (8 

of 23), 22% used a ratio of 1:1 (5 o f 23) and 22% used a ratio of 1:3 (5 o f 23).

Figures 2.1 and 2.2 summarise responses for physiotherapists and players concerning 

depth o f immersion used during CWl and during warm water immersion as part of a 

CWT protocol. Hip and sternum level immersion were the two most common CWl 

depths according to squad physiotherapists (50 and 40%, respectively) and senior 

inter-county players (41 and 36%, respectively). The most common method o f warm 

water immersion/exposure was a warm shower in the case of 71% of squad 

physiotherapists and 80% of senior inter-county players.

60 - i
Knee level 

Hip level

■  Sternum level

■  Shoulder level

■  Not immersed (shower)

■  Only immerse Injured limb

Physiotherapists (n=48) Players (n=235)

Figure 2.1; Depth o f  imm ersion during CW l,

61



Knee level

Hip level

Sternum level

Shoulder level

Not im m ersed (shower)

Only im m erse injured limb

P h y s io th e ra p is ts  (n=23) P layers (n=122)

Figure 2.2: Depth of immersion during warm water phase of CWT.

2.3.4 Method of itnmersion

Figures 2.3 and 2.4 summarise data for responses amongst squad physiotherapists and 

senior inter-county players concerning method o f cold water immersion exposure and 

o f warm water immersion exposure as part o f a contrast water immersion protocol. 

The most common method o f CWl, used by 65% of physiotherapists and 64% of 

senior inter-county players, was mains cold water with ice added. The most common 

method o f  warm water exposure as part o f a CWT protocol, used by 65% of 

physiotherapists and 84% of senior inter-county players, was a warm shower.

Cold shower

Mains cold water

Mains cold water with ice added

Temp controlled commercial bath

Other

P h y sio th e rap is ts  (n=48) P layers (n=235) 

Figure 2.3: Method of cold water immersion/exposure.
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5?

Warm show er  

Warm bath

Temp controlled commercial bath

Physiotherapists (n=23) Players (n=122)

Figure 2.4: Method o f  warm water immersion/exposure during CWT.

2.3.5 Opinions on the effectiveness of immersion

Tables 2.5 and 2.6 summarise data for responses amongst squad physiotherapists and 

senior inter-county players concerning opinions on the effectiveness o f water 

immersion. Analysis o f responses revealed that 92% of the playing group respondents 

(295 of 321) based their opinions on their own personal experience and that 77% of 

the physiotherapist group respondents (43 of 56) based their opinions on feedback 

from the players in their squad.

Beneficial Not beneficial Undecided

Training/game
recovery 73% 3% 24%

Soft-tissue/joint 
injury treatment 67% 3% 30%

Table 2.5: Players opinions on the effectiveness o f  water immersion (n=321).

Beneflcial Not beneficial Undecided

Training/game
recovery 71% 2% 27%

Soft-tissue/joint 
injury treatment 80% 4% 16%

Table 2.6: Physiotherapists opinions on the effectiveness o f  water immersion (n=56).
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Figure 2.5 represents responding players’ awareness o f claims that water immersion 

facilitates lactic acid clearance post-exercise. 67% o f senior inter-county players had 

previously heard this claim, with 32% stating they heard it in relation to CWI, 13% in 

relation to CW T and 22% stating they had heard it in relation to both.

40n

Players (n=321)

Yes - CWI 
Yes - CWT

Yes - Both
Had never heard this claim

F igu re 2 .5: Post-exercise water im m ersion and the ‘lactic ac id ’ hypothesis. P layers’ aw areness o f  the 

theory that the use o f  water im m ersion fo llow ing  high-intensity exercise  facilitates lactic acid  

clearance.
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2.4 Discussion

The survey responses o f both senior inter-county GAA players and squad 

physiotherapists indicate that water immersion is a common feature o f physical 

preparation in elite Gaelic games with 86% o f responding physiotherapists 

confirming that it is used with their squads and 73% o f responding players using it 

themselves. It is used to facilitate training and game recovery and also as an injury 

treatment and rehabilitation modality. Cold water immersion (CWI) is the most 

popular immersion protocol; however, contrast water therapy (CW T) alternating cold 

and warm water immersion/exposure is also widely used. In terms o f  frequency o f 

usage, immersion is typically used twice weekly for general recovery following 

training and games, however, many players will only uses immersion if  they are 

injured.

The most common method o f  cold water immersion consists o f cold mains w ater to 

which ice has been manually added to reduce the water temperature. The temperature 

o f the water typically is estimated to be in the range 0 to 10 °C although in the 

majority o f cases the temperature is not monitored. In the case o f  the warm phase o f  a 

contrast w ater protocol, a warm shower is typically used. The individual is most often 

in a seated position with their knees bent during cold water immersion and standing 

upright during the warm water phase o f a contrast water protocol, namely under a 

shower. They are typically immersed to hip or sternum level during the cold 

immersion phase.

What is clear from the data is that a sizeable percentage o f squad physiotherapists and 

senior inter-county players are undecided as to the benefits, if  any, o f  water 

immersion for both general recovery and injury treatment. This would suggest that 

further research is warranted to support the validity o f water immersion usage in 

sport. Given that personal experience and player feedback provides the primary basis 

for opinions on the effectiveness o f  water immersion in these surveys, and that the 

majority view is that water immersion does work, perhaps a large proportion o f the 

‘undecided’ group have yet to actually try using water immersion. It is quite likely 

that in a scenario where a large number o f players have voluntary access to CWI in 

particular, a number o f  those players will choose not to use it simply because they 

dislike the idea or they are particularly sensitive to cold temperatures. Analysis
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revealed that 61% of physiotherapists stated that the duration o f CWl was between 0 

and 3 min.

This is likely driven by the logistics of dealing with a squad of up to 30 players which 

places constraints on the duration of each individual’s immersion. Thus, relatively 

short periods of immersion (<3 min) are more common than longer periods in excess 

of 20 min. Perhaps the majority o f senior inter-county players and squad 

physiotherapists do not feel it is necessary to prolong immersion beyond 3 min or 

perhaps there is a fear that doing so may present a safety hazard. To further explore 

this, a survey of team doctors was also conducted although only 27 completed 

responses w'ere received for both hurling and football. The primary purpose of the 

doctor survey was to establish their opinions on the safety of cold water immersion as 

it is currently used in Gaelic games. When asked if they believed cold water 

immersion posed an undue risk to GAA players, 92% responded ‘No’ and 8% were 

undecided for adult usage; while 19% responded ‘Yes’, 54% responded ‘No’ and 

27% were undecided for adolescent usage. The majority of team doctors (69%) 

believed cold water immersion to chest-level posed a greater potential health risk than 

immersion to hip-level. The stimulation of cutaneous cold receptors initiates a ‘cold 

shock’ response which is characterised by an increase in heart rate, blood pressure 

and respiration rate. This response following CWl is transitory; however it may 

dissuade users from prolonging immersion any longer than what they correctly or 

incorrectly believe is necessary. The result of this is that brief periods o f CWl are 

unlikely to result in significant muscle cooling because while skin temperature rapidly 

decreases upon exposure to a cooling modality such as cold water or an ice pack, 

deeper muscle cooling requires sustained exposure (Enwemeka et a l ,  2002). If 

muscle cooling is one o f the aims o f CWl, particularly in the case of soft-tissue injury 

treatment, then longer periods of immersion and/or colder water temperatures than 

those typically used in the field are necessary (Myrer et a l ,  1998; Castle et a l ,  2006).

There is perhaps a perception that CWl protocols which use very cold water or have 

very long periods o f immersion are exposing the individual to the risk o f hypothermia 

and possible cardiac complications. As detailed in this survey, in the majority o f cases 

hip or sternum level immersion was commonly used and the response to this level of 

CWl should not be confused with the response to whole body or ‘head-out’
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immersion where a much larger proportion o f body mass is immersed. Giesbrecht et 

al. (1992) immersed participants to neck level in cold water (8°C) until they 

voluntarily terminated the period o f immersion or reached an oesophageal 

temperature o f 33°C, which would be classified as mild hypothermia (33-35°C). This 

resulted in an immersion duration range from 53 to 80 min, which is far in excess of 

the typical durations presently in practice for CWI protocols, and involves a greater 

immersion depth than the hip/stemum level most commonly used.

Also, the risk posed by hip/sternum level CWI to healthy individuals with no existing 

cardiac dysfunction is small. There have been cases where the cold shock response 

during sudden, traumatic cold water immersion has been linked to myocardial 

infarction in otherwise healthy subjects (Kolettis et a l,  2005). Nevertheless it is 

difficult to compare the effect o f sudden, unexpected, whole body CWI with 

hip/sternum level CWI in a controlled, safe environment where the individual can 

voluntarily terminate the period o f immersion at any time. To our knowledge there is 

no record o f any individual suffering a heart attack as a result of CWI usage for the 

purposes o f post-exercise recovery or injury treatment. It is also important to note that 

individuals become habituated to CWI with repeated usage, which decreases the 

magnitude o f the cold shock response and this effect can even last several months in 

the absence o f regular CWI (Tipton et al., 2000).

The majority of senior inter-county players and squad physiotherapists that responded 

to the survey believed that water immersion was beneficial for facilitating general 

recovery and also soft-tissue and joint injury treatment and rehabilitation. Squad 

physiotherapists based their opinions on their own experience and player feedback 

more so than on documented scientific research and the players based their opinions 

on their own experience and advice from physiotherapists. This demonstrates that in 

an environment where individuals are involved in regular high-intensity training and 

competition, water immersion plays an important component in their preparation. 

However, their assessment o f its validity or otherwise, as a recovery modality, is 

primarily based on their own practical experience as opposed to any literature-based 

evidence. Therefore, further research is required to establish the effectiveness of 

water immersion as a post-exercise recovery intervention. The following 

experimental chapters aim to expand our knowledge of the physiological effects of
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different water immersion strategies and investigate their effectiveness as a recovery 

modality between high-intensity exercise bouts.
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Chapter 3
Aims and objectives
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3.1 Aims and objectives

As described in the previous chapter, there is much uncertainty amongst athletes and 

the general sporting population with regard to the physiological effects o f CWI and 

CWT, and due to the lack o f research describing these effects, immersion protocols 

are designed and implemented in a somewhat arbitrary fashion. The general aim of 

this thesis was to investigate the physiological effects o f different water immersion 

strategies following high-intensity exercise in healthy, active male participants and 

assess their effect on subsequent high-intensity exercise performance. This would 

assist in the design of practical protocols to suit specific exercise types and further our 

understanding of the physiological effects of post-exercise water immersion. Four 

separate experimental studies were completed as part of this thesis, each study 

comprises a chapter, and their aims and objectives were as follows.

CHAPTER 5: CWT between two bouts of supramaximal exercise: physiological 

and performance effects.

The ratio of cold to warm water immersion in a CWT protocol is, in practice, decided 

arbitrarily. To date no studies have compared the effectiveness o f different CWT 

protocols to establish if the effect of CWT on subsequent sprint performance is 

related to the ratio of cold to warm water immersion. Therefore, the aims o f this study 

were to:

• Investigate the ‘pumping hypothesis’ by comparing blood lactate clearance 

during two different CWT interventions with passive recovery during a 30 

min recovery period.

• Compare the effect o f each intervention on maintenance o f sprint performance 

and establish if subsequent performance is linked to blood lactate clearance 

during recovery.

•  Compare the effect o f each intervention on the restoration o f haematological 

variables such as haematocrit and plasma volume.

It was hypothesised that CWT per se would facilitate lactate clearance and recovery 

o f plasma volume and maintain subsequent sprint performance when compared with 

passive recovery, therefore, demonstrating its validity as a suitable recovery 

intervention for events where limited time is available between exercise efforts.

70



CHAPTER 6: CW l and CWT between two bouts of endurance exercise: core 

temperature afterdrop and performance.

While the effectiveness of pre-cooling using CWl before endurance exercise in hot 

conditions in excess o f 30°C is well described, the effect o f CWl between endurance 

exercise bouts at a cooler ambient temperature of ~21°C is yet to be investigated. In 

order to establish the practical effectiveness o f a post-exercise recovery intervention it 

is necessary to compare its effects with those o f other known recovery modalities, 

such as active recovery. There is a lack o f studies at present which compare different 

modes of water immersion, such as CWl and CWT, with active recovery. The aims of 

this study were to:

• Compare the effect o f CWl, CWT, TWI and active recovery between two 

exhaustive endurance exercise bouts, on subsequent performance.

• Establish if any associated performance effect is related to changes in core 

temperature following recovery, i.e. a ‘pre-cooling’ effect.

• Investigate the effect of a 30 min CWl recovery intervention on post

immersion core temperature afterdrop.

• Establish if water immersion per se can benefit subsequent endurance 

performance independent o f changes in core temperature.

It was hypothesised that CWl would have a positive effect on subsequent endurance 

performance when compared to CWT, TWI and active recovery and this 

improvement would be associated with a reduction in core temperature.

CHAPTER 7: CW l following supramaximal exercise: influence of water 

temperature on the haemodynamic effect of immersion and core temperature 

during subsequent exercise.

While a number o f studies have investigated the haemodynamic response to 

thermoneutral water immersion in rested subjects, the response to post-exercise 

immersion at different water temperatures is as yet unknown. The core temperature 

afterdrop effect following CWl at two different temperatures is also yet to be 

investigated. The use o f prolonged CWl as a recovery intervention prior to sprint 

exercise is generally contraindicated as the reduction in muscle temperature has a
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negative effect on performance, however, the inclusion of a post-immersion light 

exercise period before the sprint exercise bout may reduce or eliminate this effect. 

The aims o f this study were to:

• Measure the haemodynamic response (cardiac output, stroke volume, heart 

rate, MAP, TPR) during immersion at 8, 15 and 34°C and passive recovery 

following high-intensity exercise.

• Establish if the post-exercise haemodynamic response is related to water 

temperature or the physiological effect o f immersion per se.

• Compare the changes in core temperature during CWI at 8 and 15°C.

• Compare the magnitude and duration of the core temperature afterdrop effect 

during light-moderate intensity constant load exercise following the 

immersion period.

• Investigate the ‘pumping hypothesis’ further by comparing blood lactate 

clearance during immersion at 8, 15 and 34°C with passive and active 

recovery.

• Compare the effects o f each recovery intervention on repeated sprint 

performance

It was hypothesised that CWI at 8 and 15°C would result in a higher cardiac output 

compared with TWI at 34°C due to the effect of peripheral vasoconstriction. It was 

also hypothesised that CWI at 8°C would result in a greater post-immersion afterdrop 

effect compared with CWI at 15°C. This afterdrop effect would also prolong the 

reduction in Tc during subsequent low-intensity exercise, which may limit subsequent 

sprint performance compared with other interventions.

CHAPTER 8: Passive vs. active CWI between two supramaximal exercise bouts: 

afterdrop effect and subsequent performance.

It is well documented that active recovery following supramaximal exercise facilitates 

blood lactate clearance when compared with passive recovery yet can have a negative 

effect on subsequent performance due to the associated energy demand. To this 

author’s knowledge, the effect o f combining CWI and active recovery has yet to be 

investigated in the existing literature. The aims of this study were to:
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• Compare the effect of passive and active CWI (arm-cranking during 

immersion) on subsequent high-intensity sprint performance.

• Investigate the effect of arm-cranking during immersion at 15 and 34‘’C on 

blood lactate clearance compared with non-immersed arm-cranking and 

passive CWI.

• Compare the core temperature afterdrop effect following passive and active 

CWI.

It was hypothesised that passive CWI would induce a greater decrease in core 

temperature during recovery and would result in an increased afterdrop effect when 

compared with active CWI, and that this would result in a greater reduction in 

subsequent high-intensity sprint performance. It was also hypothesised that 

maintenance of performance would be improved following both ‘non-cooling’ 

interventions when compared with both ‘cooling’ interventions.
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Chapter 4
General methods
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Note: To avoid repetition, the purpose oj the general methods chapter is to describe 

techniques and equipment which were used in two or more o f  the following study 

chapters.

4.1 Methodology of immersion

4.1.1 Water bath set-up

The w ater baths used in the following studies were 1000 mm in length, 700 mm in 

width and 700 mm in height with a 330 litre capacity (Sturdy Products, Co. W icklow, 

Ireland). A tap fixture was installed near the bottom to facilitate em ptying and a 

camping stool was placed within to ensure participants maintained the same body 

position for each separate trial. For passive, non-immersed control trials, participants 

were seated on the camping stool in an empty bath, see Figure 4.1.

F igu re 4 .1: Cam ping stool in em pty bath (used for passive, non-im m ersed control trials).

For all trials, the participant was seated with a knee angle o f approximately 90° with 

the water level the height o f  the iliac crest, which provided coverage o f approximately 

20mm o f water above thigh level. The water level was adjusted to the required height 

while the participant was seated in the bath during familiarisation. Participants were 

instructed to keep their arms and hands rested on the sides o f  the bath above the level 

o f  the water, and to minimise any active movement. When the participant exited the 

bath, the height o f  the w ater column was established using a measuring tape. For all
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subsequent visits by the participant, the baths were filled to the required level. For the 

CWT protocols, two baths were placed adjacent to each other, one containing cold 

water and the other containing warm water, see Figure 4.2. Water temperature was 

monitored using a 6000 series bench thermometer (TM Electronics Ltd., West 

Sussex, UK) with a type T thermocouple. Cold water temperature was maintained at 

8°C ± 1.0°C and warm water temperature was maintained at 40°C ± 1.0°C. Both 

bench thermometers were calibrated using a standard mercury thermometer and 

correction factors were applied where necessary.

Figure 4.2: Adjacent water baths for CWT.

4.1.2 Cold  water bath

Cold mains water was used to fill the container to the correct height. In order to reach 

the required temperature, ice cubes/chips were then added. When the temperature 

reached 8°C at the vertical mid-point o f the column o f water, the cold water bath was 

ready for use.

4.1.3 Warm water bath

The warm water bath for CWT and thermoneutral immersions used the same type of 

container as the cold water bath. Mains water was heated to a temperature o f 40°C for 

CWT and 34°C for thermoneutral immersions using a 4kW Teflon coated annular 

immersion heater (ACK Solutions, Dublin, Ireland), see Figure 4.3, controlled by an
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MTR12 thermostat (LAE Electronic, Treviso, Italy), see Figure 4.4. As an added 

safety precaution, the power supply to the heater was turned off before the participant 

entered the bath. It was not necessary to remove the element entirely as it did not 

present a bum injury risk due to the relatively low heat output.

Figure 4.3: Teflon-coated annular imm ersion heater (4kW).

Figure 4.4: M TR12 therm ostat used to control imm ersion heater.
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4.2 Blood lactate analysis

The YSI 1500 sport lactate analyser (Yellow Springs Instruments, Ohio, USA), see 

Figure 4.5, was used to measure lactate concentration in venous and capillary whole 

blood samples during exercise and recovery. The YSI 1501 25-microliter Syringepet 

was used to inject the blood sample into the sample chamber o f the analyser.

^  1500 0 3 1  SPORT

Figure 4.5: YSI 1500 sport lactate analyser.

The YSI 1500 uses immobilised enzyme electrode technology to ascertain blood 

lactate concentration. A thin film of the enzyme lactate oxidase is immobilized within 

a membrane, between a polycarbonate membrane layer and a cellulose acetate 

membrane layer, see Figure 4.6. The membrane is mounted on a rubber 0-ring that 

acts as a fluid seal between the sample chamber and the electrode.

•  Analyte
•  Oxygen
'  Hydrogen 

peroxide
Immobilized 
enzyme layer

•  •  •  •
^  Polycarbonate layer

Platinum
electrode

Cellulose 
acetate layer

_

Figure 4.6: Immobilised enzyme layer and electrode (taken from www.vsilifesciences.com~).
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As lactate from the injected sample enters the immobilized lactate enzyme layer it is 

oxidized, producing hydrogen peroxide (H2O2), see Figure 4.7. This H2O2 then filters 

through the cellulose acetate layer to a platinum electrode, where it is then oxidized, 

producing electrons. The resulting current is directly proportional to the steady state 

H2O2 concentration and therefore to the concentration of lactate in the whole blood 

sample. The cellulose acetate layer allows the H2 O2 through to the electrode but stops 

any compounds with a molecular weight greater than 200. The analyser was 

calibrated with a 5 mmol.L’' lactate standard at least twice before use on each testing 

day and re-calibrated after each test. The acceptable calibration range was from 4.9 to 

5.1 mmol.L’’ and if the result was outside this the analyser was recalibrated.

, , ^  U -U e la te 61 i d a «  ^
L Lactate + O, ----------------------- * H..Oy ■» Pyruv'ate

Figure 4.7: Lactate oxidase reaction.

4.3 W ingate test protocol

The Wingate test protocol required each participant to complete three standard 30 s 

supramaximal cycle sprints on an electromagnetically braked cycle ergometer 

(Excalibur Sport, Lode B.V., Groningen, The Netherlands), each preceded by 4 

minutes cycling at 50 W, see Figure 4.8. During each bout the cycle ergometer was 

controlled via a PC running Lode Wingate software (v 1.0.12, Lode B.V., Groningen, 

The Netherlands). For each Wingate test the braking force applied was 7% of body 

mass and participants were encouraged to cycle “all-out” at the highest cadence 

possible for the duration of the 30 s test period, see Figure 4.9. Total exercise time for 

each bout was 13.5 minutes. Average data were normalised to body mass for peak 

power (PP), mean power (MP) and total work (TW) for each 30 s Wingate test.

WGl WG2
__L_

WG3
_JL

sow

0 1 2  3

SOW sow

4 5 6 7 8 9 10 11 12 13

Timie (min)

Figure 4.8: Wingate test protocol. Warm-up at SOW, 30 s sprints and recovery intervals at SOW.
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Figure 4.9: Sample 30 s Wingate test power graph.

4.4 Repeated intermittent sprint (RIS) protocol

One week prior to completing the first RIS trials, participants were required to 

complete an incremental cycling test to volitional exhaustion in order to determine 

m axim um  power output ( P m a x ) -  For this test, participants initially cycled at 100 W. 

The workload then increased by 50 W every 3 min until 9 min, after which the 

workload increased by 25 W each minute until failure. Pmax was determined as the 

highest workload able to be sustained for a minimum period o f  30 s, see Figure 4.10.

Time (min) 0-3 3-6 6-9 9 min +

Load (W) 100 150 200 + 25 W every 3 min

Figure 4.10: Graded incremental cycling protocol.

For the RIS trials, participants were required to complete a series o f repeated 

intermittent cycling periods, each lasting 30 s. Each trial commenced with an initial 

warm-up period o f 6 min at 40% Pmax, followed by the repeated sprint sequence 

which comprised cycling at 40% Pmax for 30 s, followed sprinting ‘all ou t’ at 120% 

P m a x  for 30 s, and this was repeated until participants could not complete a single 30 s 

period, see Figure 4.11. In all cases this was during a period at 120% Pmax-
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Exercise time to failure and TW normalised to body mass were recorded. All cycle 

exercise was performed on an electromagnetically braked cycle ergometer (Excalibur 

Sport, Lode B.V., Groningen, The Netherlands), see Figure 4.12. All participants 

were familiarised with the exercise requirements in the week prior to the first test.

RIS Protocol

450 

400 

350 

300 

5  250 

g 200 

“ * 150 

100 

50 

0

□ 40% Pmax 

e 120% Pmax

30 60 90 120 150 180 210 240 270

Time (s)

Figure 4.II: Sample RIS protocol. Alternating 30 s periods at 40 and 120% o f to failure

Figure 4.12: Electromagnetically braked cycle ergometer (Excalibur Sport, Lode).
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4.5 Core temperature measurement

During each testing session gastrointestinal temperature (core body temperature) was 

measured using an ingestible temperature sensor (CorTemp H T l50002, HQ Inc., 

Florida, USA), which is accurate to ± 0.1 °C, see Figure 4.13. The sensor is swallowed 

and passes through the gastrointestinal tract at the normal rate of motility.

Figure 4.13: CorTem p ingestible tem perature sensor.

The sensor transmits a signal via magnetic flux to a hand held data recorder 

(CorTemp HTl 50001, HQ Inc., Florida, USA), that is held in the region o f the lower 

back to take a temperature reading, see Figure 4.14, which is within the 40 cm range 

o f the signal.

Figure 4.14: CorTem p data recorder. Ingestible sensor signal received at lower back.
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The sensor itself consists of a telemetry system, a silver-oxide micro-battery and a 

quartz crystal sensor. The crystal sensor vibrates at a frequency relative to the 

surrounding temperature (body temperature), producing a magnetic flux which is 

transmitted to the data recorder where the signal frequency is converted into digital 

temperature data. The sensor components are encapsulated in epoxy resin and coated 

in silicone, see Figure 4.15. Each sensor is factory calibrated and each individual 

calibration code and serial number must be entered into the data recorder prior to use. 

Participants were required to swallow the sensor with tepid water approximately 3 h 

before each testing session, and report to the laboratory for testing at least 2 h 

postprandial. This monitoring system has been used previously and been validated 

against both rectal and oesophageal temperature probes (O'Brien et a l ,  1998; 

Edwards & Clark, 2006; Batchelder et al., 2010).

Outer  Silicone Coat

In n e r  Epoxy Shell

Com m unication  Coils

Prin ted  Circuits a n d  
Electronic C om ponen ts  
on Ceramic S u b s t r a te s

T e m p era tu re  
Sensing  Crystal

B atte ry

Figure 4.15: CorTemp ingestible sensor components.

A review of the validity of ingestible temperature sensors and intestinal temperature 

as a method o f measuring core temperature concluded that intestinal temperature was 

more responsive than rectal temperature and less responsive than oesophageal
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temperature, however there was an acceptable level o f agreement between 

oesophageal and intestinal temperature (Byrne & Lim, 2007). If the sensor is in the 

stomach, its temperature may be affected by the ingestion o f fluid and/or food, thus it 

was suggested that ingestion o f the sensor 6 h prior to data collection seemed optimal 

to ensure transit beyond the stomach but not expulsion. As there is no fixed 

anatomical position from which temperature is recorded, unlike oesophageal and 

rectal temperature, it is vital that the same ingestion protocol is followed prior to each 

testing session. Hellmig et al. (2006) determined that the mean half gastric 

emptying time for 90 healthy individuals (45 male, 45 female) o f  a fluid test meal was 

-8 0  min, and 127 min for a solid test meal. Thus, ingestion with tepid water 3 h prior 

to testing should allow sufficient time for the sensor to transit through the stomach 

prior to data collection. Sparling et al. (1993) found no difference between rectal and 

intestinal temperatures when the pill was ingested 3-4 h before exercise vs. when it 

was ingested 8-9 h before exercise. Thus the Cortemp ingestible sensor represents a 

valid method for non-invasively measuring core temperature.

4.6 Statistical analysis

Unless otherwise indicated, all data are expressed as mean ± SEM. Data were 

analysed using a two-way repeated measures analysis o f variance (ANOVA) for trial 

X time interactions. For example, post-recovery WAnT performance data was 

compared across trial (post-recovery) and also compared within trial (post-recovery 

vs. pre-recovery). To detect where the differences existed, the Tukey-Kramer post- 

hoc test o f multiple comparisons was applied to all pair-wise comparisons. A level o f 

7’<0.05 was accepted as statistically significant. All statistical analyses were 

performed using SigmaStat (v3.5, Systat Software, Chicago, USA).
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Chapter 5
CWT between two bouts of 
supramaximal exercise: physiological 
and performance effects.
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5.1 Introduction

There is limited data to support the generalised use of water imm_ersion for recovery 

from exercise. Despite this, recent surveys confirm that water immersion forms part 

of the typical post-exercise recovery regimens in elite level competitive sport (Hartley 

& Goodwin, 2009; Venter et al,  2010), with anecdotal reports suggesting that water 

immersion has been in use for some time by athletes and teams at a variety of 

competitive levels in a variety of sports (Cochrane, 2004; Barnett, 2006; Wilcock et 

al,  2006). The suggested rationales for implementing water immersion during 

recovery are to treat soft-tissue injury (Cote et ai,  1988; Bleakley et al ,  2004); to 

relieve factors associated with muscle soreness and micro-injury (Bailey et al,  2007; 

Sellwood et al ,  2007; Vaile et al,  2008b); or to assist in clearance of metabolites and 

restoration of physiological systems to a pre-exercise state in preparation for 

subsequent exercise (Barnett, 2006; French et al,  2008). Immersion practises appear 

relatively equally distributed between continuous cold water immersion (CWI), and 

contrast water therapy (CWT), which utilises brief alternating periods of cold and 

warm water immersion.

While previous research has reported that CWI is an effective intervention for 

maintaining ‘next day’ high-intensity performance (Montgomery et al ,  2008; Vaile et 

al,  2008c; Ingram et al,  2009), it has also been demonstrated that CWI can 

negatively affect ‘same day’ sprint performance due to the associated reduction in 

core and muscle temperature. Contrast immersion, on the other hand would 

potentially allow an individual to undergo repeated periods of cold immersion without 

experiencing significant core or muscle cooling as there are also repeated periods of 

warm immersion. However, a lack of quality research investigating CWT as a 

recovery intervention has previously been highlighted (Hing et al ,  2008) with 

significant variations in water temperature, treatment duration and general protocol 

design in the existing literature (Myrer et al,  1994; Kuligowski et a l ,  1998; Fiscus et 

al,  2005; Hamlin, 2007; Morton, 2007; Ingram et al,  2009). While the effectiveness 

of CWT as an intervention for maintaining subsequent sprint and time-trial cycling 

performance following repeated use over consecutive days has been demonstrated 

(Vaile et a l ,  2008c), the effectiveness of CWT as a ‘same day’ recovery intervention
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has not been extensively explored with regard to subsequent high-intensity exercise 

performance.

Despite a number o f studies reporting that CWT facilitated lactate clearance 

compared with passive (Coffey et a i ,  2004; Morton, 2007) and active recovery 

(Hamlin, 2007; King & Duffield, 2009) CWT did not affect ‘same day’ high-intensity 

running (Coffey et a l ,  2004) or cycling performance (Hamlin, 2007). However, in 

both cases the treatment duration represented a small portion of the total recovery 

period. Hamlin (2007) employed a treatment duration of 6 min within a total recovery 

time of 1 h whereas a treatment duration o f 15 min was investigated by Coffey et al. 

(2004), with differing total recovery times depending on pre-recovery performance. 

Therefore, despite the applied nature o f these experimental protocols, this leaves 

substantial time during recovery whereby influences other than CWT may invariably 

impact on subsequent performance.

Furthermore, to date no studies have compared the effectiveness o f different CWT 

protocols to establish if the effect of CWT on subsequent sprint performance is 

related to the ratio of cold to warm water immersion. Therefore, the aim of the present 

study was to investigate the effect of two CWT protocols implemented for almost the 

entire duration o f a short-term recovery period following two models o f high-intensity 

sprint exercise on lactate clearance, plasma volume, heart rate recovery and 

subsequent exercise performance. It was hypothesised that CWT per se would 

facilitate lactate clearance and recovery o f plasma volume and maintain subsequent 

sprint performance when compared with passive recovery, therefore, demonstrating 

its validity as a suitable recovery intervention for events where limited time is 

available between exercise efforts.
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5.2 M eth o d s

5.2.1 Participants

Sixteen healthy male Gaelic football players volunteered to participate in this study. 

Each participant was randomly assigned to a group that completed a Wingate test 

protocol pre and post-recovery (WG); or a group that completed a repeated 

intermittent sprint protocol pre and post-recovery (RIS). Anthropometric data for each 

group were as follows: WG (n=8; mean ± SD; age: 25 ± 3 yr; body mass: 82 ± 6 kg; 

height: 180 ± 9 cm); RIS (n=8; mean ± SD; age: 23 ± 1 yr; body mass: 81 ± 5 kg; 

height: 184 ± 4 cm). Prior to participation they completed a medical questionnaire 

and provided written informed consent before being examined by a registered medical 

practitioner for final approval for participation, see Appendix 1. All participants were 

actively involved in exercise 2 to 3 times per week, and all had prior experience of 

water immersion as a recovery practise. However, as the present study was conducted 

on amateur Gaelic football players during the “off-season” period, participants were 

not currently using water immersion during recovery from exercise. All participants 

were non-smokers, and were required to refrain from taking caffeine, alcohol and 

exercise in the 12 h prior to each laboratory session. The experimental protocol was 

conducted according to the Declaration of Helsinki and approved by the Faculty of 

Health Sciences Research Ethics Committee, Trinity College Dublin.

5.2.2 Experimental design

Participants were required to complete three testing sessions separated by 7 days. On 

each occasion they completed a short high-intensity cycling exercise bout (E xl) 

followed immediately by a 35 min recovery period, which in turn was followed by a 

second identical high-intensity cycling exercise bout (Ex2). All cycling was 

completed in the exercise laboratory with the bulk of the recovery period completed 

within a separate dedicated recovery room. Air temperature in both rooms was 

regulated to 21 ± 2°C.

5.2.2.1 Recovery protocol

The recovery period comprised a 2.5 min transition from the exercise laboratory to 

the recovery room, followed by a 30 min treatment period, then a further 2.5 min



transition period back to the exercise laboratory to complete Ex2. During the first 

transition, participants removed cycling shoes and socks, and changed into swimming 

shorts; changing back into exercise clothing during the second transition. Towels 

were provided for participants following all water immersion treatments so they could 

dry themselves prior to re-dressing for Ex2.

For each testing session, during the 30 min treatment period participants undertook 

one of three possible treatments, and on each occasion, for each participant, a 

different treatment was employed. These treatments were administered in a balanced 

randomised fashion for each group across the duration of the study. The treatments 

were: (A) CW Tl: contrast water immersion with an alternating cold-to-warm 

treatment ratio o f one-to-one (2.5 min to 2.5 min, respectively), see Figure 5.1; (B) 

CWT2: contrast water immersion with an alternating cold-to-warm treatment ratio of 

one-to-four (1 min to 4 min, respectively), see Figure 5.2 and (C) PAS: passive, non

immersed seated rest in air. Water temperatures were regulated to 8 ± 1°C for the cold 

phase and 40 ± 1°C for the warm phase. During all recovery treatments, participants 

were seated upright in a custom built 330 litre bath (Sturdy Products, Co. Wicklow, 

Ireland) with the knees bent so that the feet remained flat on the bottom of the bath, 

see Chapter 4.1.1. The transitions between baths during CWTl and CWT2 were non- 

vigorous and lasted no more than 5 to 6 s each. Aside from the initial entry into, and 

final exit from the baths, this equated to 11 transitions for both CWTl and CWT2.

-K.             —]

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Time (min)

Figure 5.1: Recovery protocol for C W T l. Ratio o f  coldiw arm  is 1:1 (blue; cold w ater im m ersion, red: 

warm w ater imm ersion).

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Time (min)

Figure 5.2: Recovery protocol for CW T2. Ratio o f  cold:w arm  is 1:4 (blue; cold w ater im m ersion, red: 

warm water im m ersion).
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5.2.2.2 Exercise protocol (Exl and Ex2)

All exercise was performed on an electromagnetically braked cycle ergometer 

(Excalibur Sport, Lode B.V., Groningen, The Netherlands). Exl and Ex2 were 

identical within groups, but different between the WG and RIS groups. All 

participants were familiarised with the exercise requirements for each session in the 

week prior to testing. Participants were permitted to drink water during the transition 

periods only. For the WG group, each exercise bout required participants to complete 

three standard 30 s Wingate tests in sequence, with each preceded by 4 min cycling at 

50 W, see Chapter 4.3. This protocol was completed pre (Exl) and post-recovery 

(Ex2). For the RIS group, 1 week prior to completing the first of the PAS, CWTl or 

CWT2 trials, participants were required to complete an incremental cycling test to 

volitional exhaustion in order to determine maximum power output ( P m a x ) ,  see 

Chapter 4.4. Each RIS bout (Exl and Ex2) commenced with an initial warm-up 

period of 6 min at 40% Pmax, followed by the repeated sprint sequence which 

comprised cycling at 40% Pmax for 30 s, followed by 120% Pmax for 30 s, and this 

sequence was repeated until participants could not complete a single 30 s period. In 

all cases this was during a period at 120% Pmax- Exercise time to failure (TTF) and 

total work normalised to body mass (TW) were recorded for Exl and Ex2.

5.2.3 Measurements

5.2.3.1 Blood sampling

Blood samples were obtained via an indwelling 20-gauge Insyte'*'’̂  catheter (Becton 

Dickinson, NJ, USA.), introduced into a prominent forearm vein by a qualified 

medical practitioner approximately 10 min before the first exercise bout. The catheter 

and Posifiow'*''^ extension set (Becton Dickinson, NJ, USA) were kept patent by 

infusion of saline solution following each sample collection. Each blood sample for 

analysis was collected into 4.5mL plastic vacutainer containing the anti-coagulant 

K^EDTA (Becton Dickinson, NJ, USA). Following each sample collection the line 

was flushed with saline solution using a lOmL syringe.

A Luer adapter (Becton Dickinson, NJ, USA) was connected to a disposable Pronto^''^ 

vacutainer holder (Becton Dickinson, NJ, USA), which was then inserted into the 

positive pressure valve at the end of the catheter extension line. Before a blood
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sample could be collected for analysis it was necessary to flush the saline solution 

from the line and this flushed sample was immediately discarded. Blood samples 

were collected pre and post Exl and Ex2, and at 1, 2.5, 5 min and every 5 min 

thereafter during the 30 min recovery period

5.2.3.2 Blood lactate

A 25-microliter syringepet (YSl 1501, Yellow Springs Instruments, Ohio, USA) was 

used to withdraw a blood sample from the vacutainer for analysis which was then 

injected into the YSI 1500 sport lactate analyser (YSI 1501, Yellow Springs 

Instruments, Ohio, USA), see Chapter 4.2.

5.2.3.3 Haematological analysis

Changes in plasma volume (APV) were calculated using the method previously 

described by Dill and Costill (1974), where,

B V (B io o d  Volume) = 100 X (resting Hgb/Hgb at that time)

C V ( R e d  Cell Volume) = BV X (Hct/100)

(Plasma Volume) ~ BV — CV

and

A P V  = 100 X ( P V A f t e r -  PVBefore)/PVBefore

White blood cell count (WBC), red blood cell count (RBC), haemoglobin (Hgb) and 

haematocrit (Hct) data for each blood sample were measured using a Coulter counter 

(Beckman Coulter, CA, USA), see Figure 5.3. All blood samples were analysed 

within 2 h of collection and each vacutainer was inverted and rolled a number of 

times before sample removal. A metering device withdrew a known volume of whole 

blood from the vacutainer via a vacuum pump through an electrically charged tube 

with a small aperture at one end separating two electrodes between which an electric 

current flows. The voltage applied across the aperture created a "sensing zone". The 

magnitude and frequency o f voltage distortions in the sensing zone can be matched to 

specific types and numbers of particles or, in this case, blood cells. As particles pass 

through the sensing zone, they displace their own volume of electrolyte, momentarily 

increasing the effective impedance across the aperture. This change in effective
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impedance produces a pulse that is digitally processed in real time. The Coulter 

principle states that the pulse is directly proportional to the tri-dimensional volume of 

the particle that produced it. Analysing these pulses enables a size distribution to be 

acquired and displayed in volume (fL) and diameter (|im). A count o f the number of 

pulses can then yield the concentration o f particular cells in the whole blood sample.

Figure 5.3: Coulter counter

5.2.3.4 Heart rate

Participants wore a standard chest strap and transmitter that recorded heart rate (HR) 

data every 5 s throughout all testing sessions (s725x. Polar Electro, Kempele, 

Finland). Trial data were uploaded to a PC running Polar precision performance 

analysis software (v4.03.050, Polar Electro, Kempele, Finland) and data extracted for 

analysis were for before and after Exl and Ex2, and for every 30 s during the PAS, 

CW Tl and CWT2 treatments.
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5.2.4 Data presentation and statistical analyses

Unless otherwise indicated, all data are expressed as mean ± SEM. WG and RIS 

performance data were analysed using a two-way repeated measures ANOVA [trial 

(CW Tl, CWT2, PAS) X time (E xl, Ex2)] followed by a Tukey post-hoc test. HR and 

blood lactate data were similarly analysed using a two-way repeated measures 

ANOVA [trial x time (all sampling points)] followed by a Tukey-Kramer post-hoc 

test. All statistical analyses were performed using SigmaStat (v3.5, Systat Software, 

Chicago, USA) with the level of significance set io P < 0.05. In addition, an a priori 

power analysis was conducted for expected outcomes of performance variables with 

power set to 0.8, and deemed n = 8 to be suitable (G*Power v3.0.10 free software; 

Institute o f Experimental Psychology, Heinrich Heine University, Dusseldorf, 

Germany). For all raw data, see Appendix 4.
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5.3 Results

5.3.1 Wingate (WG) group

5.3.1.1 Performance

The average peak power (PP) for Exl (pre-recovery) was not significantly different 

between trials (12.9 ± 0.3, 13.3 ± 0.3 and 12.8 ± 0.3 W .kg ' for CW Tl, CWT2 and 

PAS, respectively), see Figure 5.4. However, PP for Ex2 was 8% greater {P < 0.05) 

following CWT2 (13.3 ± 0.3 W.kg’') when compared to PAS (12.3 ± 0.3 W .kg''), 

while CWTl (12.6 ± 0.4 W .kg'') was not significantly different from either o f the 

other trials. This was despite no significant difference (no main effect detected) in PP 

between Exl and Ex2 for any trial. For MP, PP and TW raw data, see Appendix 4.1.

I4.0n
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Ex1 Ex2

CWT1
CWT2
PAS

Figure 5.4: Average peak power (PP) in W.icg ' during E xl and Ex2 (mean ± SEM, n=8). * / ’<0.05 vs. 

CWT2.

The average mean power (MP) for Exl was not significantly different between trials 

(7.9 ± 0.2, 8.0 ± 0.2 and 7.8 ± 0.2 W .kg'', for C W Tl, CWT2 and PAS, respectively), 

see Figure 5.5. Average MP for Ex2 was significantly lower (P<0.05) for PAS (7.7 ± 

0.2 W.kg-') when compared with CWTl (7.9 ± 0.2 W .kg'') and CWT2 (8.0 ± 0.2 

W.kg''). There was no significant difference detected in average MP between Exl 

and Ex2 for any trial.

94



8.5-1

O)

2  7.5-

7.0
Ex1 Ex2

CWT1
CWT2
PAS

Figure 5.5: Average mean power (MP) in W.kg"' during Exl and Ex2 (mean ± SEM, n=8). * f*<0.05 

vs. CW Tl andCW T2.

Total work (TW) normalised for body mass for Exl was not significantly different 

between trials (1.15 ± 0.02, 1.16 ± 0.02 and 1.15 ± 0.02 kJ.kg ' for C W T l, C WT2 and 

PAS), see Figure 5.6. However, TW in PAS for Ex2 (1.13 ± 0.02 kJ.kg"') was 

significantly lower (P<0.05) than CWT2 (1.16 ± 0.02 kJ.kg"'). There was no 

significant difference detected between Exl and Ex2 for any trial.
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Figure 5.6: Total work (TW) in kJ.kg''during Exl and Ex2 (mean ± SEM, n=8). * P<0.05 vs. CWT2
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5.3.1.2 Blood lactate

Blood lactate (BLa) data increased similarly across all trials from rest (1.0 ± 0.1, 0.8 ± 

0.1 and 1.0 ± 0.1 mmol.L’' for C W T l, CWT2 and PAS, respectively) to post-Exl (9.8 

± 0.9, 9.5 ± 0.7 and 9.1 ± 0.6 mm ol.L'' for C W T l, CWT2 and PAS, respectively), see 

Figure 5.7. However, during the recovery phase BLa continued to rise during PAS 

(t=l min: 13.2 ± 0.8 m m ol.L '') to a concentration significantly greater when 

compared to CW Tl (t=l min: 9.6 ± 0.9 m m ol.L ''), and CWT2 (t= l min: 9.7 ± 0.8 

m m ol.L ''). At 2.5 min into recovery BLa for PAS (13.1 ± 0.7 m m ol.L '') was 

significantly higher (P<0.05) when compared to CW Tl (9.8 ± 0.8 m m ol.L '') and 

CWT2 (11.1 ± 1.1 m m ol.L ''). At 5 min into recovery no significant differences were 

detected between trials (11.9 ± 0.9, 11.2 ± 1.1 and 12.5 ± 0.8 m m ol.L '' for C W T l, 

CWT2 and PAS, respectively). There were no significant differences between trials at 

the end o f the 30 min recovery period. Blood lactate then increased for all trials post- 

Ex2 to a concentration similar to that recorded post-Exl. For BLa raw data, see 

Appendix 4.2.
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F igure 5.7: B lood lactate (m m ol.L '') post-E xl and during recovery in the WG group (mean ±  SEM , 

n=8). P<0.05  vs. all other trials; ” * P<0.001 vs. all other trials.
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5.3.1.3 White blood cells

There was a significant increase (/’<0.001) in AWBC post-Exl across all trials, see 

Table 5.1. At t=20 min during recovery in PAS, AWBC remained significantly higher 

(P<0.001) than rest. In addition, AWBC was significantly higher (/*<0.05) for PAS at 

t==10 and 15 min when compared with CW Tl and at t=10, 15 and 20 min when 

compared with CW T2. At the end o f  the recovery period (t=30 min) there were no 

significant differences detected when compared with rest across all trials. Post-Ex2, 

AWBC significantly increased from rest (/*<0.001) across all trials. For AWBC raw 

data, see Appendix 4.3.

5.3.1.4 Red blood cells

There was a significant increase (/*<0.001) in ARBC post-Exl across all trials, see 

Table 5.1. At t=15 min during recovery in PAS, ARBC remained significantly higher 

(P<0.05) than rest. No significant differences were detected between trials. At the end 

o f the recovery period (t=30 min) there were no significant differences detected 

compared with rest for all trials. Post-Ex2, ARBC significantly increased (/*<0.001) 

for all trials. For ARBC raw data, see Appendix 4.4.

5.3.1.5 Haematocrit

There was a significant increase (^<0.001) in AHct post-Exl across all trials, see 

Table 5.1. At t=15 min during recovery in PAS, AHct remained significantly higher 

(/*<0.05) than rest. No significant differences were detected between trials. At the end 

o f the recovery period (t=30 min) there were no significant differences detected 

compared with rest for all trials. Post-Ex2, ARBC significantly increased (P<0.001) 

for all trials. For AHct raw  data, see Appendix 4.5.
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CWTl CWT2 PAS

AWBC 78.6 ± 4.8 83.5 ± 5 .9  *** 80.4 ± 7.4 ***

P ost-E xl ARBC 1.1 ±  1 .2 “ 9.9 ±  1 .0*^ 10.6 ±  1.2***

AHct 7.9 ± 2.0 “ 10.3 ± 1.3 *** 11.4 ± 1.4 ***

AWBC 80.1 ± 7.0"** 82.9 ± 6.3 *** 74.3 ±  8.6 ***

Rec 1 min ARBC 8.7 ± 1 . 3 * 8.6 ± 0 .8 '“ * 7.0 ±  1.7***

AHct 8.6 ± 1.6*** 8.7 ± 1.1 *** 7.3 ± 1.8***

AWBC 70.9 ±6.7*** 65.5 ± 5 .5  *** 73.3 ± 9 .3  ***

Rec 5 min ARBC 6.8 ± 1.2*** 8.9 ±  1 .4*^ 6.9 ±  1.4**^

AHct 6.9 ± 1.2 *** 8.5 ± 1.7*** 7.2 ±  1.7 ***

AWBC 46.4 ± 5.4 *** * 45.3 ±6.0**** 64.2 ± 9 .1  ***

Rec 10 min ARBC 4 .4 ±  1.1 * 6.4 ±  0.9 *** 6.4 ±  1 . 4 "

AHct 3.5 ± 1.5 5.9 ± 1.1 *** 6.6 ± 1.9 ***

AWBC 26.2 ±6 .5***’ 24.7 ± 4 .9 * * 44.7 ± 6.7 ***"

Rec 15 min ARBC 3.7 ±  1.6 3 .8 ±  1.1 4.7 ±  1.3*

AHct 3.1 ± 1.7 3 .0 ±  1.3 4.9 ± 1.5 *

AWBC 11.8 ± 5 .3 7.5 ± 4 .3  * 25.8 ± 5.5 **'*

Rec 20 min ARBC 2.8 ±  1.5 2.1 ±  1.2 3.7 ±  1.3

AHct 2.0 ± 1.6 1.5 ± 1.3 3.5 ± 1.2

AWBC -0.02 ± 3 .7 0.4 ± 3 .3 13 .9±  5.1

Rec 25 min ARBC 0.9 ±  1.2 0 .8 ±  1.1 2.2 ±  1.2

AHct -0.1 ±  1.5 -0.1 ± 1.3 1.9 ± 1.3

AWBC -4.8 ± 3 .2 -5.2 ± 2 .8 9.5 ± 6 .2

Rec 30 min ARBC -0.3 ±  1.5 -0.4 ± 0.9 1 .9 ±  1.2

AHct -0.8 ±  1.7 -0.8 ± 0 .9 1.8 ±  1.5

AWBC 61.1 ± 3 .5  *** 72.3 ± 6.7 *** 72.7 ± 8 .1  ***

P ost-E x l ARBC 8.1 ±  1.1 *** 9.7 ± 0.6 *^ 8.2 ±  1.3 ****

AHct 7.1 ± 1.4*** 8.9 ± 1.1 *** 9.0 ± 1.9 ***'

Table 5.1: Haematological changes (% change from rest) post-Exl, during recovery and post-Ex2 in 

the WG group (mean ± SEM, n=8). * P<0.05 vs. PAS; * P<0.05 vs. rest; *** / ’<0.001 vs. rest.
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5.3. J. 6 Plasma volume

There was a significant decrease in mean APV from rest across all trials post-Exl, see 

Table 5.2. At t=20 min during recovery in PAS, APV remained significantly higher 

(P<0.05) than rest. APV had returned to resting levels by the end of the recovery 

period (t=30 min) before decreasing again post-Ex2. There was no significant 

difference detected between trials post-Exl, during recovery or post-Ex2. For APV 

raw data, see Appendix 4.6.

C W Tl CWT2 PAS

Post-Exl -13.2 ± 1 . 7 " -16.3 ± 1 .6 " -18.0 ± 1 .8 "

Rec 1 min -13.7 ± 2 . 0 " -13.9 ± 1 .6 " -11.7 ± 2 .6  "

Rec 5 min -11.1 ± 1 .7 " -13.8 ± 2 . 2 " -11.8 ± 2 . 4 "

Rec 10 min -6.7 ± 1.9" -10.7 ± 1 .2 " -10.8 ± 2 . 4 "

Rec 15 min -6.1 ±2 .5* -6.8 ± 1.6" -8.3 ± 2.3 "

Rec 20 min -4.4 ±2 .6 -3.9 ± 1.8 -6.4 ±2.1 "

Rec 25 min -1.1 ± 2 .4 -2.3 ± 1.5 -3.7 ± 2 .2

Rec 30 min 1.1 ± 2 .7 0.4 ± 1.4 -3.9 ±2.1

Post-Ex2 -12.6 ± 1 .9 " -15.6 ± 1 .3 " -14.5 ± 2 . 5 "

T able 5.2: APV (% change from rest) post-Exl, during recovery and post-Ex2 in the WG group (mean 

± SEM , n=8). * P<0.05 vs. rest; P<0.001 vs. rest.
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5.3.1.7 Heart Rate

Mean HR increased similarly across all trials from rest (71 ± 2, 69 ± 2 and 69 ± 3 

beats.min'' for C W T l, CWT2 and PAS) to post-Exl (175 ± 2, 175 ± 2 and 174 ± 2 

beats.min'' for C W T l, CWT2 and PAS), see Figure 5.8. When compared with PAS 

(114 ± 3 beats.m in''), HR remained significantly higher ( / ’<0.05) during CW Tl (128 

± 4 beats.m in'') and CWT2 (129 ± 3 beats.min ') upon immediate immersion in the 

initial cold phase o f treatment at the start o f recovery (t=0). Throughout the treatment 

period during recovery, HR increased on each subsequent cold immersion in both 

CW Tl and CWT2 when compared with PAS. For HR raw data, see Appendix 4.7.
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Figure 5.8: Heart rate (beats.min ') during recovery in the WG group (mean ± SEM, n=8). ’ P<Q.Q5 

vs. CWTl and CWT2; * P<0.05 vs. CWT2; “ P<0.05 vs. CW Tl.
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5.3.2 Repeated intermittent sprints (RIS) group

5.3.2.1 Performance

Exercise time to failure (TTF) for Exl was not significantly different between trials 

(12.1 ± 0.5, 11.9 ± 0.5 and 11.8 ± 0.4 min for CW Tl, CWT2 and PAS, respectively), 

see Figure 5.9. However, TTF significantly declined (/’<0.001) by 11% for Ex2 

following recovery in PAS (10.6 ± 0.4 min), but was maintained similar to Exl for 

CW Tl (11.7 ± 0.4 min) and CWT2 (11.6 ± 0.4 min). TTF for Ex2 was 10.4 and 9.3% 

greater for CWTl and CWT2, respectively, when compared with PAS (P<0.001). For 

TTF and TW raw data, see Appendix 4.8.
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Figure 5.9: Time to failure (min) for Exl and Ex2 in the RIS group (mean ± SEM, n=8). f ’<O.OOI 

vs. C W TI and C WT2; **** P < 0 .001 vs. Ex I .

There were no significant differences detected in total work (TW) normalised for 

body mass betw^een CWTl (1.87 ± 0.1 kJ.kg '), CWT2 (1.83 ± 0.1 k J.kg ') and PAS 

(1.82 ± 0.1 kJ.kg'') for E xl, see Figure 5.10. TW for Ex2 in PAS (1.55 ± 0.1 kJ.kg'') 

was significantly lower (^<0.001) than CWTl (1.78 ± 0.1 kJ.kg'') and CWT2 (1.76 ± 

0.1 kJ.kg''). In addition, TW for PAS in Ex2 was significantly lower (/*<0.001) than 

Exl.
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5.3.2.2 Blood lactate

No significant difference in BLa was detected across trials at any stage during 

exercise or recovery, see Figure 5.11. However, a main effect for time (P < 0.001) 

showed blood lactate to increase similarly across all trials from rest (1.1 ± 0 .1 , 0.9 ± 

0.1 and 0.9 ±0.1 m m ol.L ''for CW Tl, CWT2 and PAS) to post-Exl (11.2 ± 1.3, 10.9 

± 1.3 and 11.0 ± 1.2 mmol.L'' for CW Tl, CWT2 and PAS). No significant 

differences in BLa were detected between trials at 1 min (11.2 ± 1.5, 10.9 ± 1.6 and 

11.9 ± 1.1 mmol.L"' for CW Tl, CWT2 and PAS, respectively) or at 2.5 min into 

recovery (10.6 ± 1.4, 10.9 ± 1.4 and 11.3 ± 1.1 mmol.L'‘ for CW Tl, CWT2 and PAS, 

respectively). BLa declined progressively for all trials to the end o f recovery without 

returning to baseline, before subsequently increasing again post-Ex2 (10.6 ± 1.2, 10.6 

± 1.2 and 10.1 ± 1.2 mmol.L'' for CW Tl, CWT2 and PAS, respectively). For BLa 

raw data, see Appendix 4.9.
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Figure 5.11: BLa (mmol.L'') post-Exl and during recovery in the RiS group (mean ± SEM, n=8).

5 .3.2.3 White blood cells

There was a significant increase ( /’<0.001) in AWBC post-Exl across all trials, see 

Table 5.3. At t=20 min during recovery in PAS, AWBC remained significantly higher 

( / ’<0.05) than rest. In addition, AWBC was significantly higher (P<0.05) for PAS at 

t=25 and 30 min when compared with CWTl and CWT2. At the end of the recovery 

period (t=30 min) there were no significant differences detected when compared with 

rest for all trials. Post-Ex2, AWBC significantly increased (7’<0.001) for all trials. For 

AWBC raw data, see Appendix 4.10.

5.3.2.4 Red blood cells

There was a significant increase (/*<0.001) in ARBC post-Exl across all trials, see 

Table 5.3. At t=10 min during recovery in CW Tl, ARBC remained significantly 

higher (P<0.05) than rest. No significant differences were detected between trials. At 

the end of the recovery period (t=30 min) there were no significant differences 

detected when compared with rest for all trials. Post-Ex2, ARBC significantly 

increased ( / ’<0.001) for all trials. For ARBC raw data, see Appendix 4.11.
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5.3.2.5 Haematocrit

There was a significant increase (/*<0.001) in AHct post-Exl for all trials, see Table 

5.3. At t=10 min during recovery in C W Tl, AHct remained significantly higher 

(P<0.05) than rest. No significant differences were detected between trials. At the end 

o f the recovery period (t=30 min) there were no significant differences detected when 

compared with rest for all trials. Post-Ex2, AHct significantly increased (/*<0.001) 

for all trials. For AHct raw data, see Appendix 4.12.
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A(%) C W T l C W T 2 PA S

/ifVBC 80.2 ± 8.4 ***** 76.8 ± 10.7""" 74.7 ± 10.7*"*

Post-Exl ARBC 9.2 ± l.O***̂ 9.9 ±  1.4*"* 9.7 ±2.5***

AHct 9.4 ± 0.9 ****** 10.1 ± 1.5 ****** 10.1 ± 2 .3  ******

AWBC 88.7 ± 11.0*'*" 84.5 ± 13.0 ****** 78.5 ± 11.8***

Rec 1 min ARBC 7.5 ± 1.5*^ 7.5 ±  1.3 **" 6.7 ±0.7***

AHct 7.5 ± 1 .6“ 7.8 ± 1.6""" 7.0 ± 0.7 ******

AWBC 78.4 ± 12.0**" 75.4 ± 15.2 ****** 71.8 ± 13.5 ******

Rec 5 min ARBC 5.8 ± 1.4*"" 5.6 ± 1.5*** 4.0 ± 1.8

AHct 6.0 ± 1.5""" 5.2 ± 1.9" 4.6 ± 1.9 "

AWBC 65.3 ± 11.7""" 60.6 ± 15.7*** 59.0 ± 13.6 ******

R e c 10 min ARBC 5.2 ± 1.0* 3.7 ± 1.6 4.3 ± 1 .8

AHct 4.9 ± 1.0" 3.4 ± 1.9 4.1 ±2.1

AWBC 39.5 ±9.1 ****** 38.1 ± 14.2 ****** 44.2 ± 14"""

Rec 15 min ARBC 3.6 ± 1.4 2.8 ± 1.9 2.6 ± 1.6

AHct 3 .0±  1.5 2.5 ± 2 .2 2.3 ± 1.8

AWBC 23.2 ±6.5 19.0 ± 10.5 34.5 ± 14.0"

Rec 20 min ARBC 2.4 ± 1.2 0.7 ± 1.6 1.7±  1.3

AHct 1.5 ± 1.3 0.03 ± 1.9 1.6 ± 1.5

AWBC 7.0 ± 5.3 * 7.6 ± 7.1 * 27.0 ± 12.5

Rec 25 min ARBC 1.0± 1.1 1.2 ± 1.9 1.7±  1.4

AHct 0.8 ± 1.0 0.7 ± 2 .2 1.0 ± 1.6

AWBC 1.6 ± 4 .6  * -1 .4±  5.2 * 19.9± 11.5

Rec 30 min ARBC 0.1 ± 1.8 0.2 ± 1.8 -0.3 ± 1.5

AHct -0.9 ± 1.7 0.07 ± 1.9 -0.2 ± 1.8

AWBC 61.8 ± 6 .4  ****** 60.0 ± 10.9 ****** 73.7 ± 12.9 ******

Post-Ex2 ARBC 6.5 ± 1.4*** 5.8 ± 1.8*** 8.4 ± 1.7*^

AHct 6.3 ± 1.3 ****** 5.5 ±2.0"** 8.1 ± 2 .0  ******

T able 5.3: Haematological changes (% change from rest) post-E xl, during recovery and post-Ex2 in 

the RIS group (mean ± SEM, n=8). * P<0.05 vs. PAS; * P<Q.05 vs. rest; / ’<0.001 vs. rest.
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5.3.2.6 Plasma volume

There was a significant decrease in mean APV from rest across all trials post-Exl, see 

Table 5.4. At t=15 min during recovery in CWT2, APV remained significantly higher 

(7’<0.05) than rest. APV had returned to resting levels by the end o f the recovery 

period (t=30 min) before decreasing again post-Ex2. No significant differences were 

detected between trials post-Exl, during recovery or post-Ex2. For APV raw data, see 

Appendix 4.13.

C W T l CWT2 PAS

Post-Exl -15.7 ± 1 . 4 " -15.9 ± 2 . 0 " -15 .6±3.1  *

Rec 1 min -12.6 ± 2 .2  " -14.9 ± 2 . 6 " -10.9 ± 1.1 "

Rec 5 min -9.8 ± 2.3 " - 1 1 .8 ± 3 .4 " -6.8 ± 2.4

Rec 10 min -8.3 ± 1 .9 " -8.4 ± 3 .4 " -6.3 ±2.4

Rec 15 min -5.8 ± 2.6 -7.3 ± 3.9 -4.1 ±2.3

Rec 20 min -3.6 ± 2 .0 -3.6 ± 3 .2 -2.6 ±2.2

Rec 25 min -2.0 ± 2.0 -4.2 ± 3 .3 -2.0 ± 1 .9

Rec 30 min 0.1 ± 2 .9 -3.3 ± 2 .9 1.2 ±2.7

Post-Ex2 -10.7 ± 2 . 0 " -12.1 ± 3 . 8 " -13 .0±2.1  "

Table 5.4: APV (% change from rest) post-Exl, during recovery and post-Ex2 in the RIS group (mean 

± SEM, n=8). * P<0.05 vs. rest; *** P<0.001 vs. rest.
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5.3.2. 7 Heart Rate

Mean HR increased similarly in all trials from rest (72 ± 2, 71 ± 1 and 72 ± 1 

beats.min"') to post-Exl (177 ± 2, 177 ± 2 and 176 ± 2 beats.min’' for CW Tl, CWT2 

and PAS, respectively), and again following recovery at t=30 min (83 ± 3, 89 ± 4 and 

87 ± 3 beats.m in' for CW Tl, CWT2 and PAS) to post-Ex2 (174 ± 2, 175 ± 3 and 171 

± 2 beats.min'' for CW Tl, CWT2 and PAS), see Figure 5.12. When compared with 

PAS (106 ± 4 beats.min''), HR remained significantly higher ( / ’<0.05) in CW Tl (127 

± 4 beats.min'') and CWT2 (123 ± 4 beats.min'') upon immediate immersion in the 

initial cold phase o f treatment at the start o f recovery (t=0). Throughout the recovery 

period, HR increased on each subsequent cold immersion during the CWT2 trial and 

on most occasions during the CWTl trial, when compared with PAS. For HR raw 

data, see Appendix 4.14.
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Figure 5.12: Heart rate (beats.min'') during recovery in the RIS group (mean ± SEM, n=8). * P<0.05 
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5.4 Discussion

The present study used a counterbalanced randomised crossover design to investigate 

the effect of two different CWT protocols compared with passive recovery, 

undertaken for the entire duration of a 30 min recovery period following high- 

intensity sprint cycling, on subsequent exercise performance, blood lactate clearance 

and recovery of plasma volume. O f the 16 participants that took part in the study, 

eight completed the 3 randomised recovery interventions between two Wingate test 

protocols (WG group) and eight completed the 3 randomised recovery interventions 

between two repeated intermittent sprint protocols (RIS group). The major finding 

was that despite no significant difference in blood lactate (BLa) concentration 

between trials following recovery, subsequent cycling performance in both WG and 

RIS groups was superior following CWT when compared with passive recovery, and 

this superior performance was independent o f other complicating factors such as an 

active warm-down/recovery, stretching or nutritional practices that may be typical 

over a longer recovery period. Thus, the improvement in performance was directly 

attributable to the use of CWT.

This performance effect was clearly demonstrated in the RIS group, where TW 

following CWTl (1:1 ratio) and CWT2 (1:4 ratio) was approximately 10% greater 

than that following PAS. Relative to pre-recovery, TW following CW Tl and CWT2 

was -95% , TW following PAS was 85%, and TTF following CW Tl and CWT2 was 

97%, while TTF following PAS was 90%. For the WG group, however, there were no 

significant differences between pre and post recovery performance for any trial. 

However, when post-recovery performance was compared across trials, subsequent 

average PP and TW were higher for CWT2 compared with PAS. Post-recovery 

average MP on the other hand, which reflects performance over the entire 30 s period, 

was significantly higher for both CWT protocols when compared with PAS.

In addition to being one of only a few studies to investigate CWT on subsequent same 

day exercise performance (Coffey et a l ,  2004; Hamlin, 2007), we believe this is the 

first study to directly compare the effects o f two different immersion ratios. From 

these data, both CWT protocols maintained mean power vs. PAS in the WG group 

and both CWT protocols maintained TTF vs. PAS and pre-recovery in the RIS group. 

CWT2 also maintained peak power vs. PAS in the WG group, while CWTl was not

108



significantly different. As such, one might be tempted to suggest that for high- 

intensity exercise performance following a short-term recovery period whereby 

contrast water immersion is undertaken, implementing a low ratio of cold-to-warm 

water immersion, which in the case of the present study was 1:4, would provide a 

greater benefit to recovery of sprint performance than a cold-to-warm water 

immersion ratio that approaches 1:1. However, such a generalised approach to 

implementation of contrast water immersion would seem premature given that in the 

present study no significant differences were detected between the two CWT 

protocols at any time, and there is currently no substantive research which identifies 

the most appropriate CWT ratio for recovery of performance. Moreover, the effect on 

performance is probably also dependent on the time of immersion and absolute 

temperature of immersion during each phase, as well as the total treatment time 

during recovery. None of which appear to have been examined in a systematic 

manner.

In the present study the treatment ratios were determined from the absolute period of 

the cold immersion phase, with the warm immersion phase comprising the balance of 

each 5 min immersion period (80% warm for CWT2; 50% warm for CWTl). 

Consequently, the absolute immersion times for the cold phase, and therefore, the 

warm phase, were different between trials. It is unknown whether similar treatment 

ratios implemented with different base cold water immersion periods, for example 

from 30 s up to 2, 3 or even 5 min; are more or less effective. However, the limited 

research investigating CWT has only investigated cold immersion durations between 

1 and 2 min, and contrast ratios from 1:1 to 1:4 (Myrer et ai,  1994; Higgins & 

Kaminski, 1998; Hamlin, 2007; Petrofsky et ai,  2007b; Ingram et ai,  2009). 

Moreover, the longer the base immersion period for a particular treatment ratio, the 

fewer transitions that may be possible within the overall time available for recovery. 

Since it is these transitions that are speculated to be responsible for driving the 

physiological effects that result in the observed performance effect, it would seem 

that the focus of CWT research should in part be to optimise the methodology that 

produces the greatest benefit from the recovery, and this seems more likely with 

transitions occurring more regularly, and most probably at the very least every 5 to 6 

min (Fiscus et ai ,  2005; Wilcock et al,  2006).
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BLa concentration does not appear to shed light on the observed improvement in 

performance. Only during the initial stages of recovery during both CWTl and CWT2 

in the WG group was blood lactate significantly lower than PAS. Weinstein et al. 

(1998) reported that peak BLa was attained 5 to 7 min following a 30 s Wingate test 

and this is supported by the present study where at 2.5 min into the 30 min passive 

recovery period (5 min post-Exl) BLa had increased 44% from the immediate post

exercise concentration, see Figure 5.7. However, this is in contrast to CW Tl, where 

there was no increase, and CWT2 where there was an increase of 17%. Prior to this, a 

blood sample was also taken at 1 min into the recovery period for each protocol and 

this represented 3.5 min post-Exl. For PAS, the increase in BLa from post-Exl at 1 

min into recovery was also 44%, with no increase for CWTl and a slight increase 

(2%) for CWT2. This is an interesting observation in that it would appear that cold 

immersion prevented BLa from reaching its expected peak at approximately 5 min 

after the final Wingate test. As was previously mentioned, there was no increase in 

BLa during the first 2.5 min period of recovery for CW Tl, which represented the first 

cold immersion period at 8°C, however, at 5 min into recovery, after 2.5 min of warm 

immersion at 40°C, BLa had increased by 21% relative to post-Exl. A similar effect 

occurred in CWT2, where at 1 min into recovery, after 1 min of cold immersion, BLa 

was 2% higher than post-Exl whereas at 5 min into recovery, after 4 min of warm 

immersion, BLa had increased by 18% relative to post-Exl.

It would appear that the effect of cold immersion on the rate of lactate efflux 

following a Wingate test is negated by a subsequent period o f warm immersion; 

however, the nature of the cold immersion effect on lactate efflux is unclear. 

Blomstrand et al. (1984) reported that there was a slower rate of lactate efflux during 

exercise and a delayed post-exercise peak BLa at a muscle temperature of 29°C 

compared with 34°C. However, for both CWT trials in the present study, this effect 

was apparent 1 min into the first cold immersion period at 8°C and at this early stage, 

although submerged skin temperature may have dropped quite rapidly, it is highly 

unlikely that any significant muscle cooling had occurred (Enwemeka et a l, 2002). 

Further research is required to establish the relationship between cold immersion and 

lactate efflux.
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In the RIS group there was an 8% rise in BLa from post-Exl to 1 min into recovery 

for PAS and no increase for either CWT protocol during the same period. At 2.5 min 

into passive recovery there was a 3% increase in BLa, no increase for CWT2 and a 

5% decrease for CW Tl. While there was a greater increase in BLa for passive 

recovery during the period following the final Wingate test, the magnitude o f the 

differences between passive recovery and both CWT protocols is much smaller than 

the differences demonstrated in the WG group. The primary reason for this may be 

the overall difference in BLa response to the two different exercise protocols. The 

immediate post-exercise BLa following Exl in the RIS group was 15 to 20% higher 

than in the WG group. This is understandable as the RIS protocol required 

participants to complete a greater number of sprints against a fixed resistance with 

shorter recovery intervals until they reached failure. Effectively, they had already 

reached, or were quite close to, their peak BLa at the end of exercise whereas in the 

WG group the focus was to produce as much power as possible over each 30 s test.

Although other studies have reported that BLa was cleared more effectively during 

CWT compared with passive (Morton et a l ,  2007) and active recovery (Hamlin, 

2007), at the end of the recovery period in the present study no significant differences 

were detected across trials for either the WG or RIS groups. Therefore, the 

performance effect associated with CWT in the present study was not associated with, 

or a result of, an improved rate of BLa clearance. In addition, no clear mechanism has 

been suggested by which CWT may induce a more rapid clearance o f blood lactate. 

During active recovery, it is well accepted that persistent low-intensity activity 

primarily increases lactate clearance by increasing muscle blood flow to allow 

continued efflux of lactate from active musculature in conjunction with uptake by 

inactive musculature, while potential also remains for other sites capable of removing 

significant amounts of lactate from the circulation such as the liver (Bangsbo et al. , 

1994; Bangsbo et al., 1995) and cardiac muscle (Miller & Olson, 1952; Brooks et al., 

1999).

It has been speculated that CWT provides a “pumping effect” on the vascular system 

despite little evidence to support such effects under passive conditions in the 

treatment o f injury, or during recovery from exercise (Cochrane, 2004; Wilcock et al., 

2006; French et al., 2008). In the present study, there is some evidence for an effect
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on cardiac function with a significant fluctuation of HR observed throughout the 

course of recovery for both CWTl and CWT2, whereby HR increased on each 

transition to cold immersion when compared with PAS, see Figure 5.12. This is 

supported by similar data examining HR recovery and parasympathetic function post

exercise, albeit following a single 5 min phase of cold immersion only (Buchheit et 

ai,  2010). However, CWT has been reported to cause a fluctuation in limb blood 

flow (Fiscus et ai,  2005) as well as skin blood flow (Petrofsky et al,  2007b), but 

these data are again at rest, and not following exercise. Fiscus et al. (2005) used 

venous occlusion plethysmography to compare the effects of a 20 min CWI (13°C) 

and CWT (13 and 40°C) on blood flow in the immersed lower leg and reported that 

CWT caused blood flow to increase from baseline during immersion at 40°C and 

decrease towards baseline during immersion at 13°C. There was no difference in 

blood flow data recorded during the cold phase o f CWT and the corresponding time- 

points for CWI and there was no difference throughout the 20 min period between 

CWI and a non-immersed control. The authors suggested that a 1 min cold phase 

during CWT was unlikely to affect muscle temperature and it was possible that the 

fluctuations noted in blood flow were due to changes in skin rather than muscle blood 

flow. Despite the present study showing evidence of an effect of CWT on 

cardiovascular function during recovery, it does not provide an explanation as to how 

this may impact on subsequent sprint performance and further work is required to 

examine the cardiovascular changes more fully.

Acute exercise has previously been demonstrated to cause a large reduction in plasma 

volume following a high-intensity 30 s cycling bout (Boulay et al,  1995; Hebestreit 

et al,  1996; Whittlesey et al,  1996; Retallick et al,  2007). The magnitude o f this 

reduction has been reported from -12%  (Boulay et ai,  1995; Weinstein et ai,  1998; 

Retallick et ai,  2007) to -17%  (Hebestreit et al,  1996; Whittlesey et al ,  1996) and 

may be dependent on participant training status and body composition. For the WG 

group in the present study, the immediate post-exercise APV ranged from -13  to 

-18%  and for the RIS group APV was -16% , however, these data are based on 

estimated haematocrit and haemoglobin which were not measured directly. Ploutz- 

Snyder et ai  (1995) demonstrated that the post-exercise reduction in plasma volume 

of -22%  following resistance exercise was correlated with an increase in the cross- 

sectional area of the muscles primarily involved in the movement and this would
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suggest that fluid is moving from the vascular space into the region of the active 

musculature possibly as a result o f the increased trans-capillary pressure. Although 

the well established hydrostatic pressure effect has been demonstrated to increase 

plasma volume in rested volunteers during immersion (Norsk et a i ,  1986; Gabrielsen 

et a l ,  2002), in the present study CWT did not facilitate recovery o f plasma volume 

when compared with non-immersion in either the WG or RIS group. The reduction in 

plasma volume for both groups in the present study resulted in an increased 

haematocrit and this short-term haemoncentration effect has previously been 

demonstrated following high-intensity sprint exercise (Whittlesey et a l ,  1996; 

Retallick et al., 2007). In contrast to this post-exercise drop in plasma volume which 

results in haemoconcentration, immersion of rested volunteers in thermoneutral water 

is associated with an increase in plasma volume which results in haemodilution. The 

hydrostatic pressure effect of immersion causes fluid to move from the extravascular 

to the intravascular space in what is known as a trans-vascular fluid-shift (Hinghofer- 

Szalkay et a i ,  1987; Gabrielsen et al., 2002). Part o f our hypothesis was that this 

tluid-shift may counteract the post-exercise drop in plasma volume; however, neither 

CWT protocol had a significant effect when compared with passive recovery.

It is well established that white blood cell count (WBC) will increase during and after 

an exercise bout (leucocytosis) and the magnitude of this increase appears to be 

greater in high-intensity, short-duration exercise than moderate exercise of longer 

duration (Ali et al., 2002). In the present study, post-exercise WBC increased by -79  

to 84% in the WG group and ~75 to 80% in the RIS group before gradually returning 

to resting levels, however, in both WG and RIS groups there were significant 

differences between CWT and PAS at a number of time-points. In the WG group 

these differences were detected at 10 and 15 min during recovery for CWTl and at 

10, 15 and 20 min for CWT2. In the RIS group, differences were detected at 25 and 

30 min for both CWTl and CWT2. This observation merits further research as the 

increase in white blood cell count following strenuous exercise has been directly 

linked to the concentration o f catecholamines and cortisol (McCarthy et a l ,  1992) 

which suggests that a decrease in the duration o f the short-term post-exercise 

leucocytosis may reflect a decrease in the circulating concentration of stress 

hormones. A reduction in the circulating levels o f stress hormones may also reduce 

perception of fatigue and facilitate recovery and subsequent performance.
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One limitation o f the study was that during the PAS trial participants were not 

required to move from one empty bath to another in order to mimic the “activity” 

associated with changing baths that was present in the CW Tl and CWT2 trials. 

However, it does not appear that this contributed to the small effect on blood lactate 

in the early stages o f the recovery as the persistent activity from the changing o f baths 

in CW Tl and CWT2 lasted the entire duration o f the recovery. Similarly, this activity 

was non-vigorous and short-lived, comprising less than 1 min in total out o f the 30 

min o f immersion, and therefore would be unlikely to play a role in the development 

o f the observed performance effect. Changes in plasma volume were calculated using 

the Dill and Costill method (1974) based on changes in haemoglobin and haematocrit, 

however, neither variable was measured directly and were instead estimated from a 

whole blood sample using the Coulter principle. Despite this, the resulting data for the 

post-exercise decrease in plasma volume are broadly in agreement with the existing 

literature.

Similarly, the data from the present study does not appear to be related to other 

metabolic factors such as glycogen depletion or muscle damage given that the 

exercise was o f short-duration despite being o f high-intensity (Hargreaves et a i ,  

1998a), and was expected to be non-damaging as it comprised concentric cycling 

exercise in accustomed participants involved in regular exercise training.

In conclusion, we have shown that CWT undertaken following high-intensity sprint 

exercise improves maintenance o f exercise performance when compared with 

passive, non-immersed rest, and this effect was not associated with an improvement 

in blood lactate clearance. These data are not complicated by other recovery practices 

given that the model used in the present study reported exercise performance 

immediately before and after the implemented recovery trial. Thus, without any other 

research evidence to support this cardiovascular effect following exercise, further 

investigation is warranted to explore cardiac and vascular function during water 

immersion following high-intensity exercise. Having established its effect on 

subsequent sprint exercise, CWT as a recovery intervention for endurance exercise 

should also be investigated, and its effectiveness compared with other commonly 

used recovery modalities such as CWI and active recovery.



Chapter 6
CWI and CWT between two bouts of 
endurance exercise: core temperature 
afterdrop and performance.



6.1 Introduction

Cold water immersion (CWI) results in significant muscle cooling which can have a 

negative effect on the subsequent ability to generate maximum power output 

(Crowley et a i ,  1991; Bigland-Ritchie et a l ,  1992; Schniepp et a i ,  2002). However, 

despite this CWI can also have a beneficial effect on subsequent endurance exercise 

performance. Athlete pre-cooling, which reduces core temperature (Tc) prior to the 

onset o f endurance exercise, has been demonstrated to have a beneficial effect by 

increasing subsequent cycling time to exhaustion (Schmidt & Bruck, 1981; 

Olschewski & Bruck, 1988) or the distance covered during subsequent running (Kay 

et a l ,  1999) and cycling exercise (Kay et a l ,  1999) when compared with non

cooling. This effect is primarily attributed to an increased heat storage capacity 

reducing thermal strain during subsequent exercise. It has been suggested that during 

exercise in hot and humid conditions (>30°C), thermal stress/strain is a primary factor 

underlying central fatigue (Nybo & Nielsen, 2001). When the body attains a critical 

core temperature o f 40°C (Gonzalez-Alonso et a i ,  1999) exercise is typically 

terminated, however, a critically high body temperature is less likely to be a limiting 

factor during prolonged exercise in cooler conditions (~ 20°C). Despite this, 

Olschewski and Briick (1988) investigated endurance exercise at an ambient 

temperature o f 18°C and demonstrated that even a moderate reduction in core 

temperature o f -0.2°C, induced by cold air cooling, at the onset o f exercise resulted in 

a 12% increase in time to exhaustion when compared with non-cooling. A reduction 

in thermal strain is associated with a decreased sweat rate such that at an ambient 

temperature o f ~21°C, sweat rate is significantly lower during 60 min o f cycling at 

60% V0 2 max after cooling compared with non-cooling, and the onset o f sweating is 

delayed due to the increased heat storage capacity (Wilson et a l ,  2002).

A number o f pre-cooling methods have been investigated in the literature including 

CWI (Booth et a l ,  1997; Gonzalez-Alonso et a l ,  1999; Wilson et a l ,  2002), cold air 

exposure (Olschewski & Bruck, 1988), cooling vests (Castle et a l ,  2006; Duffield & 

Marino, 2007), ice packs (Castle et a l ,  2006) and liquid perfused cooling vests 

(Cheung & Robinson, 2004) with varying degrees o f effectiveness. CWI may 

represent the most accessible and effective pre-cooling method as all that is required 

is a large container and a water source. In addition, due to the greater thermal
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conductivity of water vs. air (-0.6 vs. -0.025 W m '' K"'), at a temperature of 8°C it is 

possible to achieve a much greater rate o f heat loss in a short space of time by using 

CWI instead of cold air cooling.

Contrast water therapy (CWT) is another common post-exercise recovery intervention 

which alternates periods of cold and warm water immersion, see Chapter 2. In the 

literature, the effectiveness of CWT has typically been investigated in the context of 

maintenance of sprint performance (Hamlin, 2007), post-exercise lactate clearance 

(Morton, 2007) and alleviation of delayed onset muscle soreness (Kuligowski et a l,  

1998; Vaile et a l ,  2007). While we have previously demonstrated the effectiveness of 

CWT as a short-term recovery intervention (vs. passive recovery) between two bouts 

of supramaximal exercise, see Chapter 4, the effect on subsequent same day 

endurance exercise performance is yet to be investigated. Unlike prolonged CWI, 

CWT would not be expected to cause significant changes in muscle temperature 

(Myrer et al., 1994; Higgins & Kaminski, 1998) or core temperature (Tc) so any 

associated benefit to subsequent endurance performance would not be based on a 

reduction in Tc and heart rate during exercise, which is the primary basis for pre

cooling.

Compared to CWI and passive recovery, active recovery facilitates a more rapid rate 

of blood lactate (BLa) clearance post-exercise (Martin et al., 1998; McAinch et a l,  

2004). Vaile et al. (2010) compared the effect o f 15 min of CWI at 15°C vs. 15 min of 

active recovery (cycling) at 40% peak power output, both followed by supine passive 

recovery for 40 min, between two 35 min cycling bouts at ~33°C and concluded that 

despite BLa being significantly lower at the end of the active recovery period, there 

was a significant decline in performance between the first and second exercise bout 

whereas performance was maintained following CWI. This demonstrated that CWI 

was a more effective recovery modality than active recovery between two endurance 

exercise bouts in the heat, despite the enhanced rate of lactate clearance associated 

with active recovery. Further research is warranted to establish if this relationship also 

exists at cooler ambient conditions (—20°C).

In order to establish the practical effectiveness of a post-exercise recovery 

intervention it is necessary to compare its effects with those of other known recovery 

modalities. The aim of the present study was to investigate CWI, CWT and active
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recovery interventions between two exhaustive endurance exercise bouts and 

estabhsh their effect on core temperature, blood lactate clearance and subsequent 

endurance exercise performance. It was hypothesised that CWI would have a positive 

effect on endurance performance when compared to CWT and active recovery and 

this would be associated with a reduction in core temperature and heart rate.



6.2 Methods

6.2.1 Participants

Nine healthy male triathletes (mean ± SD; age: 30 ± 3 yr; body mass: 83 ± 9 kg; 

height: 179 ± 6 cm) volunteered to participate in this study. Each com pleted a medical 

questionnaire, provided written inform ed consent, and was subsequently exam ined by 

a registered medical practitioner for approval for participation, see A ppendix 1. All 

enlisted participants were involved in vigorous exercise at least 2 to 3 times per week, 

were non-sm okers and were required to refrain from consum ing caffeine and alcohol 

for 12 h prior to each laboratory session. In addition, participants were tested at the 

same time o f day for each trial, and did not undertake exercise for 24 h prior to each 

laboratory session. The experimental protocol was conducted according to the 

Declaration o f  Helsinki and approved by the Faculty o f  Health Sciences Research 

Ethics Com m ittee, Trinity College Dublin.

6.2.2 Experimental design

Following an initial familiarisation and graded incremental test, participants were 

required to com plete four separate random ised recovery trials separated by 7 days. 

For each trial participants com pleted an incremental cycling exercise bout to 

exhaustion (E x l) followed im mediately by a random ised 40 min recovery period and 

subsequently a second identical incremental cycling exercise bout to exhaustion 

(Ex2). All cycling sessions were completed in the exercise laboratory v/ith the bulk o f 

the recovery period com pleted within a separate dedicated recovery room. Am bient 

tem perature in both room s was 21 ± 2°C.

6.2.2.1 Familiarisation and graded incremental test (day 1)

At least 1 week prior to com pleting their first trial, triathletes were required to 

com plete a graded incremental cycling test to volitional exhaustion in order to 

determine their peak VO2 . Throughout the test oxygen uptake data were m easured 

using an online m etabolic system (M etalyser, Cortex, Leipzig, Germany). After a 5 

min general warm -up at 100 W followed by a brief stretching period, the test initially 

com m enced with 3 min cycling at 120 W, see Figure 6.1. The applied load was 

increased by 30 W every 3 min until failure, which was determ ined as the point at
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which a cadence o f  60 rev.min'' could no longer be maintained. Using linear 

regression analysis the loads (W ) equivalent to 40, 50, 60 and 80% V02peak for each 

participant were computed.

Follow ing the incremental test, participants completed a 10 min passive CWI at 8°C 

to familiarise them with the immersion procedure. All experimental procedures and 

measurement techniques were explained at this point and triathletes were provided 

with four CorTemp ingestible sensors and instructed about their care and use, see 

Chapter 6.5.

Time (min) 0-3 3-6 6-9 9 min +

Load (W) 120 150 180 + 30 W every 3 min

Figure 6.1: G raded increm ental cycling protocol to determ ine V02peak-

6.2.2.2 Recovery trials (days 2 to 5)

The 40 min recovery period comprised a 5 min transition from the exercise laboratory 

to the recovery room after com pleting Ex l ,  follow ed by a 30 min treatment period, 

then a further 5 min transition period back to the exercise laboratory to com plete Ex2. 

During the first transition participants removed cycling shoes and socks and changed 

into swim m ing shorts; changing back into exercise clothing during the second 

transition. Tow els were provided follow ing all water immersion treatments so that 

triathletes could dry them selves prior to re-dressing for Ex2. For each trial, triathletes 

undertook one o f  four randomised 30 min treatments, with a different treatment 

employed in each trial for each participant. These treatments were administered in a 

balanced randomised fashion for each group across the duration o f  the study. The 

treatments were: C W I 5 (hip-level cold water immersion at 15°C); CW Tl (alternating 

5 min periods o f  hip-level cold immersion at 8°C for 2.5 min and warm water 

immersion at 40°C for 2.5 min, as per Chapter 5); TWI (hip-level thermoneutral water 

immersion at 34°C) and ACT (non-immersed active recovery at 40% V02peak)-

Active recovery was at a pre-set load equivalent to 40% o f  each individual’s peak 

VO2 assessed during a graded incremental cycling test. During all immersion recovery 

treatments ( C W I 5, CW Tl and TWI) triathletes were seated upright in a custom built
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330 litre bath (Sturdy Products, Co. Wicklow, Ireland) with their knees bent so that 

their feet remained flat on the bottom of the bath. The level o f the water for the 

immersion treatments was to the top o f the iliac crest and ranged from 5 to 7 cm 

above the thigh level, see Chapter 4.1.1.

6.2.2.3 Exercise bouts (Exl and Ex2)

Exl and Ex2 were performed on an electromagnetically braked cycle ergometer 

(Excalibur Sport, Lode B.V., Groningen, The Netherlands). Both Exl and Ex2 

required triathletes to complete a time to failure test (TTF), consisting of 5 min 

cycling at 50% V02peak followed by 5 min at 60% V02peak and then 80% V02peak to 

failure, see Figure 6.2. Failure was determined as the point at which a cadence o f 60 

rev.min"’ could no longer be maintained. During each bout the cycle ergometer was 

controlled via a workload programmer (Lode B.V., Groningen, The Netherlands). 

Participants were not permitted to consume water during Exl and Ex2, however, they 

were allowed sip tepid water prior to each exercise bout and also during the transition 

periods.

Time (min) 0-5 5-10 lO-failure

Workload (% of V02peak) 50 60 80

Figure 6.2: Cycling protocol for Exl and Exl .

6.2.3 Measurements and equipment

6.2.3.1 Core temperature measurement

During each testing session gastrointestinal temperature (core body temperature) was 

measured using an ingestible temperature sensor (accurate to ± O.TC) and data 

recorder (CorTemp, HQ, Florida, USA). Triathletes were required to swallow one 

sensor with tepid water approximately 3 h before each testing session, and report to 

the laboratory for testing at least 2 h postprandial as per the manufacturer guidelines, 

see Chapter 4.5.

121



6.2.3.2 Blood lactate

Blood lactate concentration was assessed at rest prior to Ex 1, at 5 and 10 min and 

every 2.5 min thereafter during Exl. Blood samples were collected for analysis at 

similar time points during Ex2. Finger prick capillary blood samples were collected 

into heparinised capillary tubes and a 25|^L syringepet (Yellow Springs Instruments, 

Ohio, USA) was used to withdraw a sample from the capillary tube, this whole blood 

sample was then injected into a bench top lactate analyser (YSl 1500 Sport, Yellow 

Springs Instruments, Ohio, USA).

6.2.3.3 Heart rate

Participants wore a standard chest strap and transmitter that recorded heart rate (HR) 

data every 5 s throughout all exercise and recovery trials (s725x, Polar Electro, 

Kempele, Finland). Data were uploaded to a PC running Polar precision performance 

analysis software (v4.03.050. Polar Electro, Kempele, Finland) and data from Exl, 

the 30 min recovery period and Ex2 were extracted for analysis.

6.2.4 Data presentation and Statistical analyses

Unless otherwise indicated, data are expressed as mean ± SEM. Time to failure (TTF) 

data were analyzed using a two-way repeated measures ANOVA [trial (CW15, 

CW Tl, TWI and ACT) by time (E xl, Ex2)] and detected differences quantified 

using a post-hoc Tukey-Kramer test. Recorded HR, Tc and BLa data were also 

analyzed using two-way repeated measures ANOVA [trial (CW15, CW Tl, TWI and 

ACT) by time (all equivalent sampling points)] followed by post-hoc Tukey-Kramer 

tests. All statistical analyses were performed using SigmaStat (v3.5, Systat Software, 

Chicago, USA) with the level o f significance set to P<0.05. For all raw data, see 

Appendix 5.
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6.3 Results

6.3.1 Performance

Time to failure (TTF) was not significantly different between E x l and Ex2 for CW 15 

whereas subsequent exercise perform ance was significantly reduced in all other trials, 

see Table 6.1. Relative TTF for Ex2 expressed as a percentage o f  E x l was 

significantly higher (P<0.05) for CW 15 when com pared w ith all other trials. Relative 

TTF for C W T l was significantly lower (/*<0.05) than CW 15, however, it remained 

higher than TWI and ACT. For absolute and relative TTF raw  data, see A ppendix 5.1

CW15 CWTl TWI ACT

Exl (min) 30.6 ±  1.1 30.9 ±  1.4 32.4 ±  1.4 30.8 ±  1.8

Ex2 (min) 28.0 ± 1.6 24.6 ± 1.5"“ 22.4 ± 1.4''^" 20.6 ± 1.1

Ex2 (% Exl) 9 2 ± 5  * 80 ±  4 * *** 70 ±  5 *** 6 9 ± 5 * ^

T able 6.1: Time to failure (TTF) for Exl and Ex2 (mean ± SEM, n=9). * f*<0.05 vs. ail other trials;  ̂

P<0.05 vs. TWI; “ P<0.05 vs. ACT; "““P<0.001 vs. A C T ;" P<0.05 vs. E xl; '" 'V <0,00l vs. E xl.

6.3.2 Blood lactate

As the lowest individual TTF for Ex2 was 15 min, the following variables are 

com pared across trials for the first 15 min pre and post-intervention. Blood lactate 

concentration (BLa) increased during the first 15 min o f  E xl as the load progressively 

increased from 50 to 80% V02peak in 5 min increments, see Figure 6.3. For BLa raw 

data for the first 15 min o f  Exl ,  see A ppendix 5.2.
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Figure 6.3: BLa (mmol.L ') during the first 15 min o f  Exl (mean ± SEM, n=9).

At the onset o f Ex2, BLa was significantly higher (/*<0.05) for CW15 when 

compared with TWI and ACT, however, there were no significant differences 

detected between trials for the remainder o f the 15 min period, see Figure 6.4. For 

BLa raw data for the first 15 min o f Ex2, see Appendix 5.3.
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Figure 6.4: BLa (mmol.L' ) during the first 15 min o f  Ex2 (mean ± SEM, n=9). P<0.05 vs. TWI and 

ACT.
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In addition there were no significant differences in BLa when comparing end Exl and 

end Ex2 for any trial, see Table 6.2.

CW15 CWTl TWI ACT

Start Exl 0.8 ±0.1 0.8 ±0.1 0.8 ±0.1 0.9 ±0.1

End Exl 5.4 ± 0 .6 5.5 ± 0 .7 5.6 ± 0 .7 5.5 ± 0 .6

Start Ex2 1.5 ± 0 .2 # 1.1 ±0.1 1 .0±0 .1 0.9 ±0.1

End Ex2 4.5 ± 0 .6 4.6 ± 0.6 4.4 ± 0 .8 4.3 ± 0 .6

Table 6.2: BLa (mmol.L"') at the beginning and end o f  Exl and Ex2 (mean ± SEM, n=9). * P<0.05  vs. 

TWI and ACT. N o significant differences were detected between start E xl and start Ex2, and end Exl 

and end Ex2.

6.3.3 Heart rate during Exl and Ex2

Mean heart rate increased as the load progressively increased during Exl and Ex2. 

There were no significant differences detected between trials during the initial 15 min 

of E x l, see Figure 6.5. For HR raw data for the first 15 min o f E xl, see Appendix 5.4.
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Figure 6.5: Heart rate (beats.min"') during the first 15 min o f  Ex 1 (mean ± SEM, n=9).
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At the onset o f Ex2, and from t=1.5 to t=15 min, heart rate data for CW15 was 

significantly lower than for all other trials ( / ’<0.05), see Figure 6.6. For HR raw data 

for the first 15 min o f Ex2, see Appendix 5.5.
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Figure 6.6: Heart rate (beats.min ') during the first 15 min o f  Ex2 (mean ± SEM, n=9). P<0.05  vs. all

other trials;" P<0.05 vs. CW Tl and ACT.

Heart rate data at the onset o f Ex2 were significantly higher for TWI and ACT 

(P<0.001) when compared with the onset o f E xl, there were no significant 

differences detected comparing heart rate data at the onset o f Exl and Ex2 for CW15 

and CW TL see Table 6.3.

CW15 CWTl TWI ACT

Start Exl 68 ± 3 69 ± 3 64 ± 2 65 ± 3

End Exl 167 ± 3 168 ± 4 168 ± 4 166 ± 3

Start Ex2 67 ± 3 74 ± 3 75 ± 3 76 ± 4

End Ex2 164 ± 4 168 ± 4 166 ± 4 165 ± 3

Table 6.3: Heart rate (beats.m in') at the beginning and end o f  E xl and Ex2 (mean ± SEM, n=9). 

^<0.05 vs. all other trials; *** significantly higher than start E x l, P<0.001.
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6.3.4 Heart rate during the 30 min recovery period

Mean heart rate was significantly higher (P<0.001) for ACT compared with all other 

trials during the recovery period, see Figure 6.7. In addition, heart rate data were 

significantly higher following the switch between baths in CW Tl when compared 

with CW15 (P<0.05) at similar time points, regardless o f whether participants were 

moving from cold to warm or warm to cold. This increase was a short-term response 

and was not sustained throughout each 2.5 min immersion period in CW Tl. Mean 

heart rate data for CW15 at t=30 min (64 ± 3 beats.min’') was significantly lower 

(P<0.05) than for TWI (71 ± 3 beats.min"'). For BLa raw data for the 30 min recovery 

period, see Appendix 5.6.
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Figure 6.7: Heart rate (beats.min ') during the 30 min recovery period (mean ± SEM, n=9). * P<0.05  

vs. all other trials; **’ P<0.001 vs. all other trials; * P<0.05  vs. C W T l; ***** P<0.001 vs. C W T l; “ 

P<0.05  vs. TWI.

6.3.5 Tc and ATc during Exl, Ex2 and recovery

ATc increased with exercise intensity during the first 15 min o f E x l, see Figure 6.8. 

However, at the end o f Exl absolute Tc was the same for all trials (38.4 ± 0.1 °C), see 

Table 6.4. For ATc raw data during E xl, see Appendix 5.7.
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CW15 CW Tl TWI ACT

Start Exl 37.1 ± 0 .2 37.1 ± 0 .2 37.2 ± 0 .1 37.1 ± 0 .2

End Exl 38.4 ± 0 .1 38.4 ± 0.1 3 8 .4 ± 0 .1 38.4 ± 0 .1

Start Ex2 36.9 ± 0.2 ****** 37.3 ± 0 .1 37.0 ± 0 .2 ^ 37.6 ± 0 . r

End Ex2 38.0 ± 0 .2* 38.1 ± 0.1 3 8 . 0 ± 0 . r 37.9 ± 0 .05*

Table 6.4: Tc (°C) at the beginning and end o f Exl and Ex2 (mean ± SEM, n=9). / ’<0.05 vs. ACT;

V<O.OOI vs. ACT; P<0.05 vs. corresponding time-point in E xl.
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Figure 6.8: ATc (°C) during the first 15 min o f  Ex 1 (mean ± SEM, n=9).

During the 30 min recovery period, no significant differences were detected between 

CW 15, C W Tl and TWI. At the end o f  the recovery period, ATc for ACT (-0.5 ± 

O .rC ) was significantly less (F<0.05) than C W T l (-1.0 ± 0.1°C) and TW I (-1.2 ± 

0.2°C) but not CW 15 (-0.9 ± 0.2°C), see Figure 6.9. For ATc raw  data during the 30 

min recovery period, see A ppendix 5.8.
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Figure 6.9: ATc (°C) during the 30 min recovery period (mean ± SEM, n=9). P<0.05 vs. all other 

trials; “ P<0.Q5 vs. CW Tl and TWI;  ̂P<0.05  vs. CW 15; * P<0.05  vs. C W T l.

Following the 30 min recovery period, Tc decreased during the transition phase and 

the first 5 min o f Ex2 at 50% V02peak before beginning to increase during the 5 min at 

60% VOipeak- ATc was significantly greater for CW15 when compared with all other 

trials during the first 12.5 min o f Ex2, see Figure 6.10. For ATc ‘afterdrop’ raw data 

during Ex2, see Appendix 5.9.

CW15

•  CWT1

50/0 V02peak 60% 80% VO^aeak
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Figure 6.10: ATc ‘afterdrop’ (°C) during the first 15 min o f  Ex2 (mean ± SEM, n=9). P<0.05  vs. all

other trials; * P<0.05 vs. CW Tl and TWI.
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6.4 Discussion

The puipose o f the present study was to compare the effect o f post-exercise CWI, 

CWT and active recovery on subsequent endurance exercise performance. As 

expected, CWI was most effective as it maintained subsequent time to failure (TTF) 

when compared with pre-recovery data, whereas post-recovery TTF for all other trials 

was significantly reduced, see Table 6.1 The initial stage of exercise following CWI 

was associated with reduced Tc and HR data when compared to the other recovery 

trials. Despite a significant reduction in TTF following CWT when compared with 

pre-recovery; overall post-recovery performance (Ex2 as a percentage o f E xl) was 

significantly improved when compared with thermoneutral immersion and active 

recovery. This demonstrated that post-exercise CWI and CWT can have a beneficial 

effect on subsequent endurance performance, and in the case o f CWT this effect is not 

mediated by changes in Tc and HR.

The improvement in performance following CWI is primarily mediated by a 

reduction in Tc, and thus thermal strain, during the subsequent exercise bout. As 

expected, there was a significant ‘afterdrop’ effect at the onset o f exercise following 

CWI 5 which resulted in a reduced Tc when compared with all other trials during the 

first 12.5 min o f exercise, see Figure 6.10. Despite the greater TTF for Ex2 as a 

percentage o f Exl following CWT (-80% ) compared with TWI (~70%) and ACT 

(-69% ), no significant differences in Tc were detected, which demonstrates that the 

positive effect o f CWT on subsequent performance was not mediated by changes in 

Tc.

In the present study, maintenance o f endurance performance was significantly 

improved following CWT when compared with thermoneutral immersion and active 

recovery. Consistent with this, we have previously demonstrated that CWT facilitates 

short-term maintenance o f sprint cycling performance compared with passive, non

immersed recovery, see Chapter 5. Hamlin (2007) compared the effect o f CWT with 

active recovery between two bouts o f 10 x 40m repeated sprints and concluded that 

despite CWT facilitating lactate clearance vs. active recovery, no difference in 

subsequent sprint performance was detected. However, the immersion protocol used 

was quite brief and consisted o f 6 x 1 min alternating periods o f hip-level CWI (8 to 

10°C) and standing under a warm shower (38°C), while active recovery consisted o f 6
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min of light jogging. In addition, the subsequent 10 x 40m repeated sprint test did not 

begin until 60 min after completion of the 6 min recovery period and the author did 

not state what occurred during this intervening time, whether participants rested in a 

supine/seated position or remained active. The brief nature o f the immersion protocol 

and the length of time (60 min) before the start of the subsequent exercise bout are 

somewhat confounding factors in the determination of the effectiveness of either 

recovery intervention. Therefore, based on the present study and previous research, 

see Chapter 5, it appears that CWT can potentially have a beneficial effect on both 

subsequent sprint and endurance performance when compared with both passive and 

active recovery.

Although a reduction in Tc is desirable during endurance exercise, particularly in hot 

conditions, this must be balanced against the ability of the athlete to perform 

comfortably following the cooling period. Yeargin et al. (2006) compared the effects 

of a 12 min cold immersion at either 14 or 5°C with non-immersed passive rest after a 

distance run at ~27°C on subsequent running performance during a 2-mile race. They 

concluded that immersion at 14°C resulted in a significant improvement in race time 

(6%) when compared with non-immersion, however, immersion at 5°C did not. This 

was despite the fact that immersion at 5°C resulted in a significantly lower Tc post

race which would indicate reduced thermal strain. Their data suggests that there is a 

water temperature threshold below which cold immersion is less effective, or may 

even have a negative effect on subsequent performance.

The protocol used in the present study was designed to mitigate against any possible 

negative effect of cold immersion by requiring participants to exercise at the 

relatively low intensity of 50% V02peak for the first 5 min and 60% V02peak for the 

next 5 min before the workload was finally increased to 80% V02peak until failure. 

Despite this, a number of participants commented on feelings of stiffness at the onset 

of exercise following CWI and it took 5 to 10 min of cycling before they began to feel 

comfortable on the ergometer. This was likely a result of the muscle cooling effect of 

prolonged CWI (Myrer et a l, 1998), which persisted during the initial stages of 

exercise and was reflected by the post-immersion afterdrop in Tc, as perfusion of the 

cold muscle tissue is increased and heat is transferred from the core to the periphery 

(Giesbrecht & Bristow, 1992). The magnitude and duration of the afterdrop effect is
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most likely directly related to the extent of muscle cooling which occurs during the 

immersion period. If the subsequent exercise bout in the present study had 

commenced at a workload of 80% V02peak instead o f 50% V02peak, it is this author’s 

belief that the ability to exercise would probably have been negatively impaired when 

compared with all other trials. Thus, if  there is a requirement to complete an exercise 

bout following a period o f CWI, the duration, depth and temperature o f immersion 

are vital considerations which have a direct effect on the success or otherwise o f the 

cooling intervention.

In the present study, the benefits o f CWI for endurance exercise were demonstrated in 

the absence o f a critical Tc threshold being reached in any trial. Following Exl, Tc 

was 38.4°C across all trials, and following Ex2, Tc was ~38°C across all trials, both of 

which were well below the critical threshold o f 40°C (Gonzalez-Alonso et al., 1999). 

An interesting observation is that participants terminated Ex2 at a similar Tc, 

regardless o f trial, but it took longer for them to reach that Tc following CWI. By 15 

min into Ex2, mean Tc was 37.2 ± 0 .1 , 37.6 ± 0 .1 , 37.5 ± 0.2 and 37.8 ± 0.03°C for 

C W I5, CW TI, TWI and ACT, respectively. Consequently, further research is 

required to clarify the relationship between fatigue and Tc in moderate, ambient 

conditions.

At the onset o f Ex2 and from 1.5 to 15 min, heart rate was significantly lower for 

CWI when compared with all other trials, see Figure 6.6, however, there was no 

difference in end-exercise HR data, see Table 6.3. During the 30 min CWT period, 

HR was significantly elevated following a number of the transitions from cold to 

warm and vice versa, see Figure 6.7, which is in agreement with data presented in 

Chapter 4. This reflected the increased activity in moving from one bath to the next 

but also the thermal stimulus o f alternating water temperatures. However, despite 

these transient fluctuations during the recovery period, at the onset o f Ex2 no 

significant differences in HR data were detected between CWT, TWI and ACT, see 

Figure 6.6.

In the present study, at the onset o f subsequent endurance exercise, BLa following the 

active recovery trial was significantly lower than CWI only. Despite this, CWI had 

the greatest beneficial effect on subsequent endurance performance, which again 

raises the issue of the continued use o f BLa as a marker o f post-exercise recovery. At
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15 min into the subsequent exercise bout, BLa data were 3.1 ± 0.3, 3.4 ± 0.5, 3.3 ± 

0.5 and 3.3 ± 0.4 mmol.L'' for CW15, C W Tl, TWI and ACT, respectively, and there 

were no differences detected between trials for BLa at the end o f exercise. Thus, the 

benefits to subsequent performance associated with CWI and CWT were not 

mediated by a lower BLa concentration during exercise.

The finding that TTF following CWT was significantly greater than active recovery 

but thermoneutral immersion was not, would suggest that although CWT did not 

result in a significant reduction in core temperature when compared with 

thermoneutral, see Figures 6.9 and 6.10, the relatively brief periods o f cold immersion 

during the contrast protocol still had a beneficial effect on subsequent performance, 

possibly by facilitating parasympathetic reactivation which may have contributed to 

participants perception o f recovery (Buchheit et a i ,  2009). It would appear that the 

positive effect on performance following CWT compared with TWI and ACT in the 

current study was not based on an improved rate o f BLa clearance or differences in 

Tc and HR. The fact that thermoneutral immersion did not have any effect on 

performance compared with active recovery would also suggest that the effectiveness 

o f CWT as a recovery intervention was not simply due the effect o f  water immersion 

per se.

In conclusion, the present study supports the use o f CWI as a recovery intervention 

between two bouts o f endurance exercise in moderate ambient conditions (~21°C) and 

this beneficial effect is associated with a reduced core temperature and heart rate 

during subsequent exercise. CWT is less effective but still improves subsequent 

exercise performance when compared with thermoneutral immersion and active 

recovery. Having established the beneficial effect o f CWI on subsequent endurance 

performance, further research is required to establish the nature o f this effect at 

different temperatures as well as to establish if CWI can be used to improve 

subsequent sprint performance.
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Chapter 7
CWI following supramaximal exercise: 
influence of water temperature on the 
haemodynamic effect of immersion 
and core temperature during 
subsequent exercise.
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7.1 Introduction

The mechanism by which water immersion may induce an effect on performance 

most likely stems from either the water temperature and/or the hydrostatic pressure. 

As such, it has been suggested that water immersion exerts a haemodynamic effect 

due to the sensitivity of cardiovascular function to externally applied temperature 

and/or pressure (Park et al,  1999; Itoh et al,  2007). The hydrostatic pressure effect 

has previously been observed in rested young men during thermoneutral immersion 

(34°C), resulting in an elevated stroke volume (SV) and cardiac output (CO), 

concomitant with a lower total peripheral resistance (TPR) and systolic blood 

pressure compared with a non-immersed control (Itoh et al,  2007). Water 

temperature may also affect the cardiovascular response to immersion with one study 

reporting that resting head-out immersion at 30°C producing a greater increase in SV 

when compared with immersion at 34°C (Park et al,  1999). This difference in SV 

was attributed to the additional cold stimulus inducing an even greater degree of 

vasoconstriction, thereby increasing TPR and cardiac pre-load. However, while the 

existing literature describes these changes in rested participants during immersion, the 

haemodynamic effect of immersion following high-intensity exercise which elevates 

CO, SV and HR, and reduces TPR with rest (Crisafulli et al,  2004) is yet to be 

investigated.

While CWI seems to be an effective intervention for maintaining endurance 

performance, see Chapter 6, it is less clear if CWI can be used to effectively maintain 

sprint performance. The positive effect of CWI on subsequent endurance exercise 

performance would appear to be largely mediated by a lower Tc when compared with 

non-immersion. In a previous study, cycling time trial performance was maintained 

following a 15 min CWI at 15°C when compared with active recovery at 40% of peak 

power output where performance was reduced by 1.8% (Vaile et al,  2010). 

Moreover, Tc throughout a subsequent time trial following CWI was significantly 

lower than that following active recovery. In contrast, CWI for 30 min at I2°C was 

reported to reduce peak power during a subsequent Wingate test by 30% (Crowley et 

al,  1991) and similarly, in another study, CWI for 15 min at 12°C reduced peak and 

mean power output during a subsequent simulated cycle sprint by 13.7 and 9.5%, 

respectively (Schniepp et al,  2002) and the authors attributed these negative effects
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to the contractile properties o f the leg musculature being impaired at lower 

temperatures. The evidence provided by the existing literature and Chapter 6 o f the 

present thesis suggests that although CWI may provide a beneficial effect to 

subsequent endurance exercise performance via a reduction in Tc, CWI per se may 

impact negatively on short-term maximal anaerobic performance due to local muscle 

cooling.

If high-intensity exercise such as repeated sprinting is to be performed following 

CWI, sufficient time must be allowed for intramuscular rewarming, otherwise 

performance may be impaired. If sufficient time is not available for muscle 

rewarming to occur naturally, then moderate intensity exercise may be used to 

facilitate rewarming. However, an increased level o f muscle activity, such as that 

required by exercise in the immediate post-cooling phase, can increase the magnitude 

of the afterdrop effect, as reported by Giesbrecht et al. (1992), where following CWI 

to chest-level at 8°C, the effect o f treadmill exercise on Tc afterdrop was compared 

with shivering thermogenesis (during supine rest). The initial post-immersion 

afterdrop was 58% greater during exercise compared with shivering which suggests 

that increased perfusion o f cold tissues, due to the greater active muscle blood flow, 

was the probable mechanism, with heat being transferred from the core to the 

periphery This afterdrop effect was demonstrated in the present thesis following CWI 

at 15°C, however, the drop in Tc was not sufficient to induce even mild hypothermia, 

see Chapter 6. The lowest individual Tc during the afterdrop period following CWI 

was 35.4°C and this was recorded in the participant with the lowest body mass (68 

kg). However, if  increased perfusion of cold muscle tissue results in an increase in Tc 

afterdrop, then it is reasonable to suggest that the lower the water temperature during 

CWI, the greater the decrease in muscle tissue temperature, and thus, the greater the 

Tc afterdrop. Prolonged CWI at a water temperature lower than 15°C may increase 

the risk o f mild hypothermia during the post-immersion period. To date, the effect o f 

different CWI temperatures on Tc afterdrop has not been investigated in a recovery 

setting.

Therefore, the primary aim of this study was to investigate the effect o f hydrostatic 

pressure (thermoneutral immersion) as well as different CWI temperatures on 

haemodynamic variables (CO, SV, HR and TPR) and core temperature following
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supramaximal exercise. It was hypothesised that CWI would result in a greater CO 

during recovery compared with thermoneutral immersion, and CO would be greatest 

for the coldest immersion temperature as a result o f greater peripheral 

vasoconstriction. The secondary aim was to investigate the effect o f CWI temperature 

on the magnitude and duration of the Tc afterdrop and subsequent sprint exercise 

performance. It was hypothesised that the colder water temperature would cause a 

greater Tc afterdrop that would also prolong the reduction in Tc during subsequent 

low-intensity exercise, which may negatively affect subsequent sprint performance.
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7.2 Methods

7.2.1 Participants

Ten active, healthy male Gaelic football and soccer players participated in the study 

(n = 10; age: 26 ± 5 yr; body mass: 86 ± 7 kg; height: 184 ± 5 cm; VOjpeak: 54.6 ± 7.4 

ml kg'' min’’). The experimental protocol was conducted according to the 

Declaration o f Helsinki and approved by the Faculty of Health Sciences Research 

Ethics Committee, Trinity College Dublin. Participants were advised of the 

experimental procedures and potential risks, after which all participants provided 

informed written consent. Prior to completing any testing, participants completed a 

medical screening questionnaire, see Appendix 1, and were examined by a qualified 

medical practitioner for contraindications to maximal exercise or other medical 

considerations that might limit participation

7.2.2 Experim ental design

Participants were required to visit the exercise laboratory for six testing sessions, each 

separated by not less than 5 days. On the first visit (day 1), participants completed an 

incremental cycling test, after which familiarisation with the experimental procedures 

for water immersion and exercise testing was undertaken. On each of the five 

subsequent visits participants completed an initial high-intensity exercise bout (Exl), 

followed by a 30 min randomised recovery, which was then followed by 20 min 

constant load cycling at 50% VOjpeak, before a final high-intensity exercise bout 

(Ex2), see Figure 7.1. For all testing sessions participants were required to attend the 

laboratory in a rested and euhydrated state, having abstained from exercise, caffeine 

and alcohol for the previous 24 hours. To minimise circadian variations all testing 

sessions were conducted at the same time o f day (± 2 h) for each participant. All 

exercise was undertaken on the same electromagnetically braked cycle ergometer 

(Excalibur sport. Lode, Groningen, The Netherlands) and ambient air temperature in 

the exercise and recovery rooms was 20 ± 2°C (mean ± SD).
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Figure 7.1: Ex I, recovery and Ex2 timeline. The recovery period started 5 min after com pleting E xl; 

Ex2 started 5 min after the recovery period. Tc was recorded at rest and every 5 min during recovery 

and every 2.5 min during the constant load cycling period; CO and BLa data were recorded at rest and 

at 0, 5, 15 and 25 min during recovery; BLa was also recorded every 5 min during the constant load 

cycling.

7.2.2.1 Familiarisation and graded incremental test (day 1)

Participants com pleted an incremental cycling test to volitional exhaustion to 

determ ine m axim al power ( P m a x )  at peak oxygen uptake (V02peak)- This comprised 

cycling at 100 W for 3 min, after which the workload increased by 50 W every 3 min 

until 9 min, and then by 25 W .min ' until a cadence above 60 revs.m in ' could not be 

m aintained (volitional exhaustion), see Chapter 4.1.5. Pmax was determined as the 

highest w orkload sustained for 30 s. To determ ine peak VO 2, throughout the test 

oxygen uptake data were m easured using an online m etabolic system (M etalyser, 

Cortex, Leipzig, Germ any). Follow ing the incremental test, participants com pleted a 

10 min CW l fam iliarisation at 8°C before changing into clean dry exercise clothing 

and returning to the exercise laboratory. A fter a further 10 min rest, participants 

com pleted a single 30 s W ingate test.

1.2.2.2 Recovery trials (days 2 to 6)

Each testing session com prised an initial high-intensity exercise bout (E x l), followed 

by a 40 min period consisting o f  a 30 min random ised recovery between two 5 min 

transition periods; a 20 min constant load cycle at 50% V02peak and a final high- 

intensity exercise bout (Ex2) consisting o f  repeated interm ittent sprints to failure. The 

five recovery interventions were; hip-level CW I at either 8°C or 15°C (CW 8, C W l5); 

hip-level therm oneutral w ater im m ersion at 34°C, (TW I); active recovery at 40% 

VO^peak (ACT); or passive, non-im m ersed recovery (PAS), see Chapter 4.1.1. For 

active recovery, participants cycled for the 30 min period at a load equivalent to 40%
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o f  VOipeak- Participants were required to dismount for the transition period follow ing  

E x l, slow ly  walk the length o f  the laboratory and then return to the ergometer to 

com plete the ACT cycling requirements. Participants repeated this transition prior to 

the constant load period.

1.2.13  Exl

The initial exercise bout com prised a sequence o f  three standard 30 s W ingate tests 

with each preceded by 4 min low-intensity constant load cycling (50 W ), see Chapter

4.1.4. During the 5 m in transition period upon com pletion o f  the final W ingate test, 

participants transferred to a recovery room for CW 8, CW 15, TWI and PA S, but 

remained in the exercise laboratory for ACT.

V.2.2.4 Constant load cycling

Follow ing the 5 min transition period upon com pletion o f  the recovery intervention, 

participants com pleted a 20 min constant load period which consisted o f  cycling at a 

workload equivalent to 50% peak VO 2. The rationale behind this constant load 

cycling period was tw o-fold. 1) To investigate the effect o f  CWI on core temperature 

afterdrop and heart rate during exercise at an intensity greater than that o f  the active 

recovery but still considered light-moderate, and 2) as m uscle cooling has been shown  

to have a negative effect on subsequent high-intensity cycling performance (Crowley  

et a i ,  1991) this 20 min period would also facilitate m uscle re-warming prior to the 

high-intensity RIS protocol thereby elim inating the negative effect o f  m uscle cooling  

on sprint performance during Ex2.

7.2.2.S Ex2

After 2 m in rest fo llow ing the constant load cycling  period, participants com pleted a 

series o f  repeated intermittent sprints (RIS) consisting o f  alternating periods o f  30 s at 

40% and 120% Pmax, with this sequence repeated until volitional failure, see Chapter

4.1.4.
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7.2.3 Measurements and equipment

7.2.3.1 Core temperature measurement

During each testing session gastrointestinal temperature (core body temperature) was 

measured using an ingestible temperature sensor, see Chapter 4.1.6. Participants were 

provided with five ingestible sensors on day 1 and instructed about their care and use. 

Core temperature data were recorded at rest prior to Exl, every 5 min during recovery 

and every 2.5 min during the 20 min constant load cycling period.

1.23.1 Cardiac output

Cardiac output (CO) was assessed non-invasively via Innocor (Innovision, Odense, 

Denmark) using an inert gas re-breathing method requiring participants to breathe a 

mixture of 0.5% nitrous oxide (N2 O) and 0.1% sulphur hexafluoride (SFe) for 4-5 

breaths (Saur et a i, 2009). All participants were familiarised with the required re

breathing technique on day 1 and prior to each test session they completed a 

demonstration re-breathing cycle using room air. N2 O is a blood soluble gas and Sp6 

is insoluble and during the re-breathing cycle N2 O is dissolved in the blood perfusing 

the ventilated parts of the lung. A photo-acoustic infrared gas analyser measures the 

concentrations of both gases. The Innocor measures the concentration curve of N2 O 

and calculates the wash-out rate which is proportional to cardiac output. Sp6 is 

measured to determine the lung volume and account for factors which may potentially 

affect the distribution of the N2 O. The concentration of Sp6 decreases from the initial 

value in the re-breathing bag to a final equilibrium value obtained in the final few 

breaths of the re-breathing cycle. Since the volume of the re-breathing bag is known, 

the total systemic volume can be determined from the dilution of the Sp6. Stroke 

volume (SV) is subsequently computed from the CO measurement in conjunction 

with heart rate (HR) data, which is measured continuously using a pulse oximeter 

placed on a finger. The inert gas re-breathing technique as described has previously 

been validated and has demonstrated acceptable agreement with other methods of 

determining CO such as thermodilution (Peyton & Thompson, 2004; Dong et a l, 

2005) and the direct oxygen Pick method (Peyton & Thompson, 2004). Wearing a 

nose-clip, participants matched their breathing frequency to an on-screen graphical 

tachometer which indicated the required rate, see Pigure 7.2. To begin the cycle the
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re-breathing valve was activated, this switched the intake from room air to the 2L bag 

containing the inert gas mixture. Participants were instructed to empty the bag with 

each inspiration and the re-breathing cycle was terminated when the device indicated 

that gas mixing was adequate. A re-breathing cycle to determine CO was conducted 

at rest and at 0, 5, 15 and 25 min during the 30 min recovery period following Exl. 

Pulse oximeter heart rate data were verified against a standard Polar heart rate 

monitor.

Figure 7.2: Innocor set-up for re-breathing during immersion. Note: Following each re-hrealhing

7.2.3.3 Blood lactate

BLa was measured at rest prior to E x l, at 0, 5, 15 and 25 min during recovery and 

then every 5 min during the constant load cycling period o f Ex2. Finger prick 

capillary blood samples were collected into heparinised capillary tubes. A syringepet 

was then used to withdraw a 25^L sample from the capillary tube and injected into a 

bench-top sport lactate analyser (YSI 1500 Sport, Yellow Springs Instruments, Ohio, 

USA), see Chapter 4.1.2.

Mouthpiece and 
breathing filter

Re-breathing 
bag containing . 
inert gas mixture

Pulse
oximeter

Graphical
tachometer

cycle, the re-hreathing apparatus was moved to one side using the swing-arm.
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7.2.3.4 Blood pressure

Blood pressure (BP) measurements were performed using a digital automatic blood 

pressure monitor (Omron M7, Omron, Kyoto, Japan) with the cuff placed on the right 

upper arm at heart height. Measurements were recorded before each rebreathing cycle 

at rest, and at 0, 5, 15 and 25 min during the 30 min recovery period following Exl. 

Systolic (Sys) and diastolic (Dia) blood pressure were recorded and mean arterial 

pressure (MAP) was calculated for each time-point.

7.2.4 Statistical analysis

Group data across time and treatment are presented as mean ± SEM. Data were 

analysed using two-factor repeated measures ANOVA to determine time and trial 

differences. Detected significant differences were quantified using Tukey-Kramer 

post-hoc tests and P<0.05 inferred significance. Repeated sprint performance data 

were analysed using single factor repeated measures ANOVA. Statistical analysis was 

performed using SigmaStat (v3.5, Systat Software, Chicago, USA). For all raw data, 

see Appendix 5.
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7.3 Results

7.3.1 Perform ance

Average peak power (PP), average mean power (M P) and total work (TW) were not 

different across trials for E x l, see Table 7.1. For raw data, see Appendix 6.1

Exl CW8 CW15 TWI ACT PAS

Peak power (W.kg-1) 13.8 ± 0 .6 13.7 ±0 .8 13.9 ± 0 .6 13.5 ± 0 .7 13.4 ±0.7

Mean power (W.kg-1) 7.9 ± 0.2 8.0 ±0 .2 8.0 ± 0 .2 7.9 ± 0 .2 8.0 ±0.2

Total work (kJ.kg’’) 1.15 ±0 .02 1.14 ±0.02 1.14 ±0.02 1.12 ±0.03 1.14 ±0.02

Table 7.1: Wingate test performance data for Exl (mean ± SEM, n=10).

Assessing post-recovery exercise capacity (work done and TTF during RIS protocol) 

no significant differences in perform ance data were detected for Ex2 between trials 

(single factor repeated measures ANOVA) following the 20 min constant load cycling 

period, see Table 7.2. However, TW tended to be higher {P = 0.06) following CW15 

compared with ACT, see Table 7.3. For TW and TTF raw data, see Appendix 6.2.

Ex2 CW8 CW15 TWI ACT PAS

Total work (kJ.kg-') 1 .18±0.16  1 .34±0.22 1.23 ± 0 .16  1 .05±0.15 1.14±0.17

TTF (min) 5.4 ± 0 .7  6.0 ± 0.9 5.5 ± 0.6 4.9 ± 0.5 5.2 ±0.6

Table 7.2: Repeated intermittent sprint (RIS) performance data for Ex2 (mean ± SEM, n=10).

CW8 CW15 TWI PAS

Total work (kJ.kg'*) 0.74 0.06 0.43 0.92

Time to failure (min) 0.80 0.13 0.67 0.99

Table 7.3: P values across trial when compared with ACT. Data analysed using one way repeated 

measure ANOVA and post-hoc Tukey test (f’<0.05).
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7.3.2 Haemodynamic changes during recovery

Post-Ex 1 and throughout recovery, CO was significantly higher than rest for CW 8, 

C W 15, TW I and A CT ( / ’<0.001), see Table 7.4. During recovery for PAS, CO was 

significantly higher than rest post-Exl and at 5 min (/*<0.001). CO for A CT was 

significantly higher (P<0.001) than all other trials throughout recovery, prim arily as a 

result o f  an elevated HR rather than an elevated SV. CO for PAS was significantly 

low er (P<0.05) than all other trials during the recovery period. D uring recovery, SV 

w as significantly higher for ACT com pared with rest and significantly lower for PAS 

com pared with rest. SV during PAS was significantly lower (P<0.05) than both cold 

im m ersion trials (CW 8 and CW 15) and ACT during the recovery period, how ever, no 

significant differences were detected in SV between im m ersion trials. Post-Exl and 

throughout recovery, HR was significantly higher for all trials com pared w ith rest 

( /’<0.001). HR was significantly higher (P<0.001) for ACT during the recovery 

period when com pared with all other trials. For CO, SV and HR raw data, see 

A ppendix 6.3.

145



CW 8 CW 15 TW I ACT PAS

CO 7.3 ±  0.3 8.0 ± 0 . 3 7.4 ± 0 . 5 7.2 ±  0.7 7.6 ±  0.4

Rest S V 1 1 4 ± 7 126 ± 4 1 1 6 ± 7 1 1 2 ±  10 125 ± 7

HR 65 ± 3 64  ± 3 6 4 ± 3 65 ± 3 62 ± 3

CO 13.3 ± 0.5 * * * 13.2 ± 0 . 6  ***** 13.1 ±0.5*"* 13.2 ± 0 . 9  ****** 12.7 ± 0 . 5  ******

Post-Ex I S V 125 ± 5 129 ± 6 123 ± 3 124 ± 8 122 ± 6

HR 107^3  ### 103± 3 ##« 106 ±2""* 106 ±4*'"' 104 ± 3 *“

CO 12.3 ± 0 . 5 12.3 ± 0 . 6 * ' 11.8 ± 0 . 6 ' *
17.3 ±0 .4***

m 9.9 ± 0 . 5 * * *

Rec 5 S V 126 ± 5 132 ± 6 122 ± 6 U5±5****** 106 ± 6 “’ *

HR 98  ± 2* ** 94 ± 4 * ' gy 2 *** 128± 3** * '«* 94 ± 3 ###

CO 10.5 ± 0 . 4 10.7 ± 0 . 4  ****** 10.5 ± 0 . 6  ******
16.7 ±0.4***

8.8 ± 0 . 7 *

Rec 15 S V 122 ± 6 125 ± 5 1 1 4 ± 6 132 ± 5 “* 98 ±  7  ̂******

HR 87 ±  2 **** 86 ± 2 ******
91 ± 2 128 ± 3 * ” '""' 90 ±  3 ******

CO 9.5 ± 0 . 5  * 9.7 ±  0.4 * 9.6 ±  0.5 *****
16.3 ±0.2***

### 7.8 ± 0 . 5 *

Rec 25 S V 120 ± 7 124 ± 6 1 1 3 ± 6 1 2 9 ± 4 * 91 ±  6 ******

HR 79  ±  2 78±3***** 85 ±  2 ******
, 27 ± 3*«*### 86 ± 3 * ^

Table 7.4: CO (L.min '), SV (ml) and HR (beats.min ') at rest, post-Exl and during the 30 min 

recovery period (mean ± SEM, n=9). * / ’<0.05 vs. all other trials; *’ * / ’<0.001 vs. all other trials; 

^<0.05  vs. CW8, CW15 and ACT; “ P<0.05 vs. TWI; * ^<0.05 vs. rest; '"'V<0.001 vs. rest.

7.3.2.1 Relative changes in CO, SV and HR

ACO for PAS was significantly less (f*<0.05) compared with CW8, CW15 and TWI 

throughout recovery and no significant differences were detected between CW8, 

CW15 and TWI, see Figure 7.3. ASV for PAS was significantly less ( / ’<0.05) 

compared to CW8, CW15 and TWI throughout recovery, however, no significant 

differences in ASV were detected between immersion trials. AHR was significantly 

greater ( / ’<0.001) for PAS (41 ± 6%) at the end of recovery when compared with 

CW8 (23 ± 5%), CW15 (25 ± 7%) and TWI (33 ± 5%). For ACO, ASV and AHR raw 

data, see Appendix 6.4.
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Figure 7.3: % change in cardiac output (ACO), strotce volume (ASV) and heart rate (AHR) during 
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7.i.2.2 MAP, systolic and diastolic blood pressure

Post-Exl, systolic blood pressure was significantly higher than rest for all trials 

(/’<0.05), see Table 7.5. At 15 min during recovery, systolic blood pressure was 

significantly higher for PAS compared with CW8 and CW15 (P<0.05). Post-Exl and 

during recovery, MAP and diastolic blood pressure were not different from rest and 

there were no differences across trial. For raw data, see Appendix 6.5.

CW8 CW15 TWI PAS

Sys 132 ± 4 128 ± 3 128 ± 5 135±3

Rest Dia 19 ±5 75 ± 3 76 ± 4 76 ±3

MAP 96 ± 4 94 ± 2 93 ± 3 95 ±3

Sys 149± 10* 147± 11* 149 ±7* 154 ±7*

Post-Exl Dia 75 ± 4 73 ± 4 72 ± 4 76 ± 3

MAP 100±4 98 ± 6 98 ± 4 100 ±4

Sys 138±5 129 ± 5 126 ± 7 129 ± 4

Rec 5 Dia 71 ± 4 69 ± 3 69 ±3 72 ± 4

MAP 93 ± 4 89 ± 3 88 ± 4 91 ± 4

Sys 133±5 129±4 127±4 1 1 7 ± 4 “

Rec 15 Dia 69 ± 3 70 ± 3 76 ± 6 72 ±3

MAP 90 ± 4 90 ± 3 93 ±5 87 ±3

Sys 129 ± 5 130 ± 5 120 ± 5 118±3

Rec 25 Dia 77 ±3 74 ± 3 70 ±3 74 ±3

MAP 94 ± 3 93 ± 3 87 ±3 88 ±3

T able 7.5: M AP, Sys and Dia (m m H g) at rest, post-E xl and during the 30  min recovery period (mean 

± SEM , n=8). “ P<0.05 vs. CW 8 and CW 15; * P<0.05 vs. rest.

7.3.2.3 Relative changes in MAP, systolic and diastolic blood pressure

At 15 min during the recovery period, ASys was significantly less (f*<0.05) for PAS 

compared to all other trials, see Figure 7.4. For AMAP, ASys and ADia raw data, see 

Appendix 6.6.
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reliable.
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7.3.2.4 Total peripheral resistance

Post-Ex 1, there was a large decrease in TPR from rest across all trials before 

gradually increasing during the recovery period, see Table 7.6. TPR during PAS was 

significantly higher (P<0.05) when com pared to CW 8, CW15 and PAS at 5, 15 and 

25 min during recovery. At 25 min during recovery, TPR remained significantly 

lower than rest for CW 8, CW15 and TWI. For TPR raw data, see Appendix 6.7.

CW8 CW15 TWI PAS

Rest 1063 ± 68 958 ± 54 1095± 103 1062 ± 76

Post-Exl 616 ± 26  ***** 611 ±53 ***** 605 ± 27 ****** 632 ± 33 ******

Rec5 617 ± 3 7 “ 601 ± 4 5 * “ 635 ± 50 ******
790 ± 57###*

R eels 690 ± 32 ****** 689 ± 45 ****** 742 ± 53 ****** 892 ± 54 " *

Rec 25 836 ± 5 8 * ^ 801 ± 50 ** 756 ± 6 7 “ 1026 ± 5 7 *

T able 7.6: TPR (dynes s'' cm’') at rest, post-Exl and during the 30 min recovery period (mean ± 

SEM, n=7). * P<0.05 vs. all other trials; * /’<0.05 vs. rest; *** P<0.001 vs. rest.

Post Ex l ,  there was a large decrease in ATPR from rest before gradually increasing 

during the 30 min recovery period. ATPR during PAS was significantly greater 

(/’<0.05) when com pared to CW 8 and TWI at 5, 15 and 25 min during recovery, in 

addition, ATPR for CW15 was significantly greater at 25 min when com pared to 

TWI, see Figure 7.5. For ATPR raw  data, see A ppendix 6.8.
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Figure 7.5: % change in total peripheral resistance (ATPR) during recovery (mean ± SEM, n=7). * 

P<0.05 vs. CW8 and TWI; “ P<0.05  vs. TWI. Note: A C T excluded as BP measurements during  

exercise were not reliable.

7.2.3. j  Initial HR response during f ir s t  120 s

At the start o f immersion (t=0), HR during CW8 (125 ± 4), CW15 (118 ± 4) and TWI 

(116 ± 3) was significantly higher (P<0.05) than PAS (108 ± 3). HR for CW8 during 

the first 20 s was significantly higher (P<0.05) than TWI and PAS, while from 30 to 

50 s, HR for CW8 was significantly higher (P<0.05) than CW15, TWI and PAS. No 

significant differences were detected across trial for the remainder o f the 120 s 

period. For HR raw data, see Appendix 6.9.
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Figure 7.6: Heart rate response to the first 120 s o f  immersion at 8, 15 and 34°C during recovery 

(mean ± SEM, n=10). * P<0.05 vs. all other trials; * P<0.05 vs. TWI and PAS; “ P<0.05 vs. PAS. Note: 

HR data fo r  A C T excluded from  figure  to facilitate clarity.

7.3.3 Core temperature during recovery period and constant load cycling

Tc at the beginning of the 30 min recovery period was not different across trials (37.6 

± 0.1, 37.7 ± 0.1, 37.6 ± 0.1, 37.7 ± 0.1 and 37.6 ± 0.1°C for CW8, CW15, TWI, ACT 

and PAS, respectively), see Figure 7.7. Tc during ACT was significantly higher 

(P<0.05) than all other trials from 15 to 30 min during the recovery period, Tc for 

CW8 (37 ± O.rC) was significantly lower (P<0.05) than TWI (37.4 ± 0.1 °C), ACT 

(38.1 ± 0.1 °C) and PAS (37.3 ± 0.1°C) at the end of the recovery period. At the onset 

of the constant load cycling bout, Tc was significantly lower ( /’<0.05) for CW8 (36.6 

± 0.2°C) when compared to all other trials (37 ± 0.2, 37.4 ± 0 .1 , 37.8 ± 0.1 and 37.2 ± 

O.rC for CW15, TWI, ACT and PAS, respectively). During the first 5 min of 

constant load cycling (from 35 to 40 min), Tc continued to decrease in both CW8 and 

CW15 before increasing from 40 min onwards. Tc was significantly lower (/*<0.05) 

for CW8 compared with all other trials for the majority o f the constant load cycling 

bout, however, no significant difference was detected between CW8 and CW15 at the 

end o f the constant load period (t=55 min). Tc for ACT was significantly higher
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(/’<0.05) than CW8 and CW15 throughout the constant load cycling bout. For Tc raw 

data, see Appendix 6.10.
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Figure 7.7: Tc (°C) during the 30 min recovery period and 20 min constant load cycling at 50% 

VOjpeak (mean ± SEM, n=10). * ^<0.05 vs. all other trials; *** P<0.001 vs. all other trials; “ P<0.05 vs. 

TWI and ACT; * P<0.05  vs. TWI, ACT and PAS; P<0.05  vs. CW 8, CW 15 and PAS; “ P<0.05 vs. 

CW8 and CW15.

7.3.3.1 Core temperature afterdrop

ATc represents the magnitude o f the change in core temperature during the post

recovery period relative to the absolute Tc at the end of the 30-min recovery period, 

see Figure 7.8. At the onset o f exercise, ATc for CW8 (-0.4 ± 0.1 °C) was significantly 

lower (P<0.05) than TWI (0.0 ± 0.0°C) and PAS (-0.1 ± O.OT). At the end o f the 20 

min constant load cycling bout, ATc for CW8 (0.1 ± O.TC) and CW15 (0.1 ± 0.1 °C) 

was significantly lower (P<0.001) than both TWI (0.5 ± O.TC) and PAS (0.5 ± 

O .rC ). In addition, ATc was significantly lower (P<0.05) for CW8 when compared 

with TWI and PAS throughout the 20 min constant load cycling bout and was also 

significantly lower when compared to CW15 at 5, 7.5, 10 and 12.5 min. From t=2.5 

to 20 min, ATc was significantly lower for CW15 when compared to TWI and PAS. 

For ATc raw data, see Appendix 6.11.
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7.3.4 Heart rate during constant load cycling

HR data were significantly lower (P<0.001) for CW8 at 0 and 5 min during constant 

load cycling at 50% V02peak when compared with TWI, ACT and PAS. At 10 min, 

both CW8 and CW15 were significantly lower (F<0.05) than TWI, ACT and PAS, 

see Table 7.5. For HR raw data, see Appendix 6.12.
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Time (min) CW8 CW15 TWI ACT PAS

0
_ _  _ * * *  
75 ±  3 81 ± 4 ^ 91 ± 2 91 ± 2 87 ± 2

5 1 1 5 ± 2 1 1 7 ± 3  *** 1 3 3 ± 3 132 ± 4 131 ± 2

10 1 2 2 ± 3  * 1 2 4 ± 3  * 136 ± 4 133 ± 4 132 ± 3

15 I 2 7 ± 3 ^ 1 2 8 ± 3 ^ 140 ± 5 1 3 7 ± 4 1 3 5 ± 3

20 133 ± 3 131 ± 3  “ 1 3 9 ± 4 140 ± 4 137 ± 3

Table 7.7: Heart rate (beats.min ') during 20 min constant load cycling at 50% V02peak (mean ± SEM, 

n=10). * P<0.05 vs. TWI, ACT and PAS; *** / ’<0.001 vs. TWI, ACT and PAS; V<0.05 vs. TWI and 

ACT; “ P<0.05 vs. ACT.

7.3.5 Blood lactate

During the 30 min recovery period, BLa was significantly lower during A CT at t=15 

and 25 min (4.5 ± 0.5 and 2.7 ± 0.4 m m ol.L"', respectively; / ’<0.001) during the 30 

min recovery period when com pared w ith all other trials, see Figure 7.9. In addition, 

BLa for CW 8 (6.9 ± 0.8 m m ol.L '') was significantly higher (f*<0.05) than TW I (5.4 ± 

0.4 m m ol.L’') and PAS (5.1 ± 0.6 m m ol.L’') at 25 min into the 30 min recovery 

period. At the onset o f  the 20 min constant load cycling bout, BLa was significantly 

lower (/*<0.05) for ACT (2.1 ± 0.3 m m ol.L ’')  w hen com pared w ith all other trials, 

and both CW 8 (5.4 ± 0.5 m m ol.L’')  and CW 15 (5.0 ± 0.6 m m ol.L’')  were 

significantly higher ( / ’<0.05) than TW I (3.5 ± 0.4 m m ol.L’'). Halfway through the 

constant load cycling bout (t=45 min), BLa was significantly higher for CW 8 (4.6 ± 

0.5 m m ol.L’')  when com pared with all other trials (3.3 ± 0.3, 2.9 ± 0.4, 2.3 ± 0.4 and 

3.0 ± 0.4 m m ol.L’' for CW 15, TW I, A CT and PAS, respectively; P<0.05). No 

significant differences w ere detected between trials at the end o f  the constant load 

exercise period. For BLa raw data, see A ppendix 6.13.
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7.4 Discussion

The main objectives o f the present study were to investigate the effect o f hydrostatic 

pressure and water temperature on haemodynamic variables during immersion 

following supramaximal exercise, and core temperature changes during and after 

immersion. This is the first study that has assessed the effect o f immersion at different 

temperatures on CO, SV and TPR during recovery from supramaximal exercise. 

Despite the initial hypothesis, CO and SV were not different across immersion trials 

at 8, 15 and 34°C following supramaximal exercise. However, both CO and SV were 

significantly higher for all immersion trials when compared with passive recovery. 

CWl at 8°C caused a greater Tc afterdrop effect than CWl at 15°C and this resulted in 

a significantly lower absolute Tc for the first 15 min o f the subsequent 20 min 

constant load cycling period. Despite this, RIS performance during Ex2 was not 

significantly different across trials for total work normalised to body mass or time to 

failure.

In the present study, the hydrostatic pressure and water temperature effects were 

isolated by investigating three different water temperatures (8, 15 and 34 °C) at the 

same immersion depth. The study hypothesis was that as a result o f peripheral 

vasoconstriction, stroke volume during CWl at 8 and 15°C would be greater than 

thermoneutral immersion at 34°C. CO during the 30 min recovery period was lower 

during passive recovery when compared with all the immersion trials and this was 

primarily due to a significantly lower SV, see Table 7.5. However, no significant 

differences in CO, SV or HR data were detected between CW8, C W l5 and TWI 

suggesting that the greater CO during hip-level water immersion when compared with 

passive recovery was primarily due to the hydrostatic pressure effect o f immersion 

and not related to water temperature. The final CO measurement was taken at 25 min 

into the 30 min recovery period and it was only at this point that a core temperature 

effect o f CWl became apparent, with Tc being lower for CW8 than TWI at 25 and 30 

min (P<0.05). Perhaps if CO was measured at 30 min the haemodynamic data may 

have reflected the temperature effect.

Hussain et al. (1996) characterised the immediate haemodynamic response to a single 

Wingate test and reported that blood flow through the common femoral artery 

increased seven-fold from baseline (from 314 to 2150 mL min"') and peripheral
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resistance decreased from baseline (0.27 to 0.042 mmHg mL m in '') as did diastolic 

blood pressure. Crisafulli et al. (2003) compared the haemodynamic response during 

active and passive recovery following a supramaximal cycling bout and reported that 

CO, SV and HR were significantly higher and peripheral resistance significantly 

lower for active compared with passive recovery at 5 min post-exercise. 

Subsequently, Crisafulli et al. (2004) demonstrated the same effect over a longer 

recovery period following supramaximal exercise and attributed the reduction in CO 

during passive recovery to a reduction in cardiac pre-load due to the cessation of 

muscle activity and that the increase in peripheral resistance compensated for this in 

order to maintain MAP. In the present study, there was no difference in MAP during 

immersed or passive recoveries following supramaximal exercise, despite the 

differences in CO and SV. This would suggest that the lack o f muscle pump activity 

during PAS reduces venous return and cardiac pre-load, which results in a lower 

stroke volume. However, TPR increases to compensate for this and maintain mean 

arterial pressure. The hydrostatic pressure effect o f immersion maintains cardiac pre

load and stroke volume by facilitating venous return, thus, a lower TPR is sufficient 

to maintain mean arterial pressure.

In the present study, during the 30 min period after the initial supramaximal exercise 

bout there was a significant drop in TPR. However, TPR was significantly higher 

during recovery in PAS when compared with CW8, C W I5 and TWI throughout the 

recovery period, see Figure 7.5. The only significant difference between immersion 

trials was at 25 min where TPR for C W I5 was significantly higher than 

thermoneutral immersion. The hypothesis was that CWI would result in a greater 

increase in CO and SV compared with thermoneutral immersion, and that CW8 

would result in a greater increase compared with C W I5. However, in the present 

study, CO and SV during CW8 were not significantly higher when compared with 

C W I5 or thermoneutral immersion at 34°C. Park et al. (1999) suggested that the 

purpose o f increased CO during immersion was to maintain arterial pressure in 

response to reduced vascular resistance. During hip level immersion hydrostatic 

pressure is greater at the ankle relative to the hip, creating an upward pressure 

gradient acting on the submerged portion o f the body that redistributes blood volume 

to the central cavity. Central blood volume expansion increases cardiac pre-load
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thereby increasing CO via an increase in SV, with a concomitant reduction in TPR 

(Gabrielsen et a l ,  2000).

The present study demonstrated that it is possible to ‘passively’ increase cardiac pre

load and CO compared to passive recovery using post-exercise immersion, which 

does not have the energy cost associated with active recovery. Total peripheral 

resistance returned to baseline more rapidly during passive recovery than during the 

immersion trials and this was most likely to compensate for the lower SV due to the 

reduction in cardiac pre-load. The greater CO during the immersion trials compared 

with passive recovery was mediated by an increase in SV, whereas the greater CO for 

active recovery compared with the immersion trials was primarily mediated by an 

increase in HR. Unlike Park et al. (1999), CO did not increase in the present study 

due to greater peripheral vasoconstriction at colder temperatures as there was no 

significant difference in TPR between CWI at 8 and 15°C. Somewhat surprisingly, 

there was no difference in TPR between immersion at 34°C and immersion at 8°C. 

This would suggest that a degree o f caution should always be retained when using 

data from studies involving the immersion o f rested participants to form a hypothesis 

for studies involving the immersion of participants following high-intensity exercise 

where cardiovascular homeostasis is disrupted. The depth o f immersion may also 

have a significant influence as the present study investigated hip-level immersion 

whereas Park et al. (1999) investigated ‘head-out’ immersion.

The cold shock response to sudden immersion is typically described in the context o f 

immersion/submersion o f rested individuals (Tipton et al., 2000) however during the 

acute recovery phase following high-intensity exercise tachycardia will already 

typically be present, see Figure 7.6. A large HR response during the initial phase o f 

CWI post-exercise may potentially pose a risk to a small number o f  individuals that 

possess existing cardiac risk factors and it would be useful to describe this response at 

different water temperatures in order to establish if  the HR response is significantly 

greater at colder temperatures. The present study demonstrated that although 

tachycardia was already present during the acute recovery phase following 

supramaximal exercise, immersion increased HR further, relative to PAS, during the 

initial stage of the 30 min recovery period, see Figure 7.6. The magnitude o f this 

increase was greater, and persisted for longer, during CW8 compared with C W I5 and
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TWI, however at 60 s into the recovery period there was no difference in HR between 

trials. While it could be said that this greater HR response and the increased 

sympathetic activity at the colder water temperature increases the risk o f a cardiac 

event occurring, the risk still remains small and this author is unaware o f any 

individual cases whereby the use o f CWI post-exercise has elicited such a response, 

either in Ireland or elsewhere. The other main safety consideration associated with 

CWI is the risk o f hypothermia in participants that are immersed for prolonged 

periods.

In both CWI trials, Tc was significantly lower when commencing the constant load 

sub-maximal exercise when compared with the end o f the immersion phase and 

continued to decrease during the initial 5 min o f exercise before increasing again, see 

Figure 7.8. This was similar to that observed previously following CWI at 15°C 

(Chapter 6.10). However, the magnitude and duration of the afterdrop effect was 

greater following CWI at 8°C, despite no significant difference between end- 

immersion Tc for CW8 and C W I5, see Figure 7.8. This would suggest that although 

the Tc cooling effect appears quite similar at two different cold water immersion 

temperatures, the greater decrease in temperature o f the immersed lower body 

musculature at the lower water temperature o f 8°C results in the greater decrease in 

post-immersion Tc. Mild hypothermia is classified as a Tc ranging from 33 to 35°C 

(Giesbrecht et al., 1997). Given that the lowest individual Tc recorded in the current 

study was 35.2°C at 5 min into the 20 min constant load sub-maximal cycling period 

following CW8, none o f the volunteers were classified as mildly hypothermic at any 

stage during or after CWI.

In response to cold exposure, skin temperature decreases rapidly while muscle tissue 

cools more slowly relative to depth below the skin surface (Enwemeka et al. , 2002). 

The lower the water temperature, and the longer the duration of immersion, the 

greater the potential reduction in muscle temperature. Myrer et al. (1998) reported 

that a 20 min CWI (10°C) o f the calf muscle decreased intramuscular temperature by 

~5°C at a depth o f 1cm below the subcutaneous fat, and that 5 min following 

immersion muscle temperature had begun to increase. A subsequent study (Myrer et 

a l,  2001a) investigated the effect of body fat on cooling o f the medial calf muscle 

and demonstrated that following a 20 min crushed ice-pack application, muscle
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temperature at a depth of 1 cm below subcutaneous fat had decreased by 14, 9 and 

5°C for skin-fold thicknesses of < 8 , 10 to 18 and >20 mm, respectively. In addition, 

at a depth of 3 cm below subcutaneous fat, muscle temperature had decreased by 6, 4 

and 2°C for skin-fold thicknesses of < 8, 10 to 18 and >20 mm, respectively. Thus, it 

is reasonable to suggest that a 30 min, hip level immersion at 8 and 15°C resulted in 

significant cooling of the previously active leg musculature; and that the magnitude of 

cooling was substantially greater at 8 compared with 15°C. When the cooled leg 

muscles were subsequently activated during constant load sub-maximal cycling 

following CWI at 8 and 15°C, the increase in muscle blood flow during exercise 

hastened the transfer of heat from the core to the periphery, thus reducing Tc further 

post-immersion. Previously, occlusion of blood flow to the extremities has been 

demonstrated to arrest the reduction in oesophageal temperature (Toes) normally 

associated with CWI, with the core temperature cooling rate significantly increased 

by the subsequent release of the occlusion pressure and restoration of blood flow' 

(Mittleman & Mekjavic, 1988).

In the present study, post-exercise BLa clearance during active recovery was more 

effective than CWI at two different temperatures, thermoneutral immersion and 

passive recovery, see Figure 7.9. This observation is supported by previous research 

which demonstrated that active recovery at light to moderate intensity, significantly 

accelerated lactate clearance kinetics following high-intensity exercise, when 

compared with passive recovery (Martin et al., 1998; Coffey et al., 2004; McAinch et 

a i,  2004) and also when compared with CWI (Vaile et a l ,  2008a). Decreased BLa 

during active recovery is associated with increased concentrations of muscle lactate 

when compared with passive recovery (Spencer et a i ,  2006). These findings would 

suggest that elevated working muscle metabolism as opposed to lactate uptake by 

other oxidative tissues, such as cardiac muscle and inactive skeletal muscle, is the 

primary site responsible for reducing the circulating lactate concentration. In contrast 

to the previous study in the present thesis, BLa for ACT at the onset of Ex2 was 

significantly lower than TWI, see Chapter 6. However, it should be noted that the 30 

min recovery period in the present study followed supramaximal exercise that 

resulted in a mean end-exercise BLa of -10.5 mmol.L'', see Figure 7.9, compared 

with a mean end-exercise BLa of ~5.5 mmol.L’’ following an endurance cycling bout 

to failure, see Chapter 6.3. This suggests that following an endurance cycling bout, a
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30 min recovery period consisting of CWT, thermoneutral immersion or active 

recovery, was sufticient to return BLa to baseline prior to the onset o f subsequent 

exercise, however, following supramaximal exercise a 30 min recovery period was 

not sufficient to return BLa to baseline given that the concentration at the start o f the 

recovery period was significantly higher.

In the present study, CW8 negatively affected BLa clearance such that by the onset of 

the 20 min constant load sub-maximal exercise bout, BLa was significantly higher 

when compared with TWI, ACT and PAS. There was no significant change in BLa 

from 0 to 15 min during constant load cycling following CW8; however, BLa was 

significantly lower at 15 min in comparison with the onset o f exercise following 

CW15. It has previously been demonstrated that muscle lactate in both type I and type 

II muscle fibres is higher following cycling to exhaustion after cooling the vastus 

lateralis to 28°C when compared with a normal muscle temperature of 35°C 

(Blomstrand & Essen-Gustavsson, 1987). This suggests a slower rate of lactate efflux 

from the pre-cooled exercising muscle which this effect may partly explain why BLa 

clearance improved from 0 to 15 min following CWI at 15°C in the present study, but 

not following CWI at 8°C, as muscle temperature was possibly still sub-optimal 

during this period. Compared to C W I5, Tc was significantly lower for the first 15 

min o f the constant load period following CW8 and this may reflect a greater 

temperature gradient between the core and periphery (muscle).

For the exercise protocol used in the current study, no performance effect was 

associated with any of the immersion protocols evaluated, however, a trend indicating 

an increase in total work compared with ACT was evident in the time to failure data 

following C W I5, see Table 7.3. However, there are obvious scenarios where the 

physiological effects described in the present study may provide an ergogenic effect. 

In particular, the reductions in Tc and HR which were recorded during the constant 

load sub-maximal cycling following CWI when compared with thermoneutral 

immersion, active and passive recovery, see Figures 7.7, 7.8, and Table 7.5; could 

prove beneficial during prolonged endurance exercise. Also, a performance effect 

may have been apparent if  the same exercise protocol was used pre and post

recovery, namely 3 x 30 s Wingate tests or repeated intermittent sprints. This would 

have allowed a comparison of the performance effect o f trials post-recovery; and post
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vs. pre-recovery to establish to what extent performance had been maintained. One o f 

the issues associated with usage of water immersion as a recovery modality in the 

field is the logistics o f sourcing and transporting ice required to reduce the water 

temperature. A water bath at a temperature o f 15°C requires less time and effort to 

attain than 8°C, as less ice is needed. In the current study, CWI at 8°C did not provide 

an additional beneficial effect on BLa clearance or subsequent sprint performance 

when compared with CWI at 15°C and the only scenario where a colder temperature 

would possibly be recommended would be for pre-cooling prior to endurance exercise 

or in an injury treatment scenario where tissue cooling is the primary aim.

There were no differences in CO, SV and HR data between immersion at 8, 15 and 

34°C; however the hydrostatic pressure effect o f immersion per se resulted in an 

increased CO versus passive, non-immersed recovery, which was primarily due to an 

increase in SV. CO was higher during active recovery compared to all immersion 

trials primarily due to an increase in HR. To compensate for the lower CO, TPR 

during passive recovery was significantly higher compared with all immersion trials. 

Furthermore, there were significant decreases in Tc (afterdrop) when exercise 

resumed following a 30 min cold water immersion (8 and 15°C) and this reduction in 

Tc was associated with a significantly lower HR during subsequent exercise when 

compared with active and passive recovery. Despite active recovery facilitating BLa 

clearance when compared with CWI, thermoneutral immersion and passive recovery, 

no significant effect on performance was detected. Further studies are needed to 

investigate if these physiological adaptations follov/ing CWI can lead to an improved 

maintenance o f sprint performance when the same exercise protocol is repeated pre 

and post recovery.
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Chapter 8
Passive vs. active CWI 

between two supramaximal 
exercise bouts: afterdrop 

effect and subsequent 
performance.
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8.1 Introduction

Active recovery involves exercising at low to moderate intensities following an exercise 

bout in order to facilitate the recovery process. It has previously been established that 

active recovery facilitates blood lactate clearance following high-intensity exercise when 

compared with passive recovery (Martin et a l ,  1998; McAinch et al ,  2004), although 

conflicting evidence exists as to whether active recovery provides a benefit to subsequent 

sprint performance (Bogdanis et al., 1996a) or impairs performance by restricting 

phosphocreatine resynthesis (Spencer et a l ,  2008). Chapter 6 of the present thesis 

demonstrated that active recovery facilitated blood lactate clearance compared with both 

CWI and thermoneutral immersion following supramaximal exercise.

The effectiveness of cold water immersion (CWI) as a recovery intervention between 

endurance exercise bouts has previously been demonstrated in hot (Yeargin et al ,  2006; 

Peiffer et al ,  2008; Vaile et a l ,  2008a) and moderate ambient conditions, see Chapter 6, 

and this effect has been attributed to a reduction in core temperature (Tc) and thermal 

strain during subsequent exercise. In a hot environment, athletes exercising at a lower Tc 

have greater heat storage capacity and this is likely to delay the time until they reach a 

critically high limiting Tc (~39°C), resulting in an improved performance. However, as 

part of our research we have demonstrated that in relatively cool ambient conditions (21 

± 2°C) where this critical Tc is not attained under normal conditions, a reduction in Tc 

and HR at the beginning of a subsequent exercise bout can still elicit improvements in 

endurance performance, see Chapter 6.

However, the favourable physiological effects which make CWI an effective recovery 

intervention for subsequent sub-maximal and maximal exercise, such as reductions in Tc 

(Yeargin et al ,  2006), muscle temperature (Myrer et al ,  1998) and heart rate (Buchheit 

et a l ,  2009); can have a negative effect on supra-maximal exercise (Crowley et al ,  

1991). This negative effect has been attributed to decreased nerve conduction velocity 

and increased muscle contraction time in the cooled active musculature. Bigland-Ritchie 

et al  (1992) compared the contractile properties of human hand muscles that had been 

fatigued following a maximal voluntary contraction with hand muscles that had been 

cooled by immersing the arm in cold water and demonstrated that cooling resulted in a 

slow rate of contraction either equal to or greater than that induced by fatigue for all 

participants. Similarly, Crowley et al  (1991) investigated the effect of a 30 min CWI to
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waist level at ~12°C on subsequent Wingate test performance and demonstrated that peak 

power and mean power were significantly reduced by 30 and 26% respectively, which 

was attributed to a slower rate o f  muscle contraction following cooling.

In addition, as discussed in the previous chapter, following prolonged cooling where Tc 

is significantly lowered, participants experience stiffness and a fatigue-like sensation 

during the initial 5 to 10 min o f  the subsequent exercise period as blood flow increased 

to the active musculature resulting in a drop in Tc, see Chapter 7. This rapid reduction in 

Tc, known as ‘afterdrop’, which occurs following prolonged CWI or induced 

hypothermia such as in cardiopulmonary bypass, is the result o f  redistribution o f body 

heat from the core to peripheral tissues (Giesbrecht & Bristow, 1992; Rajek et a l ,  1999) 

and the magnitude o f  this afterdrop is primarily dependent on the core temperature 

decrease during the cooling/immersion period (Rajek et a l ,  1998).

While some studies have investigated the effect o f  lower body exercise during 

thermoneutral water immersion in rested participants (Sheldahl et al., 1987; Yun et a l ,  

2004), to date the effect o f  a combined CWI and active recovery protocol following 

supramaximal exercise has not been investigated. It would be expected that active 

recovery during post-exercise CWI would limit the drop in Tc due to the increased 

metabolism during the period o f  immersion; however, it is not known how this would 

affect the magnitude o f  the post-immersion afterdrop that is typically associated with 

prolonged cooling.

For practical reasons, the simplest method o f combining lower body CWI and active 

recovery would seemingly be to use light to moderate intensity arm-cranking exercise 

during the immersion period. For individuals who are not upper-body trained, arm- 

cranking V02max is typically 70% o f what it would be for leg exercise, however, this ratio 

increases in upper-body trained athletes such as rowers and swimmers (Secher et a l ,  

1974). Fujita et a l  (2009) investigated the effect o f  active recovery, using either 

previously inactive muscle groups (arm-cranking) or lower limb exercise, on subsequent 

40 s exhaustive cycle sprint performance. Both arm and leg active recovery protocols at 

50% o f  VO2 at ventilatory threshold increased the total work performed during 

subsequent sprints compared with pre-recovery, and leg-active recovery also increased 

total work performed during subsequent sprints compared with passive recovery, 

suggesting that active recovery using the previously active muscle groups was more
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effective. However, although active recovery using the previously active muscle groups 

may be more effective, in the context o f a combined recovery protocol for the present 

thesis, active recovery involving leg exercise while the lower body is immersed would 

require a much larger volume container than was currently being used, see Chapter 4, as 

well as the use o f a specifically designed cycle ergometer which could be immersed. 

Thus, for practical reasons the combination o f lower body immersion and upper body 

exercise was chosen for the present study.

The aim of the present study was to compare passive CWI with a combined CWI and 

arm-active recovery protocol between two bouts o f supramaximal exercise, and 

investigate their effects on blood lactate clearance, core temperature and subsequent 

performance. Our hypothesis was that passive CWI would induce a greater decrease in 

core temperature during recovery and would result in an increased afterdrop effect when 

compared with active CWI, and that this would result in a greater negative effect on 

subsequent supramaximal performance.
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8.2 Methods

8.2.1 Participants

Eight healthy male triathletes (mean ± SD; age: 25 ± 7 yr; body mass: 77 ± 8 kg; height:

180 ± 9 cm) volunteered to participate in this study. Each triathlete completed a medical 

questionnaire, provided written informed consent, and was subsequently examined by a 

registered medical practitioner for approval for participation, see Appendix 1. The 

experimental protocol was conducted according to the Declaration o f  Helsinki and 

approved by the Faculty o f Health Sciences Research Ethics Committee, Trinity College 

Dublin. All enlisted participants were involved in vigorous exercise at least 2 to 3 times 

per week, were non-smokers and were required to refrain from consuming caffeine and 

alcohol for 12 h prior to each laboratory session. In addition, participants were tested at 

the same time o f  day for each trial, and did not undertake exercise for 24 h prior to each 

laboratory session.

8.2.2 Experimental design

Following a familiarisation session and a graded arm-cranking test, participants were 

required to complete four randomised recovery trials, each separated by not less than 7 

days. For each trial they completed a supra-maximal cycling exercise bout consisting o f 

3 Wingate tests (E x l) followed immediately by a 40 min recovery period before finally 

completing a second identical supra-maximal cycling exercise bout (Ex2). All cycling 

was completed in the exercise laboratory with the bulk o f the recovery period completed 

within a separate dedicated recovery room. Air temperature in both rooms was 21 ± 2°C.

8.2.2.1 Familiarisation and arm -cranking test (day 1)

At least 1 week prior to completing their first trial, all participants were required to 

complete an incremental arm-cranking test to volitional exhaustion in order to determine 

maximum power output ( P m a x ) -  The test initially commenced with 2 min o f arm-cranking 

at 30 W, the applied load then increased by 18 W every 2 min until participants 

completed 2 min exercise at 66 W and thereafter, the applied load increased by 12 

W .m in'' until a crank rate o f 60 rev.min"' could no longer be maintained. Pmax, which was 

159 ± 28 W (mean ± SD) for the group, was determined as the highest workload that 

participants sustained for a minimum period o f  30 s. Following the arm-cranking test.
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participants completed a 10 min passive cold immersion at 15°C, before finally 

completing a Wingate test familiarisation. All experimental procedures and measurement 

techniques were explained at this point and participants were then provided with four 

CorTemp ingestible sensors and instructed about their care and use, see Chapter 4.

8.2.2.2 Recovery trials (days 2-5)

The 40 min recovery period comprised a 5 min transition from the exercise laboratory to 

the recovery room after completing E x l, followed by a 30 min randomised recovery 

intervention, then a further 5 min transition period back to the exercise laboratory to 

complete Ex2. During the first transition participants removed their cycling shoes and 

socks and changed into swimming shorts; changing back into exercise clothing during 

the second transition. Towels were provided following immersion so they could dry 

themselves prior to re-dressing for Ex2. For each trial, participants undertook one of four 

randomised 30 min intervention, with a different intervention employed in each trial. The 

four recovery interventions were: A) CW15-EX: hip-level cold water immersion at 15°C 

with seated arm cranking; B) TWI-EX: hip-level thermoneutral water immersion at 34°C 

with seated arm cranking; C) CON-EX: non-immersed, seated arm cranking control and 

D) CW15; hip-level cold water immersion at 15°C without arm cranking. Arm-cranking 

exercise was at a pre-set load equivalent to 40% o f each individual’s P^ax assessed 

during their arm-cranking graded incremental test. During all recovery treatments 

(CW 15-EX, TWI-EX, CON-EX, and CW15) participants were seated upright with knees 

bent so their feet remained flat on the bottom of the bath. The water level for immersion 

was to the iliac crest which ranged from 5 to 7 cm above thigh level.

5.2.2.3 Exercise bouts (Exl and Ex2)

Exl and Ex2 were performed on an electromagnetically braked cycle ergometer 

(Excalibur Sport, Lode B.V., Groningen, The Netherlands). Triathletes were familiarised 

with the exercise requirements for all trials a week before commencing participation in 

the study. Both Exl and Ex2 required them to complete three standard 30 s Wingate tests 

in sequence, with each preceded by 4 min cycling at 50 W. During each bout the cycle 

ergometer was controlled via a PC running Lode Wingate software (vl.0.12. Lode B.V., 

Groningen, The Netherlands). For each Wingate test the applied braking force equated to 

7% of each individual’s body mass and triathletes were encouraged to cycle “all-out” at
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the highest cadence possible for the duration o f the 30 s test period. Total exercise time 

for each bout (Exl or Ex2) was 13.5 min.

S.2.2A Arm -cranking (active recovery)

Arm-cranking exercise during recovery was performed on a specially adapted 

mechanically-braked cycle ergometer (Ergomedic 874E, Monark, Valberg, Sweden). 

The pedals were replaced with rotating hand-grips and the display console was moved to 

allow participants to monitor their cadence. The cycle ergometer was securely mounted 

on a table in order to minimise any unwanted movement during arm exercise, see Figure 

8.1. The table was then positioned over the immersion bath to allow participants to fully 

extend their arms in an upright position without leaning forward. An adjustable shower 

stool was used to position participant’s shoulders at the level o f the axis o f rotation. 

Arms were fully extended during cranking and feet were placed flat on the floor o f the 

container. Participants had a 1 min rest period after every 4 min o f arm-cranking to 

facilitate capillary sample collection and avoid the development o f shoulder-joint 

discomfort. All capillary samples were collected in the final 10 s o f the 1 min rest period.

Immersed to 
hip-level

Adjustable —  
shower stool

Figure 8.1: Adapted Monark cycle ergometer and water bath.

Rotating hand-grips Ergometer securely bolted to table

Cadence
display
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8.2.3 Measurements and equipment

8.2.3.1 Core temperature

During each testing session gastrointestinal temperature (core body temperature) was 

measured using an ingestible temperature sensor (accurate to ± O.TC) and data recorder 

(CorTemp, HQ, Florida, USA), see Chapter 4.

8.2.3.2 Blood lactate

Blood lactate was measured at rest prior to E x l, following each Wingate test during Exl 

and Ex2 and every 5 min during each randomised recovery period. Finger prick capillary 

blood samples were collected into heparinised capillary tubes. A syringepet was then 

used to withdraw a 25|o,L sample from the capillary tube and injected into a benchtop 

lactate analyser (YSI 1500 Sport, Yellow Springs Instruments, Ohio, USA), see Chapter 

4.

8.2.3.3 Heart rate

Participants wore a standard chest strap and transmitter that recorded heart rate (HR) 

every 5 s throughout all trials (s725x. Polar Electro, Kempele, Finland). Data were 

uploaded to a PC running Polar precision performance analysis software (v4.03.050, 

Polar Electro, Kempele, Finland), see Chapter 4. Data extracted for analysis were pre and 

post each Wingate test during Exl and Ex2, and every 2.5 min during the recovery 

period for all trials.

8.2.4 Data presentation and statistical analysis

Unless otherwise indicated, all data are expressed as mean ± SEM. Wingate performance 

data were analyzed using a two-way repeated measures ANOVA [trial (CON-EX, CWI- 

EX, TWI-EX, CWI) X time (E xl, Ex2)] and detected differences quantified using the 

Tukey-Kramer post-hoc test. HR and BLa data were also analyzed using a two-way 

repeated measures ANOVA [trial x time (all sampling points)] followed by a Tukey- 

Kramer post-hoc test. All statistical analyses were performed using SigmaStat (v3.5, 

Systat Software, Chicago, USA) with the level o f significance set Xo P < 0.05. For all raw 

data, see Appendix 7.
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8.3 Results

8.3.1 Performance

Average mean power (MP) normalised for body mass (W .kg'') was negatively affected 

by cold water immersion. Mean power for both CW15-EX and CW15 was significantly 

lower (/’<0.001) during Ex2 vs. Exl (7.7 ± 0.2 and 7.3 ± 0.1 vs. 8.1 ± 0.2 and 7.9 ± 0.2 

W .kg''), see Figure 8.2. Mean power was also significantly lower for CW15 during Ex2 

when compared with all other trials. For MP, PP and TW raw data, see Appendix 7.1.

8.5n
CW 15-EX

TWI-EX

8 .0 - CON-EX

-O- CW 15O)

^  7.5-

0.

# # #7.0-

6.5
Ex2Ex1

Figure 8.2: Average mean power (M P) normalised for body mass (W .kg ') for Exl and Ex2 (mean ± SEM, 

n=8). *** P<0.001 vs. all other trials; * P<0.05  vs. E xl; *** P<0.001 vs. Exl .

Average peak power (PP) normalised for body mass (W .kg'') was significantly lower 

(P<0.001) for CW15-EX, CON-EX and CW15 in Ex2 (12.4 ± 0.6, 12.7 ± 0.5 and 12.4 ± 

0.5 W .kg'') compared with Exl (13.5 ± 0.7, 13.5 ± 0.5 and 13.4 ± 0.5 W .kg''), see Figure 

8.3. Whereas average peak power for TWI-EX was not significantly different between 

Exl and Ex2.
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Figure 8.3: Average peak power (PP) normalised for body mass (W.icg’') for Ex I and Ex2 (mean ± SEM, 

n = 8 ) . F < O . O O I  vs. Exl .

Total work (TW ) norm alised for body mass (kJ.kg '') was significantly lower (P<0.05) 

for CW15 (1.12 ± 0.02 kJ .kg '')  during Ex2 when com pared with CW 15-EX, TW I-EX 

and CON-EX (1.16 ± 0.03; 1.19 ± 0.03 and 1.18 ± 0.03 kJ.kg"’, respectively), see Figure 

8.4. In addition, total work following CW  15-EX was significantly lower (P<0.05) than 

TW I-EX for Ex2.

1 .25-1
CW15-EX
TWI-EX

1 .2 0 - CON-EX
G) -O- CW15

1 .1 5 -

1. 10-

# # #

1.05
Ex1 Ex2

Figure 8.4: Total work (TW ) normalised for body mass (kJ.kg ') for E xl and Ex2 (mean ± SEM, n=8). * 

P<0.05  vs. all other trials; “ P<0.05  vs. TWI-EX; * P<0.05  vs. Ex 1; **** P < 0 .0 0 1 vs. Ex 1.
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No significant differences in mean power (MP) were detected across trials within the 

individual W ingate tests during E x l, see Figure 8.5. MP for WG4 following CW15 was 

significantly lower ( / ’<0.001) than all other trials and MP following CW 15-EX was 

significantly lower (/*<0.05) than TW I-EX and CON-EX. MP during WG4 following 

CW15 and CW 15-EX (7.3 ± 0.2 and 7.8 ± 0.2 W .kg '') was significantly lower (P<0.001) 

than the corresponding W ingate test (W G l) during E x l, (8.4 ± 0.2 and 8.6 ± 0.2 W .kg '') 

and MP following WG5 in CW15 was significantly lower (P<0.05) than all other trials 

and the corresponding W ingate test (W G2) during E x l. Finally, MP for WG6 following 

CW15 was significantly lower ( / ’<0.05) than all other trials. For MP raw data, see 

Appendix 7.2.
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Figure 8.5: M ean pow er (W .kg '')  for each 30 s W ingate test during E xl and Ex2 (m ean ± SEM , n=8). 

P<0.05 vs. all other trials; / ’<0.001 vs. all other trials; “ /’<0.05 vs. TW I-EX  and CON-EX; * P<0.05 

vs. corresponding W ingate test in E x l; *** P<0.001 vs. corresponding W ingate test in E x l.

No significant differences in peak power (PP) were detected across trials within the 

individual W ingate tests during E x l, see Figure 8.6. PP for WG4 following CW15 and 

CW 15-EX (11.8 ± 0.4 and 11.9 ± 0.7 W.kg"', respectively) was significantly lower 

(P<0.001) than the corresponding W ingate test (W G l) during Exl (13.7 ± 0.6 and 14.1 ± 

0.5 W.kg ’, respectively). In addition, PP for WG4 in TWI-EX and CON-EX (12.7 ± 0.4 

and 12.7 ± 0.4 W.kg"', respectively) was significantly lower (/*<0.05) than the
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corresponding Wingate test (W G l) during Exl (13.7 ± 0.4 and 13.7 ± 0.4 W.kg'*, 

respectively). In addition, PP for WG5 following CW15 (12.4 ± 0.4 W .kg'’) was 

significantly lower than WG2 (13.6 ± 0.6 W.kg’'). Finally, PP for WG5 following TWl- 

EX (13.6 ± 0.6 W.kg ') was significantly higher (P<0.05) than CW15. For PP raw data, 

see Appendix 7.3.
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F igu re 8.6: Peak pow er (W .kg"') for each 30 s W ingate test during E x l and Ex2 (m ean ±  SE M , n=8). “ 

P < 0.05  vs. C W 15; * P < 0 .0 5  vs. corresponding W ingate test in Ex l ;  **** / ’< 0 .0 0 l vs. corresponding W ingate 

test in E x l .

8.3.2 Blood lactate

At 20 and 25 min into recovery, % BLa for CW15 was significantly greater (P<0.05) 

than for all other trials, see Figure 8.7. By the end of the recovery period, the % BLa 

remaining in CW15 (58 ± 2%) was significantly greater (P<0.001) than CW15-EX, 

TWl-EX and CON-EX (39 ± 1, 45 ± 3 and 39 ± 2%, respectively) with no significant 

differences detected between the arm exercise trials. For recovery BLa raw data, see 

Appendix 7.4.
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Figure 8.7: Relative BLa (% ) during the recovery period (m ean ± SEM , n=8). P<0.05 vs. all o ther trials;

*** P<0.001 vs. all o ther trials; * P<0.05 vs. C W 15-EX  and C O N -EX ; “ P<0.05 vs. C O N -EX .

Mean BLa was significantly higher (/*<0.05) for all trials at the start o f Ex2 when 

compared with the start o f Exl and following WG5 was significantly higher (P<0.05) for 

TWI-EX (8.3 ± 0.6 mmol.L"') when compared with CW 15-EX and CW15 (6.7 ± 0.5 and 

6.9 ± 0.4 m m ol.L '', respectively), see Figure 8.8. BLa following WG6 was significantly 

higher ( / ’<0.05) for TWI-EX (10.1 ± 0.6 m m ol.L '') when compared with all other trials 

(8.0 ± 0.5; 8.8 ± 0.5 and 8.2 ± 0.5 mmol.L-1 for CW15-EX, CON-EX and CW15, 

respectively). For individual Wingate test BLa raw data, see Appendix 7.5.
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8.3.3 Core temperature

There was no significant difference in mean Tc between trials at the start o f the 30 min 

recovery period, see Table 8.1. At the end o f the recovery period, Tc for CW15 was 

significantly lower than Tc at the start o f recovery (P<0.001) and Tc for all other trials 

(P<0.05). At the start o f Ex2, Tc for both CWI (P<0.001) and CW15-EX (P<0.05) were 

significantly lower than TWI-EX and CON-EX and Tc at the end o f the recovery period 

(P<0.05). Following the first Wingate test (WG4) during Ex2, Tc remained significantly 

lower (P<0.001) for CWI 5 and CWI 5-EX vs. TWI-EX and CON-EX and also vs. the 

end o f the recovery period (/*<0.001).
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CW15-EX TWI-EX CON-EX CW15

Start of recovery 37.9 ±0.1 37.7 ±0.1 37.9 ±0.1 37.9 ±0.1

End of recovery 37.7 ±0.1 37.6 ±0.1 37.7 ±0.1 37.2 ±0.1

Start of Ex2 37.3 ±0.1  ** 37.5 ±0.1 37.6 ±0.1 36.8 ±0.1 ***^*

Post-WG4 37.0 ± 0 . \  ****** 37.6 ±0.1 37.6 ±0.1 36.5 ± 0 A  ******

T able 8.1: Tc (°C) at the start and end o f  recovery, the start o f  Ex2 and following WG4 (mean ± SEM, 

n=8). “ P<0.05 vs. all other trials; P<O.OOI vs. start o f  recovery; * P<0.05  vs. end o f  recovery; * P<0.05  

vs. TW I-EX and CON-EX; *** P<0.001 vs. TW l-EX and CON-EX.

8.3.3.1 Tc afterdrop

The decrease in core temperature (ATc) was significantly greater (P<0.05) for CW15 (- 

0.8 ± 0.2°C) when compared to CW15-EX, TWI-EX and CON-EX (-0.2 ± 0.1; -0.1 ±0.1 

and -0.2 ± 0.1°C, respectively) at the end o f the recovery period (t=30 min), see Figure 

8.9. There were no significant differences between arm exercise trials during the 

recovery period. Tc continued to decrease during the transition period and ATc for 

CW15 was -1.2 ± 0.2°C at the onset o f Ex 2 (t=35 min) compared with -0.6 ± 0 .1 , -0.2 ± 

0.1 and -0.2 ±0 .1  °C for CW15-EX, TWI-EX and CON-EX, respectively. For ATc raw 

data during recovery and Ex2, see Appendix 7.5. This ‘afterdrop’ in Tc from the end of 

recovery to the onset o f Ex2 was the same following both CW15-EX and CW15 (-0.4 ± 

O .rC ), see Figure 8.10. For ATc afterdrop raw data, see Appendix 7.6.
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8.3.4 Heart rate

No significant differences in HR data were detected between trials during E x l. During 

the warm-up at 50 W in Ex2, heart rate was significantly lower ( /’<0.05) for CW 15-EX 

and CW15 (102 ± 5 and 95 ± 4 beats.m in'’, respectively) when com pared with TW I-EX 

(115 ± 5 beats.m in'') and CON-EX (116 ± 6 beats.m in‘'), see Figure 8.11. Following 

WG4 during Ex2, peak heart rate was significantly lower (P<0.05) following CW15 (159 

± 4 beats.m in'') when compared with TW I-EX and CON-EX (175 ± 4 and 174 ± 4 

beats.m in'') and also when compared with Exl (172 ± 4 beats.m in''). Peak heart rate was 

significantly lower (P<0.05) for WG5 in Ex2 following CW15 (160 ± 3 beats.m in '') 

when compared with TWI-EX and CON-EX (176 ± 4 and 173 ± 4 beats.min"') and also 

when compared with Exl (173 ± 4 beats.m in''). Following W G6, peak heart rate was 

significantly lower (/*<0.05) for CW15 (154 ± 3 beats.m in '') when compared with all 

other trials (166 ± 4; 170 ± 5 and 171 ± 4 beats.m in'' for CW 15-EX, TW I-EX and CON- 

EX, respectively) and also compared with E xl (173 ± 3 beats.m in '', /*<0.001). During 

Rec4 and Rec5, heart rate was significantly lower following CW 15 compared with all 

other trials and E x l . For HR raw data, see Appendix 7.7.
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During the 30 min recovery period, heart rate data were significantly higher for all arm 

exercise trials (P<0.001) when compared with CW15, see Figure 8.12. There were no 

significant differences between arm exercise trials. For HR raw data during the 30 min 

recovery period, see Appendix 7.8.
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8.4 Discussion

The objective o f the present study was to compare the effects o f passive CWI at 15°C 

(CW15) compared with active CWI at 15°C (CW15-EX), active thermoneutral 

immersion at 34°C (TWI-EX) and an active non-immersed control (CON-EX), on 

subsequent supramaximal cycling performance. Both CWI 5 and CWI 5-EX had a 

negative effect on supramaximal performance, however, the addition o f arm-cranking 

exercise attenuated this somewhat. C W I 5 also had a negative effect on BLa clearance 

during recovery. Both passive and active CWI protocols resulted in a significant post

immersion afterdrop effect, with Tc significantly lower following C W I 5 when compared 

with CWI 5-EX for much of the subsequent exercise period although the magnitude of 

the afterdrop effect was the same for both.

As expected, C W I 5 had a negative effect on subsequent performance, with the average 

mean power (/*<0.001) and total work (/*<0.05) significantly lower when compared with 

TWl-EX and CON-EX, see Figure 8.2 and 8.4. Average mean power (P<0.001) and total 

work (P<0.05) were also significantly lower following CWI 5 compared with CWI 5-EX, 

demonstrating that the addition o f an exercise component during CWI attenuated the 

negative effect on subsequent supramaximal performance. However, it should be noted 

that mean power and total work were significantly lower following both C W I 5 and 

CWI 5-EX post-recovery when compared with pre-recovery, unlike TWI-EX and CON- 

EX where there were no significant reductions detected, see Figures 8.2 and 8.4. Peak 

power was significantly lower ( / ’<0.00I) post-recovery when compared with pre

recovery for all trials except TWI-EX. This observation would suggest that o f the four 

recovery interventions, TWI-EX was the most effective for maintaining subsequent 

supramaximal exercise performance. Crowley et al. (1991) previously demonstrated that 

passive CWI has a negative effect on supramaximal performance and the present study 

demonstrated that active CWI also had a negative effect on supramaximal performance, 

albeit to a lesser extent. This negative effect of CWI on subsequent force production has 

been linked to the impaired contractile function o f the active musculature following 

cooling, which induces a fatigue-like state limiting the muscle’s voluntary capacity to 

generate maximum force (Crowley et al., 1991; Bigland-Ritchie et al., 1992).
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Absolute Tc was significantly lower (P<0.05) for CW15 at the end of the recovery 

period and the start o f Ex2 when compared with all other trials and Tc following both 

CW15 and CW 15-EX was significantly lower at the start o f Ex2 vs. the end of recovery, 

see Table 8.1. There was a significantly greater drop in temperature (ATc) from the start 

o f recovery (P<0.05) during CW15 compared with CW15-EX at 27.5 and 30 min into 

the recovery period as the increased metabolic heat associated with upper-body exercise 

enabled participants to maintain Tc despite the cold stimulus, see Figure 8.9. A recent 

study investigating the effect o f periodic moderate intensity leg exercise on core 

temperature cooling during prolonged cold immersion at 2°C reported that compared 

with a non-active immersed control, heat production was increased by 31% while heat 

loss only increased by 21%, which resulted in an overall heat gain o f 10% (Faerevik et 

a i ,  2010). In the present study, although the addition o f arm exercise, and the associated 

increase in metabolism, allowed participants to maintain Tc during the recovery period, 

it did not protect them from the subsequent post-immersion afterdrop effect. At the start 

o f Ex2 following CW15, mean Tc continued to decrease from the end o f recovery and 

was significantly lower ( / ’<0.05) compared with CW15-EX, however, the magnitude o f 

the afterdrop from the end o f the recovery period to the onset o f exercise was the same 

following both CW15 and CW15-EX (-0.4 ± 0.1°C), see Figure 8.10. This would suggest 

that despite the fact that Tc during the recovery period was maintained with CW15-EX, 

participants still experienced significant cooling o f their inactive leg musculature and 

when these muscles groups were subsequently mobilised during the transition to, and 

onset of, subsequent leg exercise, the increased perfusion o f these cold tissues resulted in 

a similar afterdrop effect to that which occurred following CW15.

It is difficult to dissociate the effects o f reduced core and muscle temperature on exercise 

performance. In a typical post-immersion afterdrop scenario, core temperature decreases 

as muscle temperature increases due to the increase in blood flow which is enhanced 

further by exercise (Bristow et a l ,  1994). The point at which Tc begins to increase 

during subsequent exercise may reflect the combined effect o f an increase in metabolism 

and the restoration of normal muscle temperature resulting in the distribution o f heat 

from the periphery to the core. This ‘reverse’ o f the afterdrop effect occurred earlier 

following CW15 when compared with CW15-EX, see Figures 8.9 and 8.10. The lowest 

mean Tc recorded following CW15-EX was 36.8°C immediately after WG5 and the 

lowest mean Tc recorded following CW15 was 36.5°C during the warm-up prior to
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WG4; thus, Tc had started to increase following CW15 while it was still decreasing 

following CW15-EX. This may reflect a shivering response as a result of the lower 

absolute Tc in CW15, and while a number o f participants did exhibit a visible shivering 

response during the early stages o f exercise following CW15, no such response was 

evident following CW 15-EX.

Peak heart rate, which typically occurs within 5 s following a 30 s Wingate test 

(Weinstein et a l ,  1998), was significantly lower (/*<0.05) following CW15 compared 

with TWI-EX and CON-EX and the corresponding time-point in Exl after each 

individual Wingate test during Ex2. No significant differences in peak HR were detected 

comparing CW15-EX, TWI-EX and CON-EX during Ex2. In conjunction with the 

reductions in peak and mean power, this reflects the neuromuscular fatigue-like status 

which is associated with high-intensity exercise following prolonged passive cooling 

(Sargeant, 1987; Crowley et al., 1991). In addition, during the recovery periods 

following each Wingate test, heart rate was significantly lower (P<0.05) following 

CW15 compared w'hh CW15-EX and following the final Wingate test (WG6) peak HR 

following CW15 was significantly lower (/*<0.05) than all other trials, including CW15- 

EX. While a reduction in Tc and HR following 30 min of CWI at 15 °C had a beneficial 

effect on endurance exercise in Chapter 6, the same physiological response resulted in a 

negative performance outcome in the present study. However this effect was attenuated 

by the addition of low-intensity arm-cranking exercise during the immersion period. This 

again demonstrates the specificity that is required when incorporating an immersion 

protocol into a recovery strategy. The nature and duration o f the immersion protocol 

must be suitable for the nature and duration o f the following activity. While the present 

study investigated supramaximal performance, further research is required to compare 

the effect o f active and passive CWI on subsequent endurance exercise. At the start of 

Ex2, heart rate was significantly lower (P<0.05) following both CWI 5 and CWI 5-EX 

when compared with TWI-EX and CON-EX despite the fact that heart rate at the end of 

the 30 min recovery period was significantly higher for CWI 5-EX compared with 

C W I5, see Figure 8.11.This most likely reflects the redistribution o f blood flow with 

increased lower body activity following immersion, which necessitates an increase in 

blood flow to the cooled leg muscles and causes the afterdrop effect, see Figure 8.10, 

which reduces Tc and HR. HR was significantly lower (/*<0.001) for C W I 5 compared 

with the arm-cranking trials throughout the 30 min recovery period and this largely
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reflects the difference in activity levels. However, CW15 for 30 min was compared with 

passive TWI in Chapter 6, and at the end of the recovery period, HR was still lower for 

CW15 which demonstrated that the water temperature had a significant effect. Thus, 

while the difference in activity levels between CW15-EX and CW15 in the present study 

accounts for the difference in HR; the difference in HR between CW15 and TWI-EX 

appears to be mediated by temperature and activity levels while the difference in HR 

between CW15 and CON-EX is a function of temperature, immersion and activity levels.

Lactate accumulation has been implicated in contributing to the onset of fatigue by 

disrupting excitation-contraction coupling, and thus promoting a decline in tension 

development independent of pH (Hogan et ai, 1995; Favero et ai,  1997; Spangenburg et 

al., 1998). Mean BLa following the final post-recovery Wingate test (WG6) was 

significantly higher (/’<0.05) following TWI-EX compared with all other trials, however, 

there was no significant difference detected in BLa following CW15 and CW 15-EX after 

any post-recovery Wingate test. In addition, during the final 10 min of the 30 min 

recovery period, relative BLa during CW15 was significantly higher (P<0.05) when 

compared with all other trials and no difference was detected between the active trials. 

This result was expected as following high-intensity sprint exercise; active recovery is 

known to facilitate a more rapid rate of blood lactate clearance (Martin et a i,  1998; 

McAinch et al,  2004). However, despite the fact that no difference in blood lactate 

clearance was detected between active immersion trials during the 30 min recovery 

period and the onset o f subsequent exercise, the active thermoneutral and non-immersed 

trials maintained mean power and total work whereas mean power and total Vv̂ ork were 

significantly lower during Ex2 following CW15-EX vs. Exl. This demonstration that 

performance was negatively affected despite no detected difference in lactate clearance 

in the present study provides further evidence that blood lactate as a marker of recovery 

is not a reliable indicator of subsequent exercise performance.

In summary, the present study examined the effects of passive and active CWI on 

subsequent supramaximal exercise performance. Passive CWI had a significant negative 

effect on subsequent performance when compared with active CWI and this was likely 

due to a greater absolute decrease in core temperature during recovery and subsequent 

exercise. Both passive and active CWI resulted in a significant core temperature 

afterdrop effect post-immersion. Consequently, despite the fact that the addition of arm
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exercise attenuated the negative effects o f CWI, neither passive nor active CWI are 

recommended as recovery interventions between supramaximal exercise bouts on the 

same day, unless sufficient time is allowed for core and muscle re-warming. Active 

thermoneutral immersion was the most effective o f the interventions investigated which 

suggests that water immersion per se can facilitate recovery o f supramaximal 

performance and this effect is independent o f core temperature. Any intervention which 

results in a reduced core temperature during supramaximal exercise is likely to have a 

negative effect on performance.
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Chapter 9
General discussion
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9.1 Main findings

Rather than relying on anecdotal reports, the objective o f the survey we conducted of 

Gaelic footballers, hurlers and physiotherapists at inter-county level was to gather 

empirical data on the relative popularity o f water immersion as a recovery intervention, 

and develop a picture o f the immersion practises used at elite level in Gaelic games. 

Previous surveys have highlighted the usage o f CWI in other sports; namely, soccer and 

rugby in the UK and South Africa (Hartley & Goodwin, 2009; Venter et al., 2010). The 

responses to our survey revealed that water immersion as a recovery intervention is a 

common feature o f physical preparation regimes in elite Gaelic games. Overall, 86% of 

responding physiotherapists confirmed it was used within their squad and 73% of 

responding players confirmed they used water immersion to facilitate training and game 

recovery and also as an injury treatment and rehabilitation modality. The most common 

type of CWI protocol used was immersion to hip-level in a container o f cold water to 

which ice has been added, in a seated position with knees bent, and the majority o f both 

responding players and physiotherapists stated that they believed that water immersion 

was beneficial for facilitating general recovery. The fact that the survey confirmed water 

immersion was used by a large proportion o f elite Gaelic games players despite a lack of 

supporting evidence in the literature, demonstrated the need for further research to 

investigate the physiological and performance effects, if any, of different post-exercise 

immersion protocols.

However, although the survey provided useful data on the usage of water immersion for 

recovery in terms of protocol design, frequency of usage, reasons for usage and general 

opinions on the effectiveness o f immersion as a recovery intervention; it should be noted 

that the immersion protocols described are used primarily for ‘next day’ recovery in 

Gaelic games, whereas the subject o f the experimental studies contained in the present 

thesis is ‘same day’ recovery. Irrespective o f this, the physiological data yielded from 

these experimental studies, in particular the haemodynamic and core temperature 

responses, are equally relevant regardless o f the recovery scenario as they describe what 

is happening during the immersion period itself. However, the impact o f these 

physiological effects is only described here in terms o f subsequent same day 

performance hence the beneficial effects, or otherwise, o f immersion described in this 

thesis apply specifically to same day performance and should not be extrapolated to form 

a basis for the usage o f immersion in a next day recovery scenario.
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CHAPTER 5: CWT between two bouts of supramaximal exercise: physiological 

and performance effects.

•  Aim: Investigate the ‘pumping hypothesis’ by comparing blood lactate clearance 

during two different CWT interventions with passive recovery during a 30 min 

recovery period.

Result: Despite some initial differences between trials in the WG group, no 

difference in BLa was detected across trial in either exercise group by the end of the 

30 min recovery period.

• Aim: Compare the effect o f each intervention on maintenance o f sprint performance 

and establish if subsequent performance is linked to blood lactate clearance during 

recovery.

Result: CWT per se had a beneficial effect on sprint performance in both WG and 

RIS groups, however this effect was independent o f BLa clearance during recovery.

• Aim: Compare the effect o f each intervention on the restoration o f haematological 

variables such as haematocrit and plasma volume.

Result: There was a significant decrease in plasma volume and a significant increase 

in Hct across all trials following the initial exercise bout in both WG and RIS groups, 

however CWT did not facilitate restoration o f plasma volume or Hct.

It was hypothesised that CWT per se would facilitate lactate clearance and recovery of 

plasma volume and maintain subsequent sprint performance when compared with 

passive recovery, therefore, demonstrating its validity as a suitable recovery intervention 

for events where limited time is available between exercise efforts. While the hypothesis 

that CWT would facilitate lactate clearance and recovery o f plasma volume was rejected, 

the hypothesis that CWT per se would maintain subsequent sprint performance was 

accepted.

CHAPTER 6: CWI and CWT between two bouts of endurance exercise: core 

temperature afterdrop and performance.

• Aim: Compare the effect o f CWI, CWT, TWI and active recovery between two 

exhaustive endurance exercise bouts, on subsequent performance.

Result: In Ex2 (as % o f Ex I), TTF was significantly lower for CWT, TWI and active 

recovery. TTF for CWI was significantly higher than all other trials and TTF for 

CWT was significantly higher than than TWI and active recovery.
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• Aim: Establish if any associated performance effect is related to changes in core 

temperature following recovery, i.e. a ‘pre-cooling’ effect.

Result: Improvement in performance following CWI was associated with a lower 

core temperature in the early stage o f exercise while the improvement following CWT 

vs. TWI and active recovery was not associated with a lower core temperature.

• Aim: Investigate the effect o f a 30 min CWI recovery intervention on post

immersion core temperature afterdrop.

Result: A significant core temperature afterdrop of -0.9°C was demonstrated 

following CWI.

• Aim: Establish if  water immersion per se can benefit subsequent endurance 

performance independent o f changes in core temperature.

Result: Performance following both CWI and CWT was significantly improved vs. 

TWI which would suggest that the inclusion o f a cold component during immersion 

contributed to the performance effect moreso than water immersion per se.

It was hypothesised that CWI would have a positive effect on subsequent endurance 

performance when compared to CWT, TWI and active recovery and this improvement 

would be associated with a reduction in core temperature. This hypothesis was accepted 

however CWT also had a positive effect on subsequent endurance performance vs. TWI 

and active recovery and this effect was not associated with a reduction in temperature.

CHAPTER 7: CWI following supramaximal exercise: influence o f water 

temperature on the haemodynamic effect of immersion and core temperature 

during subsequent exercise.

•  Aim: Measure the haemodynamic response (cardiac output, stroke volume, heart

rate, MAP, TPR) during immersion at 8, 15 and 34°C and passive recovery

following high-intensity exercise.

•  Result: CO for all immersion trials was significantly higher than passive recovery

during the 30 min recovery period and no difference was detected between

immersion trials. The difference in CO between the immersion trials and passive 

recovery was primarily due to a higher SV during immersion.

•  Aim: Establish if  the post-exercise haemodynamic response is related to water

temperature or the physiological effect o f immersion per se.
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• Result: As no difference was detected between immersion trials at 8, 15 and 34°C, 

this would suggest that water immersion per se had more o f an influence on the 

haemodynamic response compared with water temperature.

• Aim: Compare the changes in core temperature during CWI at 8 and 15°C.

• Result: No difference was detected between CWI at 8 and 15°C during the 30 min 

recovery period.

• Aim: Compare the magnitude and duration o f the core temperature afterdrop effect 

during light-moderate intensity constant load exercise following the immersion 

period.

• Result: Following CWI at 8°C the largest core temperature afterdrop was -0.7°C 

whereas following CWI at 15°C the largest afterdrop was -0.4°C. Both occurred at 

7.5 min during the constant load exercise bout.

• Aim: Investigate the ‘pumping hypothesis’ further by comparing blood lactate 

clearance during immersion at 8, 15 and 34°C with passive and active recovery.

• Result: BLa was significantly lower for active recovery at the end o f the 30 min 

recovery period vs. all other trials. BLa for CWI at 8°C at the same time-point was 

significantly higher vs. TWI, active and passive recovery.

• Aim: Compare the effects o f each recovery intervention on repeated sprint 

performance.

Result: No significant differences were detected across trial for RIS performance 

following the constant load cycling bout.

It was hypothesised that CWI at 8 and 15°C would result in a higher cardiac output 

compared with TWI at 34°C due to the effect o f peripheral vasoconstriction. This 

hypothesis was rejected as no difference in CO or TPR was detected between CWI at 

8°C and CWI at 15°C. It was also hypothesised that CWI at 8°C would result in a greater 

post-immersion afterdrop effect compared with CWI at 15°C. This hypothesis was 

accepted as the afterdrop following CWI at 8°C was -0.3°C greater than that following 

CWI at 15°C.
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CHAPTER 8: Passive vs. active CWI between two supramaximal exercise bouts: 

afterdrop effect and subsequent performance.

• Aim: Compare the effect o f passive and active CWI (arm-cranking during 

immersion) on subsequent high-intensity sprint performance.

Result: Following both passive and active CWI mean and peak power was 

significantly lower vs. pre-recovery however mean power following passive CWI 

was also significantly lower vs. active CWI. Mean and peak power following active 

TWI were unchanged vs. pre-recovery.

• Aim: Investigate the effect o f arm-cranking during immersion at 15 and 34°C on 

blood lactate clearance compared with non-immersed arm-cranking and passive 

CWI.

Result: No difference in BLa was detected between arm-cranking during immersion 

at 15°C vs. arm-cranking during immersion at 34°C. Furthermore, no difference was 

detected between these trials and non-immersed arm-cranking. BLa for passive CWI 

at the end of the 30 min recovery period was significantly higher vs. all other trials.

• Aim: Compare the core temperature afterdrop effect following passive and active 

CWI.

Result: Core temperature afterdrop was -0.6°C following passive CWI and -0.9°C 

following passive CWI, however, absolute core temperature at the end of the 

recovery period was 37.2°C for passive CWI and 37.7°C for active CWI.

It was hypothesised that passive CWI would induce a greater decrease in core 

temperature during recovery and would result in an increased afterdrop effect when 

compared with active CWI. The first part of this hypothesis was accepted as core 

temperature at the end of recovery was significantly lower for passive CWI however the 

second part o f the hypothesis was rejected as a greater afterdrop effect was evident 

following active CWI. It was also hypothesised that maintenance o f performance would 

be improved following both ‘non-cooling’ interventions when compared with both 

‘cooling’ interventions and this hypothesis was accepted.
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In recent years, a number o f  reviews have cited the need for further research into the 

usage o f CWT as a post-exercise recovery intervention (Cochrane, 2004; Barnett, 2006; 

Hing et a l ,  2008). The main objective o f  the first experimental study reported, described 

in Chapter 5, was to compare the effectiveness o f two different CWT protocols versus 

passive recovery to establish if  CWT had an effect on subsequent sprint performance, 

and if the effect was related to the ratio o f cold to warm water immersion. The main 

finding reported in Chapter 5 was that subsequent sprint performance in both Wingate 

(WG) and repeated intermittent sprint (RIS) groups was superior following CWT per se 

when compared with passive recovery, despite the fact that no significant differences in 

BLa clearance were detected across trials. The CWT protocol using a cold to warm ratio 

o f 1:4 was more effective than the ratio o f 1:1 in maintaining peak power in the WG 

group, see Figure 4.4, however, both protocols were equally effective at maintaining 

performance in the RIS group when compared with passive recovery, see Figure 5.9.

Having established that CW T had a positive effect on the maintenance o f supramaximal 

performance in Chapter 5, the second experimental study, detailed in Chapter 6, 

investigated the effect o f  CWT on maintenance o f endurance performance in comparison 

with CWI at an ambient temperature o f ~21°C, the effectiveness o f which has previously 

been demonstrated in hot conditions (Booth et al., 1997; Kay et a l ,  1999; Yeargin et a l ,  

2006). The primary finding reported in this study was that CWI was more effective at 

maintaining subsequent endurance performance and was associated with reduced Tc and 

HR in comparison to CWT, thermoneutral immersion and active recovery trials, see 

Table 6.1. The beneficial effect o f CWI on subsequent endurance exercise was 

demonstrated in the absence of a critical Tc threshold being attained during any trial, due 

to the relatively cool ambient temperature (21 ± 2°C) during the subsequent endurance 

exercise bouts. Performance following CWT was also significantly improved (Table 6.1) 

when compared with thermoneutral immersion and active recovery, however, this effect 

was not mediated by changes in Tc as no significant differences in HR and Tc data were 

detected (Figures 6.6 and 6.10). This improvement relative to immersion per se 

(thermoneutral) would suggest that the periods o f  cold immersion at 8°C, although too 

brief in duration to affect Tc, contributed to the effectiveness o f the intervention. The 

physiological mechanism responsible for the improvement following CWT is unclear; 

however, CWI was associated with a pronounced post-immersion afterdrop in Tc which 

resulted in a lower Tc during the initial stages o f the subsequent exercise bout, see Figure 

6.10. Despite the relatively low intensity workload at the start o f the subsequent exercise
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bout, a number o f participants commented on feelings o f stiffness which gradually 

decreased over time during exercise.

The primary objective o f the third experimental study, described in Chapter 7, was to 

investigate the effect o f water immersion per se as well as different water temperatures 

on the haemodynamic response (CO, SV and HR) and core temperature following 

supramaximal exercise. It was hypothesised that CWI at 8 and 15°C would result in a 

greater increase in CO due to an increase in cardiac pre-load resultant from greater 

peripheral vasoconstriction in comparison with thermoneutral immersion during 

recovery, and that the increase in CO would be greatest for the coldest immersion 

temperature. Despite this, no significant differences in CO or SV were detected across 

immersion trials at 8, 15 or 34°C during recovery. However, both CO and SV were 

significantly higher during all immersion trials when compared with passive recovery 

and this was most likely due to the hydrostatic pressure effect o f immersion causing an 

increase in central blood volume and cardiac pre-load. Mean CO was significantly higher 

during active recovery when compared with all other trials; however, this increase in CO 

was primarily mediated by an increase in HR as opposed to an increase in SV, see Table 

7.4. Total peripheral resistance was significantly higher during non-immersion compared 

with immersion and this would perhaps indicate enhanced parasympathetic reactivation. 

The magnitude and duration o f the Tc afterdrop was greatest following CWI at 8°C, 

possibly due to a greater drop in temperature o f the immersed musculature during 

recovery. However, although the differences in post-recovery RIS performance between 

trials did not attain statistical significance (/*<0.05), there was a trend suggesting that 

CWI at 15°C was the most likely intervention to have a positive effect on subsequent 

repeated sprint performance.

Having investigated the effects o f CWI and active recovery independently, the main

objective o f the final experimental study, detailed in Chapter 8, was to combine

immersion and activity and to compare the effect o f active and passive CWI on

subsequent supramaximal performance. It is already well established that prolonged

cooling has a negative effect on sprint performance; however, our hypothesis was that

the inclusion o f an active component (arm-cranking) during the immersion period would

attenuate this negative effect. Post-recovery mean power, peak power and total work

were significantly reduced compared with pre-recovery data following both active and

passive CWI interventions; however, the magnitude o f this negative effect was greater

for passive CWI when compared with active CWI, see Figures 8.2 to 8.4. A significant
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afterdrop effect was detected following both CWI trials, despite the fact that Tc during 

the 30 min recovery period was maintained with active CWI. Mean BLa at the end o f the 

recovery period was significantly lower for active compared with passive CWI, further 

demonstrating that active recovery facilitates lactate clearance. Data reported in the final 

experimental study demonstrated that the inclusion o f an active component during CWI 

did not prevent the subsequent post-immersion afterdrop effect and although attenuating 

the negative effect typically associated with passive CWI, thermoneutral immersion 

(TWI) was significantly more effective for maintain subsequent supramaximal 

performance. This suggests that lower body CWI per se is contraindicated prior to sprint 

exercise and that a re-warming period is necessary to allow core and muscle temperature 

to recover.

Perhaps the most common anecdotal claim relating to usage o f water immersion is the 

‘lactic acid’ hypothesis, which implies that cold immersion reduces blood flow and when 

you exit the cold water or enter a warm bath or shower, blood flow is increased and this 

‘flushes’ metabolites away from the muscles. There are a number o f potential issues with 

this hypothesis. First o f all, it is unlikely that brief periods o f either cold or warm water 

immersion produce this ‘pumping’ effect at the muscle level. Fiscus et al. (2005)

previously demonstrated that CWT produced fluctuations in lower leg blood flow

consisting o f an increase in blood flow during their warm immersion phase and a 

decrease in blood flow during their cold immersion phase. However, blood flow during 

cold immersion was not lower than their baseline control blood flow suggesting that the 

period o f cold immersion was not actually reducing blood flow below the normal rate. 

The authors acknowledged that it was possible that the reported fluctuations in blood 

flow were due to changes in cutaneous and not intramuscular circulation, and that it was 

unlikely that muscle temperature was affected. If an increase in blood flow and a 

‘pumping’ effect was a desirable feature o f a recovery intervention perhaps it would 

make more sense to use an active recovery component, which has previously been 

demonstrated to facilitate a reduction in blood lactate concentration when compared with 

passive recovery (Martin et al., 1998; McAinch et a i ,  2004). Active recovery has been 

associated with higher muscle lactate concentrations which would suggest that a large 

proportion of the accumulated lactate is retained within the muscle for glycogen

resynthesis instead o f being released into the circulation. The increased blood flow

associated with active recovery would also facilitate the clearance o f lactate from the 

circulation via uptake by cardiac muscle, liver and oxidative muscle fibres. In the present
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thesis, no immersion protocol investigated was associated with an overall improvement 

in blood lactate clearance when compared with passive or active recovery and it would 

appear that if  such an effect is desired, active recovery is the most effective method for 

reducing blood lactate concentration in a relatively short period of time. However, while 

blood lactate concentration is a useful indicator o f work-rate and intensity during an 

exercise bout, usage as a marker of recovery is questionable. Previous studies have 

reported that CWT facilitated lactate clearance when compared with active (Hamlin, 

2007) and passive recovery (Morton, 2007). CWT requires a greater level o f physical 

activity in comparison with passive recovery, as participants must regularly move from a 

seated to a standing position; however, it is difficult describe a physiological mechanism 

whereby CWT could facilitate lactate clearance when compared with active recovery. 

Hamlin (2007) compared light jogging for 6 min at 6.8 km.h’’ with 6 min o f CWT 

consisting o f hip-level cold immersion at (8 to 10°C) and standing under a hot shower 

(38°C) and reported that blood lactate concentration was 8.7 ± 3.1 mmol.L'' following 

the CWT period, and 10.8 ± 2.5 mmol.L"' following the active recovery period (mean ± 

SD). One o f the possible reasons why lactate clearance would be slower during active 

recovery would be if the intensity was too high, however the mean heart rate during 

active recovery in Hamlin (2007) was 130 ± 18 beats.min'', which should be well below 

the typical lactate threshold o f an active, healthy participant. It is difficult to see what 

physiological mechanism could potentially be responsible for CWT improving lactate 

clearance when compared with low intensity active recovery.

9.2 Practical considerations

From the survey o f inter-county GAA players and team physiotherapists, we learned that 

the typical CWI protocol for the majority o f players consists o f seated, hip level 

immersion with knees bent for a period o f less than 3 min, see Chapter 2.3.2. It was 

decided that a longer period o f immersion should be investigated in order to adequately 

describe the physiological effect, if  any, and demonstrate the safety o f prolonged 

immersion periods. The studies described in Chapters 6, 7 and 8 all included a 30 min 

CWI at 15°C. However, despite similar pre-recovery Tc, a greater drop in temperature 

during the immersion period and a greater afterdrop effect was evident in Chapter 8 

when compared with Chapter 7, see Table 9.1. This observed difference in Tc afterdrop 

is most likely due to the difference in mean body mass between the participants. The 

difference in Tc at the start of the recovery period was due to the fact that the pre

recovery exercise bout used in Chapter 6 consisted o f an endurance cycling bout to
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failure which would be expected to result in a significantly higher Tc at the termination 

of exercise when compared with the relatively brief supramaximal exercise protocol (3 

by 30s Wingate tests with 4 min low-intensity rest intervals) employed in Chapters 7 and 

8 .

It is this author’s opinion that perhaps the initial reaction to CWI, known as the ‘cold 

shock’ response, conditions players to believe that prolonged periods of immersion are 

unsafe. During familiarisation, which consisted of a 10 min CWI, it was not unusual for 

participants to question whether they would be able to last the full period during the 

initial 1 to 2 min. However, when they were reassured that they were in a controlled 

environment with no risk of hypothermia, or cold injury such as frostbite, they each 

completed the full CWI. As practically all of the participants had only ever used brief 

periods of CWI previously, the familiarisation session was essential as it demonstrated to 

participants that the initial response was transient. As a result, no prospective participants 

were excluded on the basis of non-compliance with the CWI protocols.

Chapter 6 Chapter 7 Chapter 8

Pre-recovery exercise type Endurance Supramaximal Supramaximal

Start of recovery' (°C) 38.3 ±0.1 37.7 ±0.1*** 37.9 ±0.1*

End of recovery (°C) 37.5 ±0.1 37.2 ±0.1 37.2 ±0.1

ATc recovery (°C) -0.9 ±0 .2 -0.5 ±0.1 -0.8 ± 0.2

Start of exercise (°C) 36.9 ± 0 .2 36.8 ± 0.2 36.8 ± 0.2

ATc afterdrop (°C) -0.5 ±0.1 -o.2 ± o . r -0.4 ±0.1

Participant background Triathlon GAA/Soccer Triathlon

Mean body mass (kg) 83 ± 9 86 ± 7 77 ± 8

Mean height (cm) 179 ± 6 184 ± 5 1 8 0 ± 9

T able 9.1: Comparison o f  core temperature responses to CWI 5 for Chapters 5, 6 and 7 (mean ± SEM, 

n=8). ‘ATc recovery’ represents the drop in Tc from the start to the end o f  recovery; ‘ATc afterdrop’ 

represents the drop in Tc from the end o f  recovery to the start o f  exercise. * / ’<0.05 vs. corresponding data 

in Chapter 5; *** P < 0 .00 i vs. corresponding data in Chapter 5. D ata f o r  f ir s t 8 participan ts that com pleted  

each study w ere com pared  using one-way A N O V with appropria te post-h oc tests.
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The im portance o f  specificity w hen discussing the physiological response during post

exercise recovery was further illustrated by the BLa data in the present thesis. The data 

included in Table 9.2 dem onstrates that the supram axim al exercise protocol em ployed in 

Chapter 7 increased BLa to a significantly higher concentration com pared with the 

endurance exercise to failure protocol em ployed in Chapter 6. However, in both studies 

BLa was significantly higher at the start o f  subsequent exercise following CW I when 

com pared w ith therm oneutral im m ersion and active recovery. In addition, following 

supram axim al exercise, BLa clearance was more effective during active recovery when 

com pared w ith therm oneutral im m ersion. Thus, if  lactate clearance is the prim ary aim  o f 

a recovery intervention, active recovery is superior to w ater im m ersion protocols. 

However, as previously dem onstrated, it is evident from our perform ance data that at no 

point was an im proved rate o f  lactate clearance associated w ith an im provem ent in 

subsequent perform ance. The addition o f  an active recovery com ponent during CW I at 

15°C in C hapter 8 did attenuate the negative effect on lactate clearance; how ever, the 

im provem ent in perform ance com pared with passive CW I was m ore likely a result o f  a 

sm aller decrease in Tc as opposed to the im proved rate o f  lactate clearance.

Chapter 6 Chapter 7

Endurance exercise Supramaximal exercise

CWIS TWI ACT CWIS TWI ACT

Rest 0.8 ±0.1 0.8 ±0.1 0.9 ±0.1 1.0±0.1 1.0 ±0.1 0.9 ±0.1

Start of 
Recovery

5.4 ±0 .6 5.6 ± 0.7 5.5 ±0 .6 lO.i ±0.5  *** 10.1 ±0 .4  
***

10.5 ±0 .7  
* * *

Start o f  
Exercise

1.5 ± 0 .2
#

1.0±0.1 0.9 ±0.1 5.0 ± 0 .6 3.5 ± 0 .4  “ 2.1 ±0.3

Table 9.2: Comparison of BLa (mmol.L'') responses for Chapters 5 and 6 (mean ± SEM, n=8). 

P<0.001 vs. corresponding data in Chapter 5; **P<0.05 vs. TWI and ACT; “ P<0.001 vs. CW15. Data for  

first 8 participants that completed each study were compared using one-way ANOVA with appropriate 

post-hoc tests.
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9.3 Limitations

Prior to the first experimental study, a feasibility trial was conducted to establish if it 

would be possible to implant an intramuscular probe which could be connected to a 

digital bench-top thermometer to record muscle temperature data during exercise and 

recovery. In conjunction with the ingestible CorTemp sensor, this would have facilitated 

muscle and core temperature measurement at concurrent time-points throughout exercise 

and recovery. Trials were conducted on a number o f volunteers using flexible, 

implantable probes that consisted o f a Teflon-coated, type-T thermocouple (Physitemp 

Instruments, New Jersey, USA) that was inserted to the required depth, via an 18 gauge 

needle, by a registered medical practitioner using sterile technique. The decision was 

taken to implant a flexible probe as this could be left in situ during exercise and recovery 

as opposed to a solid needle probe which could only be used periodically, such as at rest, 

post-exercise and post-recovery and would disrupt the existing exercise and recovery 

timeline. Volunteers were able to freely move around with the probe in situ and each 

completed a single Wingate test without reporting any feeling o f discomfort associated 

with the probe or the insertion site. However, it soon became apparent that the probe 

design was unsuitable for the intended use, as each time a probe was removed the 

implanted section was twisted and kinked. Thus, after a single use, the implantation 

procedure became increasingly difficult as it was harder to thread the probe through the 

needle. It was concluded that it was not feasible to record muscle temperature during our 

experimental studies as it was not possible to leave the probes in situ as they became 

damaged with repeated use and the alternative, which was to use solid needle probes, 

would have required constant medical support throughout each test session, which was 

not feasible. Accurate muscle temperature data would have been extremely useful in the 

context o f the drop in core temperature evident during CWI, and it would have assisted 

greatly in characterising the nature o f the post-immersion afterdrop.

9.4 General conclusions

The present thesis investigated the effectiveness o f a number o f post-exercise water 

immersion protocols for maintaining subsequent supramaximal and endurance exercise 

performance. To reduce the risk o f confounding factors which are typically associated 

with ‘next day’ recovery scenarios, such as activity levels and nutritional differences, 

subsequent performance was assessed immediately following a 30 min randomised 

recovery period. The effectiveness o f both CWI and CWT was demonstrated, however,
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the resuhs in general demonstrate that the immersion protocols used must be specific to 

the subsequent exercise activity; for example CWI should be contraindicated for 

subsequent supramaximal exercise unless there is a re-warming period. CWT would 

appear to benefit both supramaximal and endurance performance, however, it is less 

effective for endurance performance than CWI.

In Chapter 6, the improvement recorded in time to failure data following CWI, see Table 

6.1, was attributable to a well established physiological effect, namely a reduction in 

physiological strain due to cooling, which was evidenced by a lower Tc, see Figure 6.10, 

and lower HR data, see Figure 6.6, during exercise. However, CWT in the same study 

was not associated with any significant Tc or HR effect yet subsequent performance was 

improved when compared with TWI. The fact that CWT exhibited this response while 

TWI did not, would suggest that immersion per se did not benefit subsequent 

performance and this raises the possibility of a perceptual or psychological basis for the 

improvement. The brief periods of cold immersion during CWT, although insufficient to 

affect Tc, may be an important component of this perception effect.

Although perception of recovery was not measured in the present thesis, it was apparent 

in the studies where the initial exercise bout (Exl) consisted o f repeated Wingate tests 

that participants were in a state o f noticeable discomfort in the immediate post-exercise 

phase. Nausea and dizziness were visible side-effects following the initial Wingate test 

protocol; however, these effects were diminished during the initial stage o f immersion, 

particularly cold immersion, whereas they appeared to persist for some time during 

passive recovery. The haemodynamic data recorded in Chapter 7 demonstrated that CO 

and SV were significantly higher during immersion when compared with passive 

recovery, see Table 7.4 and estimated total peripheral resistance was reduced, see Figure 

7.5. The baroreceptor-mediated response associated with immersion causes a shift from 

sympathetic to parasympathetic predominance following supramaximal exercise 

(Buchheit et a i ,  2009) and this shift may contribute to the participant’s perception of 

recovery. It is also possible that the benefits associated with immersion were the result of 

a pseudo-placebo effect, whereby individuals who were conditioned to think that 

immersion elicited a possible recovery effect performed better during the subsequent 

exercise bout. This was less likely to be a factor during endurance exercise following 

CWI, which demonstrated a clear physiological effect; however, it may have influenced 

supramaximal exercise performance following CWT in the first study. In the final study, 

TWI was the most effective recovery intervention, however, a placebo effect was
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unlikely as TWI is not associated with post-exercise recovery and was never previously 

used by the participants.

It is important to understand that different cooling modalities, such as CWI, ice pack 

application, cooling vests and whole body cryotherapy, which fall under the general 

heading of ‘cryotherapy’ treatments, have different physiological effects. The use of 

whole body cryotherapy and CWI (in the form o f ‘ice baths’) in particular is quite topical 

at the moment and both modalities regularly feature in the news media. However, the 

arguments for or against ‘cryotherapy’ often do not make the distinction between whole 

body cryotherapy and ice baths and this is possibly due to a lack o f understanding of 

their physiological effects. Whole body cryotherapy perhaps attracts a disproportionate 

amount o f media coverage because o f the extremely cold temperatures (-110°C) 

involved. To the uninitiated, an air temperature o f -110°C appears much more severe 

than a cold water temperature o f 8°C. However, due to the severe nature o f whole body 

cryotherapy, participants can only safely remain in the cooling chamber for 

approximately 3 min. The treatment period results in a significant decrease in skin 

temperature, however, significant reductions in core and muscle temperature are unlikely 

and to date have not been documented in detail. In contrast, a participant can undergo 

CWI for a duration in excess o f 30 min, making it possible to safely achieve significant 

reductions in core (Figure 7.7) and muscle temperature (Myrer et al., 1998), if  so desired. 

Added to this, is the hydrostatic pressure effect associated with CWI which is not a 

feature o f whole body cryotherapy as the cooling modality used is air as opposed to 

water.

Usage o f both whole body cryotherapy and CWI is currently quite topical in sport and 

media circles, with arguments both for and against; however, it is important that a clear 

distinction is made between these two different cooling methods. There are a small 

number o f whole body cryotherapy facilities on the island o f Ireland and this means that 

usage o f this modality for the purposes of post-exercise recovery is much less 

widespread than CWI, for the simple reason o f accessibility. To provide CWI as a post

exercise recovery intervention, all an individual or club requires is a large container, 

access to water supply and, if  necessary, several bags o f ice cubes. Research advancing 

our knowledge o f the physiological and performance effects o f CWI will therefore be of 

interest to the large number o f people regularly using this modality for post-exercise 

recovery. Given the differences which exist between the two modalities, the data 

contained in the present thesis relating to the haemodynamic and core temperature
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effects associated with CWI, as well as the performance effects, should not be used to 

provide a scientific basis for the usage o f whole body cryotherapy, where similar effects 

have not been demonstrated.

Having expanded on the physiological and performance effects o f CWI and CWT in a 

‘same day’ recovery scenario, further research is required to assess their effectiveness on 

a cumulative basis, such as during a typical training week for Gaelic footballers or 

hurlers. In such an environment, the contraindications o f CWI, namely the reduction in 

the ability to generate power (Figure 8.2 and 8.3), would not be considered a negative 

factor as there would be a sizeable time gap between successive training sessions. 

However, training loads at the elite level in Gaelic games are increasing as the physical 

demands o f the modern game demand faster, titter players. Early morning training 

sessions, which were a feature o f the Dublin senior Gaelic football teams preparation in 

2011, are becoming increasingly popular, particularly during the pre-season phase, and 

in such an environment where players train in the morning, go to work and then train 

again in the evening before repeating the cycle the next day, optimum post-exercise 

recovery is vital for maintaining a sense o f physical well being, and thus, maintaining 

performance. In such an environment, where the cumulative effect o f  successive periods 

o f high-intensity activity may lead to central fatigue and a reduction in performance, any 

intervention which facilitates the restoration o f a sense of well-being, should be 

considered as a useful recovery tool. The presented data demonstrate that following CWI 

or CWT, the participant’s physiological status had recovered to the extent that 

maintenance o f their subsequent exercise performance was improved.

In conclusion, the current thesis demonstrated that both post-exercise CWT and CWI, 

with water temperatures as low as 8°C for 30 min, are safe and effective recovery 

interventions that can be used to maintain subsequent exercise performance.
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SAMPLE PARTICIPANT CONSENT FORM

PROJECT TITLE: Combined water immersion and active recovery post-exercise.

PRINCIPAL INVESTIGATOR: David Crampton

BACKGROUND:

This study will investigate the effect o f combining low-moderate intensity arm 

ergometry with post-exercise hip-level water immersion at 15 and 34°C. Following 

completion o f a medical history questionnaire and an examination by a qualified medical 

practitioner, participants will complete two high-intensity cycle ergometer exercise bouts 

separated by a 30 min recovery intervention. Earlobe capillary blood samples will be 

collected throughout and core temperature will be monitored using an ingestible 

temperature sensor. Your personal information and data will be kept confidential and 

your name will not be published or disclosed to any persons outside o f the research staff 

involved with this particular study.

DECLAR.\TION:

I have read, or had read to me, the participant information leaflet for this project and I understand 

the contents. I have had the opportunity to ask questions and all my questions have been 

answered to my satisfaction. I have agreed to undergo a medical examination before taking part 

in any physical exercise which is required as part o f this study. I freely and voluntarily agree to 

be part o f this research study, though without prejudice to my legal and ethical rights. I 

understand that I may withdraw from the study at any time and I have received a copy o f this 

agreement.

PARTICIPANT'S NAME: ..........................................................................................

CONTACT DETAILS: ..........................................................................................

PARTICIPANT'S SIGNATURE: ..........................................................................................

Date:...............................................

Statement o f investigator's responsibiiity: 1 have explained the nature and purpose o f this 

research study, the procedures to be undertaken and any risks that may be involved. I have 

offered to answer any questions and fully answered such questions. 1 believe that the participant 

understands my explanation and has freely given informed consent.

INVESTIGATOR’S SIGNATURE:................................................................... Date:...........................
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DEPARTM ENT OF PHYSIOLOGY, TRINITY COLLEGE, DUBLIN.

MEDICAL HISTORY QUESTIONNAIRE  

Project Title: Combined water immersion and active recovery post-exercise.

Supervising Researcher(s): Mr Bernard Donne, Dr Mii<el Egana

Principal Investigator: David Crampton

Physician:________________________________________________________________

The purpose o f this questionnaire is to document the participant’s personal and medical details. It 

is also required to avoid any unnecessary risk o f injury or discomfort during the experimental 

procedures involved in this research project.

Please ensure that all o f  the personal and medical information you provide in this questionnaire is 
accurate. All information will be kept confidential by the research team.

Subject nam e:___________________________________________ Date:

Sex: Date o f birth:

H eight:_______________________________________Body Mass:

Contact telephone num ber:________________________________

Contact e-mail:

Please circle the appropriate answer and provide details in all cases you answer YES.

Do you smoke? YES NO

Do you suffer from asthma? YES NO

Do you drink alcohol? YES NO

Do you drink tea/coffee? YES NO

Do you suffer from diabetes? YES NO

Do you suffer from epilepsy? YES NO

Have you experience o f  ice baths? YES NO

Have you suffered any soft tissue injury that may limit your exercise performance such as muscle 

or tendon damage? YES N O __________________________________________
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Does your fam ily have a history o f  stroke and/or heart disease? If so please provide full details. 

YES NO

Are you involved in regular physical activity? If YES, please indicate type, duration and 

frequency o f  activity. YES NO

Do you have a history o f  oesophageal disorders or im pairm ent o f  the gag reflex? 

YES NO

Have you ever suffered from an obstructive disease o f  the gastrointestinal tract, such as 

d iverticulitis or inflam m atory bowel disease? YES N O ____________________________

Have you ever had gastrointestinal surgery? YES NO

Do you have a cardiac pacem aker or any other im planted electro-m edical device? 

YES NO

Are you currently  taking any prescription m edication? If YES, p lease indicate which drug and 

the reason for prescription. YES N O ______________________________________________
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Do you have any other m edical/health related issues that the investigators should be m ade aw are 

of? YES NO

Please sign and date this questionnaire if  the answ ers you have given are, to  the best o f  your 
know ledge accurate and correct. If you are unsure o f  any questions or wish to  provide additional 
inform ation you feel m ay be relevant, please contact the principal investigator o f  this study.

Signature o f  S u b jec t:________________________________________ D a te :__________________________

Signature o f  Supervising R esearch er:_________________________ Date:

Signature o f  Principal Investigato r:___________________________ Date:

Follow ing com pletion o f  this questionnaire and my physical exam ination o f  the above nam ed 
volunteer, I conclude that there are no evident contraindications to participation in the research 
project entitled above, in accordance with the study proposal, w hich has received the appropriate 
ethical approval from the School o f  M edicine, Faculty Research Ethics Com m ittee.

Signature o f  P h y sic ian :_______________________________________ Date:
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Appendix 2
Player and physiotherapist

surveys
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GPA/TCD W ater immersion survey, Gaelic football and liurling (senior 
intercoiinty players)

1. Are you currently a member of a senior county squad?

Response Response  

Percent C ount

Yes - Football

Yes - Hurling

Yes - Both

No

answ ered question  

skipped  question
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2. Please state which county squad you are involved with.

R esponse
Percent

Antrim 

Armagh 

Cariow 

Cavan 

Clare 

C ork  

Derry 

Donegal 

Down 

D u b lin  

Fermanagh 

Galway 

Kerry 

Kildare 

Kilkenny 

Laois 

Leitrim 

Limerick 

London 

Longford 

Louth 

Mayo 

Meath 

Monaghan 

New York 

O ffa ly

Response
Count
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Roscommon

Sligo

Tipperary

Tyrone

W aterford

Westmeath

W exford

W icklow

a n sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n

3. Do you currently use water immersion at county level, either for 
recovery from training/games OR for injury treatment/rehabilitation?

R esponse  R esportse  

P ercen t C o u n t

Yes

No. but t^e  option is there if  1 
wanted to

No. do not use and the option Is not 
provided

a n sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n

4. For what purpose do you most often use water immersion?

R e sponse  R esponse  
P e rcen t C o u n t

T ra in ingygam e re co ve ry

Soft-bssue/jo lnt-in jury

treatm ent/rehabilitation

Both

Do not use

a n s w e re d  q u e s tio n  

s k ip p e d  q u e s tio n
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5. Which of the following best describes the water immersion protocol 
you use for the purpose(s) indicated above?

R e sponse  R e sponse  

P e rce n t C o u n t

C O LD w a te r im m e rs io n  (i.e . an 

“ ice  b a th ” )

CONTRAST water immersion 

(alternating cold & warm water) i.e. 

an Ice bath followed by a warm 

shower (x 3)

Both COLD and CONTRAST, 

depending on the situation

Do not use

a n sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n

6. In general, how many times a week would you use water immersion 
(COLD or CONTRAST)?

R e sp o n se  R e sp o n se  

P e rcen t C o u n t

Once

Twice

3 times

More than 3 times

1 on ly  use tt If 1 have a so ft 

tissue/jo in t injury

Do n o t use

a n sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n
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7. How would you describe the cold water immersion method used (for 
either COLD or CONTRAST immersion)?

R e sponse  R esponse  

P e rcen t C o u n t

Cold shower

Mains cold water In container

M ains c o ld  w a te r in  c o n ta in e r  

w ith  ice  added

Tem perature controlled commercial 

bath (i.e. CET, Equine Spa, iCool 

e tc .)

O ther (i.e. sea)

Do not use

a n s w e re d  q u e s tio n  

s k ip p e d  q u e s tio n

8. How would you describe the warm water method used during 
CONTRAST water immersion (repeated cycles of cold & warm)?

R esponse  R esponse  

P ercen t C o u n t

Warm shower

Warm bath

Temperature controlled 

bath/wtiihpool

D o n o t use

a n sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n
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9. During COLD water immersion, or the cold water phase of CONTRAST
water immersion, what is your body position?

R esponse  Response 

P ercen t C o u n t

Seated with legs outstretched

Seated w rth  knees ben t

Standing (e.g. wheelie bln/shower)

Do not use

a n sw ered  q u e s tio n  

s k ip p e d  q u e s tio n

10. During the warm water phase of CONTRAST water immersion, what is
your body position?

R esponse  R esponse

P ercen t C o u n t

Seated with legs outstretched

Seated with knees bent

Standing (e.g. wheelie binyshower)

Do n o t use

a n sw e re d  q u e s tio n

s k ip p e d  q u e s tio n
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11. During COLD water immersion, or the cold water phase of CONTRAST 
water immersion, to what level are you typically immersed?

Response Response  

Percent Count

Knee level

Hip level

Mid-torso level (sternum)

Shoulder level

NOT immersed (e.g. standing under 

cold shower)

Only immerse injured limb/joint

Do not use

answ ered question  

skipped  question

12. During the warm water phase of CONTRAST water immersion, to what 
level are you typically immersed?

Response Response  

Percent C ount

Knee level

Hip level

Mid-torso level (sternum)

Shoulder level

NOT immersed (e.g. standing under 
warm shower)

Only immerse injured limb/joint

Do not use

answ ered question  

skipped  question
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13. In terms of recovery from training/games (non-injured), do you 
believe water immersion is:

R esponse Response  

Percent Count

Beneficial

Not beneficial

Undecided

answ ered question  

skipped  question

14. In terms of soft-tissue/joint injury treatment & rehabilitation, do you
believe water immersion is:

Response Response  

Percent Count

Beneficial

Not beneficial

Undecided

answered question  

skipped question

15. On which of the following are your answers to question 1 & 2 
primarily based? (Tick ALL that apply).

Response Response  

Percent C ount

Personal experience

Advice from team physio

Advice from team doctor

Advice from other players

Existing scientific research

answ ered question  

skipped question
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16. Do you feel water Immersion is beneficial in terms of reducing
general muscle/joint soreness?

R e sponse  R esponse

P ercen t C o u n t

Yes

No

Undedcted

3 n s w e n d  q u e s tio n

s k ip p e d  q u e s tio n

17. Do you feel water immersion is beneficial in terms of reducing
muscle/joint stiffness?

R esponse  R esponse

P e rcen t C o u n t

Yes

No

Undecided

a n sw e re d  q u e s tio n

s h ip p e d  q u e s tio n

18. Do you feel water immersion is beneficial in terms of reducing
muscle inflammation/joint swelling?

R e sponse  R esponse  

P e rcen t C o u n t

Yes

No

Undeciiled

a n s w e re d  q u e s tio n  

s k ip p e d  q u e s tio n
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19. Do you feel water immersion is beneficial in terms of clearing lactic
acid following a hard training session/game?

Response Response  

Percent Count

Yes

No

Undecided

answ ered question  

skipped  Question

20. Have you previously heard the claim, either In person or through 
the TV/print media, that water Immersion helps clear lactic acid 
following exercise?

Response Response  

Percent C ount

Yes - Cold water immersion

Yes - Contrast water immersion

Yes -  Both

No 1 have never heard this claim .

answ ered  question  

skipped  Question

21. Do you feel that water Immersion Is an important part of your 
physical preparation as an elite Gaelic games player?

Response Response  

Percent C ount

Yes

No

s n s w e re d  q u e s tio n  

s k ip p e d  Q u e s tion
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22. Do you feel that all elite Gaelic games players should be provided 
with access to COLD or CONTRAST water immersion as part of their 
physical preparation?

Response Response  

Percent C ount

Ym

No

Undecided

answ ered question  

skipped  question
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T C D  Hydrotherapy Survey, Gaelic football and hurling (senior inter-county)

1. Is hydrotherapy currently part of your squads training or match-day 
regime, for either recovery or injury treatment/rehabilitation?

Response Response 

Percent C o u it

Yes

No

answ ered question  

skipped question

2. For what purpose is hydrotherapy used by the squad? Tick all that 
apply.

Response Response 

Percent Count

Training/m atch-day recovery

Soft tissue Of jo in t in jury  

treatm ent/ reh abi 1 itation

N/A

answ ered question  

skipped question

3. Which of the following best describes the typical hydrotherapy 
protocol used for the purpose(s) indicated above? Tick all that apply.

Response Response 

Percent Count

Cold hydrotherapy (i.e . an “ice 

bath”)

Conlrast hydrotherapy (alternating 

cold & warm)

N/A

answ ered question  

skipped question
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4. Is the use of hydrotherapy within the squad:

Response Response  

Percent Count

Mandatory

Vo luntary

N/A

answ ered question  

skipped  question

5. What percentage of the squad would regularly use hydrotherapy?
Closest estimate.

Response Response

Percent Count

25%

SOS

75%

100%

N(A

answ ered question

skipped  question
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6. How is cold hydrotherapy delivered?

R e sp o n se  R esponse  
P e rce n t C o u n t

Cold shower

Mains cold water in container

M ains c o ld  w a te r in  c o n ta in e r 

w ith  ice  added

Temperature controlled conrtmerclal 

bath (i.e. CET. Equine Spa. iCool 

e tc .)

O ther (I.e. sea)

Don't know

N/A

a n sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n

7. What is the typical duration of any single cold water 
immersion/exposure during cold hydrotherapy? (Note; <2min = less than 
2min but greater than 1min, i.e. 1.5min)

R e sp o n se  R e sponse  

P e rce n t C o u n t

<1 min 

<2 m in  

<3 min 

<4 min 

<5 min 

<10 min 

> 10 min

As long as the individual can 

tolerate

Don't know

W A

a n sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n
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8. In general, how many times a week would players typically use cold 
hydrotherapy?

R e sp o n se  R esponse  

P e rcen t C o u n t

Once

Tw ice

3 tim es

A tim es

More than 4  times

O nly used If a p laye r has soft 
tissue/jo in t in jury

Don't know

N/A

a n sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n

9. Is the cold water temperature monitored or controlled (for example,
using a thermometer)?

R e sp o n se  R e sponse  

P e rcen t C o u n t

Yes

No

Don't know

N M

a n s w e re d  q u e s tio n  

s k ip p e d  q u e s tio n
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10. If you had to estimate the cold water temperature range for your 
protocol, which of the following would you say applies?

R e sp o n se  R esponse  

P e rcen t C o u n t

0-5 degrees 

5-10 degrees 

10-15 degrees 

15-20 degrees 

Don't know 

N /A

a n s w e re d  q u e s tio n  

s k ip p e d  q u e s tio n

11. How is the cold water phase of contrast hydrotherapy delivered?

R e sp o n se  R esponse  

P e rce n t C o u n t

Cotd shower

Mams cold water in container

Mains co4d water in container with 

ice added

Tem perature controlled commercial 

bath (i.e. GET, Equine Spa. iCool 

e tc .)

Other

Don't know

N/A

a n sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n
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12. How is the warm water phase of contrast hydrotherapy delivered?

Response Response  
Percent C ount

Warm shower

Warm bath

Temperature controlled bath

Don't know

N/A

answ ered  question  

skipped  question

13. What is the typical duration of any single cold water 
immersion/exposure during contrast hydrotherapy? (Note: <2min = less 
than 2min but greater than 1min, I.e. 1.5min)

Response Response  

Percent C ount

<1 min 

<2 min 

<3 min 

<4 min 

<5 min 

<10 min 

> 10 min

As long as the individual can 

tolerate

Don't know

N/A

a n s w e rtd  question  

skipped  question
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14. What is the typical duration of any single warm water 
immersion/exposure during contrast hydrotherapy?

R e sponse  R esponse  

P ercen t C o u n t

<1 min 

<2 min 

<3 min 

<4 min 

<5 min 

<10 min 

> 10 min 

Don't know 

N /A

a n sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n

15. In general, how many times a week would players typically use 
contrast hydrotherapy?

R e sponse  R esponse  

P e rcen t C o u n t

Once

Twice

3 tinoes

4 times

More than 4 times

O nly used if a p layer has soft 

tissue/jo in t injury

Don't know

N /A

a n sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n
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16. Which of the following does the contrast hydrotherapy protocol
begin with?

R e spo rtse  R esponse  

P e rce n t C o u n t

CoM water

Warm water

Don't know

N /A

a n sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n

17. Which of the following does the contrast hydrotherapy protocol end
with?

R e sp o n se  R esponse

P ercen t C o u n t

Cokl water

Warm water

Don't know

N/A

a n s w e re d  q u e s tio n

s k ip p e d  q u e s tio n
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18. What is the ratio of cold water exposure to warm water exposure? 
Note: 30 seconds cold followed by 60 seconds warm is a ratio of 1:2; 30 
seconds cold followed by 120 seconds warm Is a ratio of 1:4 etc.

R e sp o n se  R esponse  

P e rce n t C o u n t

1:1

1:2

1:3

1:4

1:5

1:0

1:e+

D e n t know 

N/A

an sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n

19. Is the cold water temperature monitored or regulated (e.g. using a 
thermometer)?

R e sp o n se  R e sp o n se  

P e rcen t C o u n t

Yes

No

Don't know

N/A

s n s w e re d  q u e s tio n  

s k ip p e d  q u e s tio n
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20. Is the warm water temperature monitored or regulated (e.g. using a
thermometer)?

Response Response  

Percent C ount

Yes

No

Don’t  know

N/A

answ ered  question  

skipped  question

21. If you had to estimate the cold water temperature range for your 
protocol, which of the following would you say applies?

R esponse Response  

Percent C ount

0-5 degrees 

6-10 (Jegrees 

10-15 degrees 

15-20 degrees 

20-25 degrees 

Don't know 

N/A

a n s w e rtd  question  

skipped  question
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22. How is the ice used for cold and/or contrast hydrotherapy supplied?

Response Response  
Percent C ount

Privately owned ice m aker

Supplied from an external source

Ice not used

Don't know

N/A

answ ered question  

skipped  question

23. If a container is used to hold the water, what type is used?

R esponse Response  

Percent C o un t

Mortar Tub

Wheelie bin

C om m ercial (in flatab le /rig id  

frame)

Other

Don't know

N/A

answ ered  question  

skipped  question
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24. During cold hydrotherapy, or the cold water phase of contrast
hydrotherapy, what position do players typically adopt?

Response Response
Percent Count

Seated with legs outstretched

Seated with knees bent

Standing

Don't know

NVA

answ ered question  

skipped  question

25. During the warm water phase of contrast hydrotherapy, what
position do players typically adopt?

Response Response  

Percent C ount

Seated with legs outstretched

Seated with knees bent

Stand ing

Don't know

N/A

answ ered  question  

skipped  question
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26. During cold hydrotherapy, or the cold water phase of contrast 
hydrotherapy, to what level are players typically immersed?

R esponse  Response 

P ercent C o u n t

Knee level

H ip  level

M id -to rso  leve l (s ternum )

Shoulder level

NOT immersed (e.g. standing in 

sho*er)

Don't know

N/A

a nsw ered  q u e s tio n  

s k ip p e d  q u e s tio n

27. During the warm water phase of contrast hydrotherapy, to what level 
are players immersed?

R esponse  R esponse  

P ercen t C o u n t

Knee level

Hip level

Mid-torso level (sternum)

Shoulder level

NOT immersed (e.g. standing in 

shower)

Don't know

N/A

ansi¥ered  q u e s tio n  

s k ip p e d  q u e s tio n
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28. Which of the following are part of your squads typical recovery 
practises? Tick all that apply.

R e sp o n se  R esponse  

P e rcen t C o u n t

P o s t- tra in in g /m a tc h -d a y  w a rm - 

d o w n

Po5l-training/match-<Jay sta tic 

stretching

Sports m assage

Yoga

Pilates

Com pression garm ents (i.e. Skins)

Swimming

Hy dro tti era py

a n s w e re d  q u e s tio n  

s k ip p e d  q u e s tio n

29. Regarding player recovery from training/match-day, do you believe 
hydrotherapy is:

R e sponse  R e sponse  

P e rcen t C o u n t

B e n e fic ia l

Not benefic ia l

Undecided

P otentia lly  harm ful

a n s w e re d  q u e s tio n  

s k ip p e d  q u e s tio n
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30. Regarding player injury treatment/rehabilitation, do you believe
hydrotherapy is:

Response Response  

Percent Count

Beneficial

Not beneficial

Undecided

PotentiaHy harmful

answ ered  question  

skipped  question

31. On which of the following are your answers to question 1 & 2
primarily based? Tick all that apply.

R esponse Response  

Percent C ount

Personal experience

Player feedback

Scientific research

answ ered  question  

skipped  question

32. Are you aware of any published research which supports the use of 
hydrotherapy for:

Yes
Response

No
C ount

Player recovery from 

training/match-day

Soft tissue injury 

treatment/rehabilitation

answ ered  question  

skipped  question
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33. Are you aware of the suggested benefits of hydrotherapy being 
supported/promoted (either through the media or personal 
communication) by: Tick all that apply.

R esponse Response  

Percent C ount

Elite players/coaches w ith in  the
GAA

Elite players/coaches in other field 

sports i.e. rugby, soccer etc.

Physiotherapists within the GAA

Physiotherapists in other field 

sports

Doctors within the GAA

Doctors in other field sports

None of the above

answ ered  question  

skipped  question
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34. In general, do you believe hydrotherapy may be beneficial for any of 
the following? Tick all that apply.

R e sp o n se

P e rce n t

R esponse

C oun t

Reducing m usd e /jo in t s tiffness

Reducing m uscle/jo in t soreness

L im it in g  m u s c le / jo in t 

in f la m m a tio n

Reducing bruising

Lactic  acid rem oval

Restoring energy reserves

Im proving tra in ing/m atch-day 

genera l recovery

Enhancing player perception o f 

wellbeing

Don't know

Not benefic ia l

a n sw e re d  q u e s tio n  

s k ip p e d  q u e s tio n

35. Do you believe there is a solid scientific basis for the use of
hydrotherapy for post-exercise recovery?

R e sp o n se  R esponse  

P e rce n t C o u n t

Yes

No

Don't know

a n s w e re d  q u e s tio n  

s k ip p e d  q u e s tio n
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36. Do you believe there is a solid scientific basis for the use of 
hydrotherapy for chronic soft tissue/joint injury rehabilitation?

Response
Percent

Yes

No

O on t know

answ ered question  

skipped  question

Response
Count
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Sprint Cycling Performance Is Maintained With Short-Term Contrast Water Immersion.

M ed Sci Sports Exerc, 2011 [Epub ahead o f  print]

C ram pton D ', Donne B ’, Egana M ', W arm ington SA^.

' D epartm ent o f  Physiology, T rinity College Dublin, Dublin 2, Ireland

 ̂C entre for Physical A ctivity and N utrition Research, School o f  Exercise and N utrition Sciences, 
Deakin U niversity, M elbourne, A ustralia.

PURPOSE:
G iven the w idespread use o f  w ater im m ersion during recovery from exercise, w e aim ed to 
investigate the effect o f  contrast w ater im m ersion on recovery o f  sprint cycling perform ance, HR 
and blood lactate.

METHODS:
Two groups com pleted high-intensity  sprint exercise before and after a 30 m inute random ised 
recovery. The W ingate group (n=8) perform ed 3 x 30 s W ingate tests (4-m inute rest periods). 
The repeated interm ittent sprint group (RIS; n=8) cycled for alternating 30 s periods at 40%  o f 
predeterm ined m axim um  pow er and 120% m axim um  power, until exhaustion. Both groups 
com pleted 3 trials using a different recovery treatm ent for each trial (balanced random ised 
application). R ecovery treatm ents were passive rest, 1-to-l contrast w ater im m ersion (2.5 min 
cold (8°C ) -to- 2.5 min hot (40°C )), and l-to -4  contrast w ater im m ersion (1 min cold -to- 4 min 
hot). B lood lactate and HR w ere recorded throughout and peak pow er and total work for pre- and 
post-recovery W ingate perform ance, and exercise time and total w ork for repeated sprinting were 
recorded.

RESULTS:
R ecovery o f  W ingate peak pow er was 8%  greater follow ing 1-to- 
4 contrast w ater im m ersion than follow ing passive rest, while
both contrast w ater im m ersion ratios provided a greater recovery o f  exercise tim e (~10%>) and 
total w ork (~14%>) for repeated sprinting than passive rest. Blood lactate was sim ilar between 
trials. C om pared with passive rest, HR initially declined m ore slow ly during 
contrast w ater im m ersion, but increased with each transition to a cold im m ersion phase.

CONCLUSION:
These data support contrast w ater im m ersion being effective in m aintaining perform ance during 
a short-term  recovery from sprint exercise. This effect needs further investigation but is likely 
explained by cardiovascular m echanism s, shown here by an elevation in HR upon each 
cold im m ersion.
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Contrast hydrotherapy following two modes o f high-intensity cycle exercise: blood lactate 
clearance and subsequent exercise performance.

The Physiological Society: annual meeting, University College Dublin, 2009, oral presentation 
C33.

David Crampton^, Bernard Donne^, Mikel Egana^, Stuart Warmington*
 ̂ Department o f Physiology, School o f Medicine, Trinity College Dublin, Ireland.

* School o f Exercise and Nutrition Sciences, Deakin University, Melbourne, Australia.

Contrast hydrotherapy comprising immersion in alternating cold and warm water baths during 
recovery from exercise is postulated to facilitate lactate clearance by inducing fluctuations in 
muscle blood floW]. Research has yet to identify the most effective duration, absolute 
temperature and time ratio o f cold to warm water immersion. This study compared a 30 min 
passive non-immersed recovery (PASS) with two separate cold (8°C) to warm (40°C) water 
contrast ratios (CON 1:1 and CON 1:4) to examine blood lactate (BLa) clearance and subsequent 
performance following two different modes o f high-intensity cycle exercise. Ethical approval 
was granted by the Health Sciences Research Ethics Committee, Trinity College Dublin.
Wingate test (WAnT) Protocol: Eight active, male volunteers (25±3 yr; 82±6 kg; 180±9 cm) 
completed three trials separated by 7 days. For each trial, subjects completed three 30 s Wingate 
tests with 4 min rest interspersed. Post recovery, the Wingate tests (W A nTl, WAnT2, WAnT3) 
were repeated. Repeated Intermittent Sprint (RIS) Protocol; Eight active, male volunteers (23±1 
yr; 81±5 kg; 184±4 cm) completed three RIS trials separated by 7 days. They were required to 
complete a graded, incremental test to establish individual Pmax. Intermittent 30-s workloads 
were calculated as 40% Pmax (recovery) and 120% Pmax (sprint). Post recovery, RIS protocol 
was repeated to failure.
Both WAnT and RIS groups completed the same randomised recovery interventions: C O N l:l 
(2.5 min cold: 2.5 min warm); CON 1:4 (1 min cold: 4 min warm) and PASS (seated, non
immersed passive recovery). Data were analysed using a two-way repeated measures ANOVA 
with Holm-Sidak post-hoc analysis (data presented as mean±SD). BLa concentration for the 
WAnT group was significantly lower at 1 and 2.5 min o f recovery in CON 1:1 and CON 1:4 
compared with PASS (9.6±2.4, 9.7±2.3, 13.1±2.3 mmol.l '; P<0.001 and 9.8±2.3, 11.1±3.2, 
13.1±L8 m m ol.r'; /*<0.01). There were no differences in BLa between interventions at any other 
time during recovery. Post recovery, mean power (MP) was significantly higher (P<0.05) for 
W AnTl in both CON 1:1 and CON 1:4 (669±71, 681±70W ) compared with PASS (651±76W). 
For WAnT2, MP was significantly higher (P<0.05) in CON 1:4 (657±52W ) compared with CON 
1:1 and PASS (647±43, 628±57W). A similar finding was observed for WAnT3 (632±53W  for 
CON 1:4; 616±50 for CON 1:1 and 602±45W for PASS). For the RIS group, there were no 
significant differences in BLa between recovery interventions, however total work performed 
post-recovery was significantly higher (/*<0.001) for CON 1:1 and CON 1:4 compared with 
PASS (92719 ± 25765, 90503 ± 25599, 74529 ± 22486kJ respectively).
Despite no overall difference in BLa clearance between recovery interventions, contrast 
hydrotherapy had a positive effect on high-intensity exercise performance in both WAnT and 
RIS groups. Although BLa was lower during the initial phase o f contrast water immersion for 
the WAnT group, this effect was not sustained over the duration o f the recovery period and no 
effect on BLa was demonstrated during contrast hydrotherapy following the RIS protocol.

1. Fiscus KA, Kaminski TW & Powers ME. (2005). Changes in Lower-Leg Blood Flow 
During Warm-, Cold-, and Contrast-W ater Therapy. Arch Phys M ed Rehabil 86, 1404- 
1410.
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Core temperature “afterdrop” during constant load cycling following a 30 min hip level 
cold water immersion.

Royal Academy o f Medicine in Ireland: Biomedical Sciences meeting. Royal College o f Surgeons 
Ireland, 2010, oral presentation OC2.

D. Crampton'. B. Donne', M. Egana', S. Warmington^. 'Department of Physiology, Trinity 
College Dublin; ^School of Exercise and Nutrition Sciences, Deakin University, Melbourne.

Cold water immersion (CWI) is a popular recovery and injury treatment modality in field 
sports such as Gaelic games and rugby. The ergogcnic effect of “pre-cooling” using CWI to 
reduce thermoregulatory strain prior to endurance exercise in hot conditions (32°C) has also been 
demonstrated'. Reduction in core temperature (Tc) following CWI, commonly referred to as 
“afterdrop”, has been demonstrated to be greater during exercise than shivering^. This study 
investigated core temperature changes at two different CWI temperatures relative to 
thermoneutral immersion and “afterdrop” during subsequent exercise post-immersion.

In accordance with Faculty of Health Sciences ethics committee guidelines, ten active 
male volunteers with prior CWI experience (26±5 yr; 86±7 kg; 184±5 cm and V02max 55±7 
m L.kg'.m in '') completed three test sessions separated by 7 to 10 days. At each session, 
following repeated 30-s Wingate tests and a randomised 30-min immersion to hip level (8, 15 & 
34°C), they completed a 20-min constant load cycle at 50% V02max- Tc data measured using an 
ingestible temperature sensor (CorTemp™, HQ Inc., USA), were analysed using two factor 
repeated measures ANOVA with Tukey post-hoc tests (p<0.05) to quantify time and treatment 
differences and are presented here as mean ± SEM.

At the end of the 30-min immersion Tc was significantly lower for 8 and 15 vs. 34°C 
(37.0±0.1, 37.2±0.1 vs. 37.4±0.1°C respectively, p<0.05) with no significant difference between 
8 and 15°C. At the onset of 20-min constant load cycling (0 min) Tc was significantly lower for 8 
vs. 15°C (p<0.05) and 8 vs. 34°C (p<0.001), (36.6±0.2, 37.0±0.2° and 37.4±0.1°C respectively). 
Mean Tc for both 8 and 15°C were significantly lower at 5 min (36.3±0.2 vs. 36.8±0.2°C 
respectively, p<0.05) compared with the onset of cycling. Mean Tc for 8°C was significantly 
lower (p<0.05) than 15°C at all time-points during constant load cycling except for the final 
measurement at 20-min and Tc for both CWI conditions was significantly lower than 34°C 
(p<0.001) throughout.

In conclusion, Tc decreased significantly for both CWI conditions from end immersion 
to the onset of constant load cycling and decreased further during exercise before re-warming 
commenced. This afterdrop effect was significantly greater for 8 vs. 15°C and was most likely 
due to blood cooling as it perfused the cold leg muscles during exercise before returning to the 
central cavity causing Tc to drop.

References

1. Booth J., Marino F., Ward J. Improved running performance in hot humid conditions 
following whole body pre-cooling. Med. Sci. Sports Exerc., 1997; 29; 943-949.

2. Giesbrecht G., Bristow G., Uin A., Ready A., Jones R. Effectiveness of three field treatments 
for induced mild (33°C) hypothermia. J. Appl. Physiol., 1987; 63: 2375-2379.
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Passive versus active cold water immersion post-exercise: core temperature ‘afterdrop’ and 
subsequent exercise performance.

Royal Academy o f  Medicine in Ireland: Biomedical Sciences meeting 2011, Trinity College 
Dublin, oral presentation C4.

D. Cram pton'. B. Donne', S. Warmington^, M. Egana'. 'Department o f Physiology, TCD, 
Ireland, ^School o f Exercise and Nutrition Sciences, Deakin University, Australia (introduced by 
A Kelly).

Cold water immersion (CWI) is a popular recovery intervention following high-intensity training 
and competition in a variety o f sports'. ‘Afterdrop’ is the decrease in core temperature (Tc) 
occurring after prolonged CWI^. This study compared the magnitude o f afterdrop following 
active and passive CWI.

Male triathletes (n=8) completed 3 x 30s Wingate tests with 4 min rest intervals on a 
cycle ergometer pre- and post- randomised 30-min recovery periods. The effects o f passive hip- 
level CWI were compared with active CWI (CWI-EX) at 15°C, active thermoneutral immersion 
(TW I-EX) at 34°C and active non-immersed control (CON-EX). The active component consisted 
o f seated arm-cranking at 40% Pmax on an adapted weight loaded cycle ergometer. Volunteers 
ingested a gastrointestinal temperature sensor pre-test, and Tc and blood lactate (BLa) were 
assessed at regular intervals during exercise and recovery elements. Data were analysed using 
two-way repeated measures ANOVA, detected differences were quantified using post-hoc Tukey 
tests (P<0.05) and presented as mean ± SEM.

Recovery afterdrop (ATc from during recovery) w'as significantly greater for CWI 
compared with CWI-EX, TWI-EX and CON-EX (-0.8±0.2 vs. -0.2±0.1; -0.1 ±0.1; -0.2± O .l'C , 
respectively; P<0.05). Initial post-immersion afterdrop (ATc from end recovery to beginning of 
exercise) was greater for CWI-EX and CWI vs. TWI-EX and CON-EX (-0.4±0.1 and -0.4±0.1 
vs. -0.1 ±0.1 and 0.0±0.0 °C, respectively; /*<0.001). Relative mean BLa post-recovery (% o f pre
recovery BLa) was significantly higher for CWI vs. CWI-EX, TWI-EX and CON-EX (58±2 vs. 
39±2; 45±3; 39±2%, respectively; f ’<0.001). Average mean power output normalised to body 
mass was significantly lower post-CWI vs. CWI-EX, TWI-EX and CON-EX (7.3±0.1 vs. 
7.7±0.2; 8.0±0.2; 7.9±0.2 W.kg"', respectively; /*<0.001). In addition, average mean power 
output normalised to body mass were significantly lower post-CWI and CWI-EX vs. pre
recovery (7.3±0.1 and 7.7±0.2 vs. 7.9±0.2 and 8.1±0.2 W .kg'', P<0.05), however TWI-EX and 
CON-EX were unchanged from pre- and post-recovery.

Light upper body exercise (40% Pmax) limited Tc afterdrop during CWI; however the 
magnitude o f the post-immersion afterdrop was similar comparing passive and active CWI. BLa 
clearance kinetics during CWI was significantly improved with the addition o f light upper body 
exercise. Passive CWI had a greater negative effect than active CWI on subsequent performance; 
the latter may possibly be due to lower leg muscle temperature induced during the passive 
recovery passive condition.
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U SA G E O F WATER IM M ERSION A S A RECO V ERY  INTERVENTION AND INJURY 
TREATM ENT MODALITY IN ELITE GAELIC G A M E S PLAYERS

D CramotonV B OonneV S  Warmington^, M EganaV ^Department of Physiology. TCD. Ireland, 
^School of E x e ra se  and Nutrrtion Sciences. Deakin University. Australia.
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Introduction:
There is limited data to support the generalised use of water Immersion for 
recovery from exercise. Despite this, recent evidence confirms that water 
immersion is part of the typical post>exercise regimens of many elite levei 
competitive sports team s (Hartley & Goodwin. 2009). with sonrte published 
literature and n uny  anecdotal reports suggesting that water immersion has 
been in use for som e time by a tN etes and team s at a  vahety of competitive 
levels (Barnett. 2006) immersion protocols typicaHy consist of e lh e r 
continuous coid water Immersion (CWI). or contrast water immersion which 
alternates periods of cold and w ann exposure.

Aims.
The aim of this survey was to collect data from senior inter-county players 
and the physiotheraptots associated with tt>eir respective county squads in 
both Gaelic toott>ali and hurhng. in order to establish the extent of water 
immersion usage a t the elite level in Gaelic gam es players.

F igure 1: Water immersion in elite sport (ĉ oc r̂vwse from top loft lenms 
Anwncwi footbail cncket. volleybail)

Materiais and  m ethods
WHh the approval of the Sclentiftc and Medical Welfare Committee of the 
GAA and the Gaelic Players Association (GPA) two surveys wera devtsed 
for senior inter-county courrty players and the physiotherapists working 
with the inter-county squads in both Gaelic football and hurling.
There was an available sample of approxim ale^ 60 physiotherapists that 
were associated wtth senior inter-county squads and the relevant contact 
details were provided by the respective county boards 
The online ptayer survey was administered via the Gaelic Players 
Association (GPA). in order to preserve anonymity, the survey w as sent to 
the memt>ership via a r  e-mait from the GPA secretary. Both surveys were 
designed and administered using wvyw survevmonicev com , and required 
respondents to answer a series of questions based on their own 
expenence.

SurvoY Ptwlfe,
Analysis revealed that 86% of respondents in the physiotherapist group 
{4B Of 56) confirmed that water immersion was used by the inter-county 
squads they were associated with, while 73% of respondents in the 
playing group (23S o f 321) confirmed that water immersion was used as 
part of their preparation. 5% of respondents in the playing group of 
321) did r>ot use imnf>ersicn even though m e option was available to them 
and a further 22% (71 o f 321) did not use inKnersion and did not have the 
ootionto do so
52% Of respondents in the playing group were members of a senior inter- 
csunty football squad (165 o f 321), 47% were members of a senior inter
county hurling squad ( t5 2  o f 321) ar>d 1% (4 o f 321) competed in both 
codes. Tables 1 & 2 summarise the responses amor>gst both squad 
p r^ o th e ra p is ts  and senior inter*county p l i e r s  concerning the purpose 
& usage and the type of water immersion protocol used

Training/gam e | Soft-tlssue/]olnt ]~ 

recovery  Injury trea tm en t
Group Both

Players

(n*235)
34% 15% 24%

^hysiottM  rap is ts  

(n*4a)

Tible 1: Typical u ses  of water immersion in elite Gaelic gam es

Group

Players

(n-235)

P hy sio th erap is ts

(nM 8)

CWI C o n tras t

Table 2: Typical immersion protocol used.

L i ! i
■i.i - i

F igure 2: Depth of immersion 
dunng CWI.

F igure 3: Depth of immersion 
duhng contrast.

Figure 4: Method of cold 
water exposure.

F igure S: Method of warm 
water exposure

Tables 3 & 4 sum m anse the responses of squad physiotherapists and senior 
inter-county players concerning their opinions on the effectrveness of water 
invnersion. 92% of the playing group responderrts (295 o f 321) based tt^ir 
opinions on their own personal experience and 77% of the physiotherapist 
group respondertts (43 o f  56) based their opinions on feedback from the 
players in their squad.

Berteflclal

73%

67%

Not beneficial

3%

3%

U ndecided

24%

Baneflcial

71%

90%

Not benaficlal

2%

30%

Undecided

27%

16%

P u rp o se  

Traln'ingJgame 

recovery  

Injury 

trea tm en t

Table 3: Players opinions on the use  of water Immersion (n*321).

P u rp o se  I 
Training/gsm e = 

recovery  

Injury 

treatm ent

TaMe 4: Physiotherapists opinions on the use  of water immersion (n"56). 

Conclusions:
This survey dem onstrates that water im n^rsion is an important component of 
elite Gaelic gannes player's physical preparation The ma)ortty of responding 
players and physiotherapists believed that water immersion was ber>eficial for 
facilitating both general recovery and sofi>tlssue/joint injury treatn>ent and 
rehabilitation The physiotherapists based  their opinions on player feedback 
more so than scientific research and the players them selves based their 
opinions on their own experience and the advice of their physiotherapists

R eferences:
Hartley S & Goodwin P <2009). The us« of water immersion as a mettK>d o( recovery 
a survey of Ertglisn Premiership footbai! ar>d rugby union dubs CSP Congmss
Liverpool. United Kirrgdom
Barnett A (2006). Using recovery modalities between training sessions in elite 
athletes Does It help"? Sports Med 36. 781-796
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The effect of contrast hydrotherapy following 
repeated Wingate tests on blood lactate 

clearance and subsequent exercise performance.
David Cramptont, Bernard Donnet, Mikel Eganat, Stuart WarmingtonJ 

t  Dept, of Physiology, School of Medicine, Trinity College Dublin, Ireland.
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Australia.

introduction
Hydrotherapy ts a popular post-exercise recovery intervention in a 
vanety of sports (Figure 1 & Figure 2).
Involves immersion to hip/lorso level typically in cokJ water (6-15 C) 
Contrast hydrotherapy comprises immersion in alternating cold and 
vtrarm v/ater baths auring a period of recovery from exercise and is 
postulated to facilitate n oo d  lactate clearance (BLa) following high- 
intensity exercise by inducing fluctuations in muscle blood flow,
A recent review concluded that there was insufficient evidence to 
support the use of contrast hydrotherapy as a recovery intervention; 
Research has yet to identify the most effective duration absolute 
temperature and time ratio of cold to warm water immersion 
The present study compared a 30 min passive non-immersed 
recovery (PASS) with two separate cold (8 C) to warm (40 C) water 
contrast ratios (CON 1 1 and cO N  1.4) to examine BLa clearance and 
subsequent peilormance fo low ing high-intensity exercise

F igure 1: Andy Murray (tennis) F igure 2; Joanna Lawn (triathlon)

Methods
Ethical approval for the s t u ^  was granted by the Health Sciences 
Research bthics Committee, innity College OuMn 
Eight active, male volunteers (25±3yr. 82±6kg: 180±9cm) completed 
tnree trials separated by at least 7 day«
For each trial, subjects completed three 30 s W ingate tests on a cycle 
e r^ m e te r  (Figure 3) with 4 min active rest (SOW) interspersed 
f o f o v ^  by a 30 min randomised recovery interventon 
Recovery protocols were as follows (Figure 4):

❖ CON 1 1 - 2 5  min cold water 2.5 min warm water
❖ CON 1 4 - 1  min cold water: 4 min warm water
«:• PASS -  Passive seated recovery

Post-recovery, three further W ingate tests (WAnT1. WAnT2. W AnT3) 
were completad
Data was analysed using a two-way repeated measures ANOVA and 
the Holm-Sidak method of post-hoc analysis (data presented as mean 
1 SD).

Results
Blood Lactate (BLa)
• BLa concentration was significantly lower at 1 and 2 5 min of recovery

in CON 1 1 and CON 1 4 compared with PASS (9.6 * 2 4  9 7  ± 2 3  
13 1 ± 2 3 mmd.M and 9 8 ± 2 3. 11.1 t  3 2. 13.1 t  1 8 mmol.M for 
CON 1 1 CON 1 4 and PASS at 1 and 2.5 mtn respectively P<Q 05). 
There were no differences tn BLa between interventions at any other 
time dunng recovery (Figure 5)

Wlnoate Performance
Post recovery, mean power (MP) was significantly higher (P<0.05) for 
W AnTI in both CON 1:1 and CON *4  (669 ± 71. 681 ± 70W ) 
compared with PASS (651 ± 76W ) (Figure 6)
For WAnT2- MP was significantly higher (P<0.05) in CON 1:4 (657 ± 
52W ) compared with CON 1 1 and PASS (647 ± 43. 628 ± 57W).
A sim ilar finding was observed for W AnT3 (632 ± 53W  for CON 1:4: 
6 1 6 ± 5 0 fo r  CON 1:1 and 6 0 2 ± 4 5 W fo r  PASS)

Discussion
In conclusion, lower BLa recorded at 1 & 2.5 min during recovery 
suggests that independent of the immersion protocol, contra^ 
hydrotherapy affects immediate BLa kinetics following repeated 
Wingate tests However this effect was not sustained over the 
duratk>n of the 30 min recovery period
Contrast hydrotherapy improved mean power output during 
subsequent h igh-intensi^ exercise virith the 1 4  ratio of cold to warm 
water appearing more effective
Further research is required to compare contrast hydrotherapy with 
other common recovery interventions such as active recovery and 
establish if there is an effect on repeated sub-maximal as well as 
supra-maximal exercise

F igure 3: Cycle ergometer (Lode BV) F igure 4 : Adjacent cold & warm baths

I :
it t

' I

I .21 B 21 « Ti 10 121 It ITt K 23* M 2Ti M

Figure 5: Significantly different to 1:1 and 1 4, P<0.001. ”
Significantly different to 1 1. P<0 001, ‘ Significantly different to 14. 

P<0 01 (Bars denote SEM)

M tngau T««t M»an Po««*r (nai)

F ig u re s : ‘ Significantly different to passive. P<0 05; “ Significantly 
different to passive P<0 01

1 Fiscus KA, Kaminski TW  & Powers ME (2005) Changes in Lower-Leg Blood Flow During Warm-. Cold- and Contrast-Water Therapy Arch Phys Med 
R0 habilB 6 , 1404-1410.

2 Hing WA, W hite SG. Bouaaphone A  & Lee P (2(X)8) Contrast T h e ra p y -A  systematic review Phys Ther Sport 9  14&-161
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A p p e n d ix  4.1: A verage  p ea k  p o w er (W .kg  ') , av e rag e  m ean  p o w er (W .kg  ') an d  to ta l w ork  
(k J .k g  ')  fo r  E x l an d  Ex2 in th e  W G  g ro u p .

C W T l p e rfo rm a n c e  (W G  g ro u p )

Average peak power Average mean Total w ork
power

Subject Exl Ex2 Exl Ex2 Exl Ex2

1 13.4 13.5 8.2 8.1 1.21 1.20

2 13.2 12.3 7.7 7.4 l . l l 1.09

3 11.6 11.3 8.5 8.2 1.25 1.21

4 11.5 10.7 7.1 7.2 1.06 1.07

5 13.6 13.5 7.8 7.9 1.14 1.15

6 13.4 12.8 8.0 7.8 1,19 1.18

7 13.3 13.8 8.1 8.5 1.10 1.10

8 13.3 13.0 7.8 7.8 1.17 1.20

Mean 12.9 12.6 7.9 7.9 1.15 1.15

SEM 0.3 0.4 0.2 0.2 0.02 0.02

C W T 2 p e rfo rm a n c e  (W G  g ro u p )

Peak power M ean power Total work

Subject Exl Ex2 Exl Ex2 Exl Ex2

1 13.3 13.7 8.2 8.4 1.21 1.23

2 13.7 13.2 7.8 7.8 1.13 1.13

3 12.6 13.6 8.7 8.8 1.27 1.27

4 11.8 11.5 7.2 7.1 1.07 1.06

5 14.0 14.4 7.8 7.8 1.14 1.14

6 12.7 12.3 7.6 7.7 1.16 1.16

7 13.5 13.8 8.3 8.5 1.10 1.10

8 14.4 14.1 8.1 8.1 1.17 1.20

Mean 13.3 13.3 8.0 8.0 1.15 1.16

SEM 0.3 0.3 0.2 0.2 0.02 0.02
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PA S p e rfo rm a n c e  (W G  g ro u p )

Peak power M ean power Total w ork

Subject Exl Ex2 Exl Ex2 Exl Ex2

1 13.5 12.7 7.8 7.8 1.19 1.18

2 11.8 12.5 7.5 7.3 1.10 1.08

3 12.8 13.6 8.6 8.4 1.26 1.24

4 11.3 11.1 7.1 7.1 1.06 1.06

5 13.2 11.2 7.8 6.9 1.14 1.06

6 13.1 11.7 8.0 7.7 1.19 1.17

7 13.3 12.8 8.1 8.3 1.12 1.12

8 13.1 12.9 7.9 7.9 1.17 1.18

M ean 12.8 12.3 7.8 7.7 1.15 1.13

SEM 0.3 0.3 0.2 0.2 0.02 0.02

A p p en d ix  4.2: B L a (m m ol.L "') p o s t-E x l an d  d u rin g  th e  30 m in  recovery  in  th e  W G  g ro u p .

C W T l B L a (W G  g ro u p )

Subject Post-Exl Im in 2.5min Smin lOmtn ISmin 20min 25min 30niin

1 12.4 11.9 11.9 11.5 10.6 9.7 8.1 6.8 6.2

2 10.9 11.1 11.5 12.4 11.7 9.2 7.4 6.4 5.5

3 9.1 7.2 8.5 10.9 11.0 10.0 9.0 7,8 6.1

4 11.8 10.9 10.1 11.5 10.9 10.2 9.6 7.9 6.3

5 6.3 6.7 7.2 9.8 7.6 6.1 5.9 3.0 3.0

6 12.4 12.7 13.2 18.0 15.2 12.7 10.7 9.3 8.0

7 6,4 7.1 7.0 9.7 10.0 9.4 8.3 6.0 5.4

8 9.5 9.2 9.4 11.6 10.8 9.4 8.2 6.7 6.0

Mean 9.8 9.6 9.8 11.9 11.0 9.6 8.4 6.7 5.8

SEM 0.9 0.9 0.8 0.9 0.7 0.6 0.5 0.6 0.5
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C W T 2 B L a (W G  g ro u p )

Subject Post-
Exl

Im in 2.5min 5min lOmin ISmin 20min 25min 30min

1 11.3 11.1 12.6 12.6 12.1 11.0 8.9 7.1 6.5

2 9.1 9.5 10.1 10.7 9.8 8.5 7.4 6.1 4.8

3 7.2 6.8 7.2 8.7 9.6 9.4 7.0 6.6 6.1

4 11.0 11.8 14.5 13.8 12.5 10.4 8.8 7.0 5.8

5 7.0 7.4 6.1 4.5 4.9 4.5 3.9 3,1 2.8

6 12.1 13.3 14.9 12.9 12.6 9.9 7.3 6.3 4.7

7 7.3 7.6 11.6 13.2 11.7 10.9 9.7 8.2 5.3

8 10.8 9.8 11.5 13.1 11.3 10.4 8.9 7.8 6.4

Mean 9.5 9.7 11.1 11.2 10.6 9.4 7.7 6.5 5.3

SEM 0.7 0.8 1.1 1.1 0.9 0.8 0.6 0.5 0.4

PA S B L a (W G  g ro u p )

Subject Post-
Exl

Im in 2.5min 5min lOmin ISmin 20min 25min 30min

1 10.9 14.4 12.7 11.7 11.2 10.7 10.2 8.5 7.8

2 9.5 12.4 12.4 10.6 9.0 7.8 6.5 5.3 4.3

3 7.5 10.5 12.2 10.5 9.1 9.4 8.3 6.8 6.6

4 9.6 15.2 13.7 14.1 12.9 11.6 9.8 8.4 7.9

5 6.9 12.7 12.9 12.7 10.9 9.9 8.3 7.4 6.9

6 11.5 17.2 17.2 16.9 15.3 13.0 iO.8 8.6 8.2

7 8.5 11.2 13.2 13.7 12.4 11.7 10.1 9.1 7.6

8 8.4 11.6 10.9 10.1 9.5 9.0 8.5 6.6 5.8

Mean 9.1 13.1 13.1 12.5 11.3 10.4 9.1 7.6 6.9

SD 1.6 2.3 1.8 2.3 2.2 1.7 1.4 1.3 1.3

SEM 0.6 0.8 0.6 0.8 0.8 0.6 0.5 0.5 0.5
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A ppendix  4.3: %  change in w hite blood cell count from  rest (AW BC) in the W G group.

C W T l AWBC (W G group)

Subject Post-Exl Imin 2.5min 5min lOmin 15min 20niin 25min 30min Post-Ex2

1 87.1 80.0 75.7 61.4 35.7 18.6 7.1 -1.4 -2.9 71.4

2 65.5 55.2 55.2 51.7 41.4 27.6 8.6 5.2 -1.7 44.8

3 95.9 100.0 93.9 91.8 63.3 42.9 24.5 12.2 6.1 67.3

4 71.0 62.3 73.9 59.4 50.7 30.4 23.2 10.1 4.3 55.1

5 71.6 79.1 73.1 67.2 43.3 9.0 -3.0 -10.4 -13.4 55.2

6 80.6 91.0 83.6 67.2 25.4 -4.5 -14.9 -16.4 -17.9 74.6

7 96.4 110.8 102.4 107.2 72.3 53.0 25.3 -7.2 -14.5 59.0

8 60.9 62.5 60.9 60.9 39.1 32.8 23.4 7.8 1.6 60.9

Mean 78.6 80.1 77.3 70.9 46.4 26.2 11.8 0.0 -4.8 61.1

SEM 4.8 7.0 5.6 6.6 5.4 6.5 5.3 3.7 3,3 3.5

CW T2 AWBC (W G group)

Subject Post-Exl Imin 2.5min 5min lOmin 15min 20min 25min 30min Post-Ex2

1 84.5 78.9 76.1 60.6 31.0 21.1 11.3 0.0 -1.4 67.6

2 67.6 60.6 60.6 53.5 42.3 23.9 15.5 8.5 4.2 60.6

3 79.2 86.8 83.0 69.8 43.4 22.6 -3.8 -5.7 -9.4 66.0

4 65.8 65.8 68.4 64.6 46.8 29.1 5.1 5.1 -2.5 54.4

5 74.2 80.3 71.2 63.6 48.5 13.6 0.0 -10.6 -13.6 60.6

6 109.3 109.3 65.1 41.9 18.6 2.3 -9.3 -11.6 -18.6 97.7

7 107.7 107.7 113.8 95.4 76.9 46.2 29.2 15.4 1.5 106.2

8 79.6 73.5 73.5 73.5 55.1 38.8 12.2 2.0 -2.0 65.3

Mean 83.5 82.9 76.5 65.4 45.3 24.7 7.5 0.4 -5.2 72.3

SEM 5.9 6.3 5.9 5.5 6.0 4.9 4.3 3.3 2.8 6.7
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PAS AWBC (WG group)

Subject Post-Ex 1 Imin 2.Smin Smin lOmin ISmin 20mln 25min 30min Post-Ex2

1 80.0 60.0 69.3 66.7 53,3 46.7 29.3 21.3 13.3 73.3

2 61.4 50.0 56.8 50.0 22.7 18.2 4.5 0.0 -4.5 63.6

3 70.0 68.3 58.3 60.0 55.0 31.7 15.0 -1.7 -5.0 70.0

4 56.7 57.7 52.6 50.5 45.4 26.8 13.4 8.2 2.1 45.4

5 100.0 93.0 91.5 90.1 93.0 74.6 47.9 32.4 32.4 71.8

6 84.9 98.1 107.5 113.2 94.3 50.9 18.9 -1.9 -11.3 73.6

7 119.4 114.5 117.7 106.5 88.7 64.5 45.2 30.6 35.5 124.2

8 71.2 52.5 49.2 49.2 61.0 44.1 32.2 22.0 13.6 59.3

Mean 80.4 74.3 75.4 73.3 64.2 44.7 25.8 13.9 9.5 72.7

SEM 7.4 8.6 9.4 9.3 9.1 6.7 5.5 5.1 6.2 8.1

Appendix 4.4: % change in red blood cell count from rest (ARBC) in the WG group.

C W T l ARBC (WG group)

Subject Post-Exl Imin 2.5min 5min lOmin ISmin 20min 2Smin 30min Post-Ex2

1 9.0 6.8 9.9 8.8 5.5 6.2 4.2 2.0 1.8 9.9

2 6.4 14.8 1.6 0.7 1.8 -0.9 -1.6 -1.8 -5.5 4.1

3 1.2 2.3 2.1 3.7 -0.2 3.5 0.0 2.1 -0.7 3.0

4 12.3 9.4 11.5 8.9 9.1 7.9 7.4 6.4 7.0 11.1

5 6.1 6.6 5.0 6.1 3.4 -2.0 -1.4 -3.4 -2.9 7.9

6 9.0 8.8 4.9 5.9 3.3 -1.2 -1.6 -2.9 -4.7 10.0

7 8.3 10.0 7.9 10.7 7.9 8.5 7.2 2.6 -1.1 9.4

8 9.6 10.8 6.9 9.9 4.4 7.6 7.8 2.3 3.9 9.6

Mean 7.7 8.7 6.2 6.8 4.4 3.7 2.8 0.9 -0.3 8.1

SEM 1.2 1.3 1.2 1.2 1.1 1.6 1.5 1.2 1.5 1.0
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C W T 2 A R B C  (W G  g ro u p )

Subject Post-Exl Im in 2.5inin 5min lOmin ISmin 20min 25min 30iniii Post-Ex2

1 8.9 6.8 9.8 8.5 5.4 6.1 4.1 2.2 1.7 9.8

2 11.6 7.0 7.7 6.7 5.8 4.4 3.9 2.6 2.1 8.8

3 7.9 9.0 11.3 7.6 7.6 3.7 0.9 1.4 -1.2 7.4

4 15.8 11.2 10.1 10.1 10.7 8.1 7.5 4.4 1.8 11.4

5 6.2 6.6 5.0 5.9 3.4 -2.1 -1.4 -5.5 -3.0 8.0

6 9.0 12.5 16.0 18.0 3.7 2.0 -0.8 -2.3 -4.3 11.9

7 9.8 7.0 10.9 6.1 6.3 3.5 3.9 2.4 -1.5 11.8

8 10.6 9.0 7.2 8.6 8.3 4.5 -1.6 1.4 l . i 8.3

Mean 10.0 8.6 9.8 8.9 6.4 3.8 2.1 0.8 -0.4 9.7

SEM 1.0 0.8 1.2 1.4 0.9 1.1 1.2 1.1 0.9 0.6

PA S A R B C  (W G  g ro u p )

Subject Post-Exl Im in 2.5min 5min lOmin ISmin 20min 25min 30min Post-Ex2

1 13.1 7,6 11.2 9.1 5.5 7.2 2.1 1.3 5,5 11.9

2 10.5 0.0 7.8 8.3 2.2 4.4 1.5 2.9 -0.5 5.1

3 5.2 2.4 0.2 3.0 3.0 -2.2 -1.9 -4.3 -2,8 1.1

4 8.7 8.9 6.9 6.4 5.0 3.1 1.9 2.5 4.4 8.9

5 15.6 16.3 10.7 10.7 15.1 10.2 9.3 6.7 6.3 10.7

6 8.0 7.4 9.2 11.0 6.8 5.2 3.2 0.8 -1.6 11.2

7 10.3 8.6 8.2 6.5 7.7 4.4 5.6 2.3 3.3 9.8

8 13.5 5.0 3.3 -0.2 5.9 5.2 7.8 5.2 0.7 7.0

Mean 10.6 7.0 7.2 6.9 6.4 4.7 3.7 2.2 1.9 8.2

SEM 1.2 1.7 1.3 1.4 1.4 1.2 1.3 1.2 1.2 1.3
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Appendix 4.5: % change in haematocrit from rest (AHct) in the WG group.

C W T l AHct (W G  group)

Subject Post-Exl Imin 2.Sniin 5min lOmin 15mln 20min 25niin 30min Post-Ex2

1 8.2 7.3 9.9 9.4 4.9 5.6 3.1 1.2 1.9 8.9

2 7.5 15.9 1.4 1.4 0.2 - 0.7 - 2.2 - 1.2 - 6.3 3.1

3 1.3 1.0 0.7 3.8 - 1.8 1.8 - 0.5 - 1.0 - 3.0 0.0

4 12.4 11.0 13.2 8.4 8.6 7.9 6.5 6.0 7.2 10.3

5 5.8 4.6 2.6 4.6 1.2 - 4.8 - 3.4 - 7.9 - 4.6 5.3

6 8.4 8.4 6.0 7.5 3.1 0.0 - 2.2 - 2.2 - 5.3 11.0

7 9.9 10.4 8.5 11.3 10.2 9.5 7.8 4.3 0.7 9.2

8 9.3 10.4 5.3 8.8 1.8 5.6 6.6 0.3 2.8 8.6

Mean 7.9 8.6 6.0 6.9 3.5 3.1 2.0 -0.1 - 0.8 7.1

SEM 1.2 1.6 1.5 1.2 1.5 1.7 1.6 1.5 1.7 1.4

CW T2 AHct (W G  group)

Subject Post-Exl Imin 2.5min 5min lOmin 15min 20min 25min 30min Post-Ex2

1 8.4 7.0 9.8 9.4 4.9 5.6 3.7 1.2 1.9 8.9

2 11.1 5.8 6.8 4.6 4.1 1.9 2.9 1.7 0.7 6.8

3 6.8 9.3 9.5 6.8 5.5 2.8 0.3 0.0 - 2.7 6.8

4 17.0 10.8 9.1 9.9 11.6 7.9 7.4 3.2 2.2 9.6

5 5.5 4.6 2.7 4.6 1.2 - 4.8 - 2.9 - 8.0 - 4.6 5.3

6 10.7 14.3 18.6 19.2 4.9 3.4 0.7 - 2.0 - 3.6 13.2

7 11.5 8.0 11.1 6.4 7.3 4.2 4.0 2.4 - 0.5 13.6

8 11.5 9.8 6.8 7.3 7.8 3.3 - 3.8 1.0 0.5 7.0

Mean 10.3 8.7 9.3 8.5 5.9 3.0 1.5 -0.1 -0.8 8.9

SEM 1.2 1.1 1.6 1.7 1.1 1.3 1.3 1.3 0.9 1.1
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PAS AHct (WG group)

Subject Post-Exl Imin 2.Smin Smin lOmin ISmin 20inin 25min 30min Post-Ex2

1 15.4 9,6 12.9 10.3 7.9 8.6 3.5 0.7 7.2 14.3

2 10.3 0.0 7.5 7.5 1.0 3.1 -0.5 2.1 -1.8 4.1

3 4,9 1.2 -0.7 0.9 0.2 -3.0 -2.1 -6.3 -4.2 -1.4

4 10.7 10.2 8.6 7.4 5.7 5.5 3.8 4.5 5.2 11.7

5 17.7 15.6 12.3 13.1 17.4 11.3 8.2 6.4 6.2 12.1

6 9.1 8.4 8.2 12.3 7.6 6.1 3.9 1.5 -0.6 11.7

7 10,8 8.8 9.7 6.1 8.4 3.2 4.5 1.8 2.5 12.0

8 11.9 4.8 3.1 0.2 4.8 4.8 6.8 4.1 0.0 7.3

M ean 11.4 7.3 7.7 7.2 6.6 4.9 3.5 1.9 1.8 9.0

SEM 1.4 1.8 1.6 1.7 1.9 1.5 1.2 1.3 1.5 1.9

A ppendix 4.6: Percentage change in plasm a volum e from rest (APV) in the W G group.

C W T l APV (W G  group)

Subject Post-Exl Imin 2.Smin 5min lOmln ISmin 20min 25min 30min Post-Ex2

1 -17.0 -13.7 -16.0 -15.1 -9.9 -11,5 -8.0 -4,8 -3,4 -15.9

2 -12.1 -22.7 -2.4 -2.4 -1.6 1.2 3.0 3.0 10.7 -6.2

3 -4.3 -2.8 -1.9 -6.6 1.2 -5.3 0,3 -2.2 2.0 -3.5

4 -19.6 -16.1 -19.6 -15.5 -15.1 -14.1 -13.1 -12.3 -12.5 -18.3

5 -9.8 -10.2 -6.5 -9.0 -4.9 4.2 2,4 10.3 6,3 -11.8

6 -14.5 -14.5 -9.5 -11.2 -5.5 0.0 3.1 3.8 8.5 -17.9

7 -13.1 -13.9 -12.6 -14.6 -12.7 -12.7 -10,5 -3.8 2,2 -12.6

8 -14.9 -15.5 -10.1 -14.6 -5.3 -10.9 -12.1 -3.0 -4.6 -14.4

Mean -13.2 -13.7 -9.8 -11.1 -6.7 -6.1 -4.4 -1.1 1.1 -12.6

SEM 1.6 2.0 2.2 1.7 1.9 2.5 2.6 2.4 2.7 1.9
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CW T2 APV (W G  group)

Subject Post-Exl Imin 2.5min Smin lOmin ISmin 20min 25inin 30min Post-Ex2

1 - 17.0 - 13.5 - 15.9 - 15.1 - 9.8 - 11.4 - 8.4 - 4.8 - 3.4 - 15.8

2 - 17.2 - 9.8 - 11.1 - 8.4 - 7.5 - 5.4 - 5.4 - 3.3 - 1.2 - 12.2

3 - 12.4 - 14.6 - 16.9 - 12.4 - 12.3 - 6.8 - 3.2 - 3.7 0.2 - 14.8

4 - 24.1 - 16.9 - 14.8 - 16.3 - 16.8 - 12.9 - 12.0 - 6.2 - 3.6 - 17.2

5 - 8.5 - 8.5 - 9.6 - 7.9 - 6.2 2.0 2.8 5.6 5.5 - 11.4

6 - 18.1 - 22.4 - 25.9 - 27.2 - 9.2 - 5.7 - 1.2 2.9 6.3 - 21.2

7 - 15.7 - 10.6 - 15.9 - 9.5 - 10.7 - 6.2 - 6.0 - 4.9 1.7 - 20.1

8 - 17.7 - 15.0 - 11.5 - 13.5 - 13.3 - 8.1 2.5 - 4.1 - 2.4 - 12.2

Mean -16.3 -13.9 -15.2 -13.8 - 10.7 -6.8 -3.9 -2.3 0.4 -15.6

SEM 1.6 1.6 1.8 2.2 1.2 1.6 1.8 1.5 1.4 1.3

PAS APV (W G  group)

Subject Post-Exl Imin 2.5min Smin lOmin ISmin 20inin 25min 30niin Post-Ex2

1 - 21.9 - 12.4 - 18.3 - 14.0 - 10.7 - 12.3 - 3.9 - 0.5 - 10.2 - 19.8

2 - 15.1 0.8 - 11.6 - 11.0 - 2.2 - 5.6 - 1.2 - 4.3 0.4 - 8.3

3 - 8.7 - 4.2 - 0.2 - 5.2 - 4.1 4.4 3.0 9.2 5.3 - 0.3

4 - 15.2 - 14.8 - 12.7 - 11.3 - 8.4 - 7.1 - 5.3 - 5.2 - 7.5 - 17.3

5 - 24.4 - 22.8 - 18.3 - 18.7 - 24.2 - 18.8 - 16.0 - 12.0 - 11.3 - 18.7

6 - 16.1 - 15.2 - 15.0 - 21.8 - 13.0 - 10.2 - 6.3 - 3.7 0.6 - 20.4

7 - 21.7 - 15.7 - 15.8 - 11.6 - 13.8 - 8.4 - 9.9 - 5.1 - 7.3 - 19.3

8 - 20.5 - 9.4 - 5.7 - 0.9 - 10.0 - 8.1 - 11.8 - 8.3 - 1.4 - 11.6

Mean -18.0 -11.7 -12.2 -11.8 -10.8 -8.3 -6.4 -3.7 -3.9 -14.5

SEM 1.8 2.6 2.3 2.4 2.4 2.3 2.1 2.2 2.1 2.5
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Appendix 4.7: Heart rate (beats.min ') during 30 min recovery period.

CW Tl Recovery HR (WG group)

Time (min)

Subject 0 0.5 1.5 3.0 5.0 5.5 6.5 8 10 10.5 11.5 13 15 15.5 16.5 18 20 20.5 21.5 23 25 25.5 26.5 28 30

1 117 98 98 108 102 107 89 104 92 112 92 96 94 90 90 100 94 105 78 90 88 80 75 83 82

2 127 110 110 112 105 103 103 101 93 107 103 96 89 106 98 101 89 95 90 88 83 93 87 86 84

3 140 124 111 102 96 115 98 106 93 113 97 92 88 103 94 85 87 101 84 89 81 103 79 87 74

4 121 115 110 110 103 117 104 105 98 100 101 103 99 115 97 99 99 111 101 98 96 107 100 99 95

5 125 131 112 116 105 n o 104 110 106 108 107 108 105 106 107 98 104 109 101 106 95 95 99 96 89

6 122 117 109 111 101 118 101 104 99 112 100 101 98 112 96 96 100 113 99 99 94 108 97 98 87

7 127 120 111 121 111 109 109 108 106 115 100 100 99 109 97 103 93 95 88 91 87 99 85 91 85

8 146 135 139 120 118 126 125 116 113 128 119 109 109 112 108 107 106 121 107 106 103 122 97 107 96

Mean 128 119 113 113 105 113 104 107 100 112 102 101 98 107 98 99 97 106 94 96 91 101 90 93 87

SEM 4 4 4 2 2 3 4 2 3 3 3 2 3 3 2 2 2 3 4 3 3 4 3 3 3
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CWT2 Recovery HR (WG group)

Time (min)

Subject 0 0.5 1.5 3.0 5.0 5.5 6.5 8 10 10.5 11.5 13 15 15.5 16.5 18 20 20.5 21.5 23 25 25.5 26.5 28 30

1 121 103 104 97 96 96 99 91 100 109 85 85 88 93 81 79 81 101 81 78 80 94 80 79 81

2 131 120 124 105 106 116 107 99 103 113 108 98 105 103 104 94 99 109 101 92 96 106 101 94 100

3 134 120 121 104 114 116 111 103 104 119 109 99 99 105 106 96 93 114 88 98 89 113 104 84 89

4 129 112 115 103 102 111 113 102 117 103 107 100 99 120 102 94 95 121 95 93 95 105 107 91 95

5 129 124 122 109 102 102 100 102 102 102 100 97 98 104 101 103 101 106 97 84 90 103 95 95 84

6 123 104 105 96 95 94 99 89 99 108 85 86 87 93 78 77 80 101 81 77 82 95 82 77 82

7 116 107 120 104 104 116 101 92 95 113 99 104 98 110 90 91 92 105 92 83 82 96 78 82 81

8 146 138 126 115 121 119 116 121 112 119 115 121 108 121 105 112 107 122 105 117 99 102 100 117 100

Mean 129 116 117 104 105 109 106 100 104 111 101 99 98 106 96 93 94 110 93 90 89 102 93 90 89

SEM 3 4 3 2 3 4 2 4 3 2 4 4 3 4 4 4 3 3 3 S 3 2 4 5 3



PAS Recovery HR (WG group)

Tim e (m in)

Subject 0 0.5 1.5 3.0 5.0 5.5 6.5 8 10 10.5 11.5 13 15 15.5 16.5 18 20 20.5 21.5 23 25 25.5 26.5 28 30

1 107 106 104 116 107 102 105 100 102 99 103 116 107 103 114 112 99 103 97 102 98 92 96 89 89

2 112 107 101 96 93 91 85 85 85 89 83 87 91 86 95 86 89 85 88 84 84 79 83 79 83

3 121 III 99 98 89 89 86 90 89 86 87 90 88 86 87 90 88 85 87 83 88 80 82 78 79

4 115 112 117 105 107 105 105 102 95 104 96 104 93 95 92 99 93 93 99 98 96 97 90 92 102

5 103 78 69 62 74 72 77 78 86 81 84 84 86 86 82 74 77 78 80 77 77 81 79 73 71

6 112 111 111 111 107 110 106 102 106 99 102 103 88 90 87 97 90 87 88 90 88 84 91 80 98

7 118 n o 104 105 100 96 99 104 101 100 100 99 97 95 95 91 88 89 85 86 80 79 80 75 77

8 126 124 115 107 111 102 110 108 111 107 108 114 105 109 116 104 106 111 107 103 103 99 92 103 97

Mean 114 107 103 100 99 96 97 96 97 96 95 100 94 94 96 94 91 91 91 90 89 86 87 84 87

SEM 3 5 5 6 4 4 4 4 3 3 3 4 3 3 4 4 3 4 3 3 3 3 2 4 4
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A p p e n d ix  4 .8 : T T F  (m in )  a n d  T W  ( k J .k g  ‘) fo r  E x l  a n d  E x2 in  th e  R IS  g ro u p .

C W T l p e r fo rm a n c e  (R IS  g ro u p )

T im e to  fa ilu re  (m in) T o ta l w o rk  (kJ.lig  *)

S ub jec t Exl Ex2 Exl Ex2

1 12.9 12.7 2.13 2.07

2 11.7 10.9 1.56 1.42

3 10.9 10.7 1.59 1.54

4 14.8 14.0 2.61 2.45

5 12.9 11.8 2.17 1.92

6 11,8 11.9 1.64 1.65

7 10.9 10.7 1.67 1.61

8 10.7 10.7 1.58 1.57

M ean 12.1 11.7 1.87 1.78

SEM 0.5 0.4 0.1 0.1

C W T 2  p e r fo rm a n c e  (R IS  g ro u p )

T im e to  fa ilu re  (m in) T o ta l w ork  (k J.kg  *)

S ubject Exl Ex2 Exl Ex2

1 12.9 12.7 2.11 2.07

2 10.9 10.9 1.44 1.44

3 10.8 10.7 1.57 1.53

4 14.9 13.8 2.64 2.40

5 11.9 11.8 1.94 1.90

6 11.9 11.0 1.65 1.49

7 10.9 10.8 1.68 1.65

8 10.8 10.7 1.58 1.57

M ean 11.9 11.6 1.83 1.76

SEM 0.5 0.4 0.1 0.1
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PAS performance (RIS group)

T im e to  fa ilu re  (m in) T o ta l w o rk  (k J.kg  *)

S ubject Exl Ex2 Exl Ex2

1 12.9 11.7 2.12 1.83

2 10.8 9.9 1.39 1.25

3 10.8 9.8 1.57 1.37

4 13.8 11.9 2.41 1.97

5 12.8 11.8 2.11 1.91

6 12.0 9.9 1.68 1.29

7 10.9 9.7 1.66 1.41

8 10.7 9.8 1.58 1.37

M ean 11.8 10.6 1.82 1.55

SEM 0.4 0.4 0.1 0.1

Appendix 4.9: BLa (mmol.L ') post-Exl and during the 30 min recovery in the RIS group.

CWTl BLa (RIS group)

S ubject P ost-E xl Im in 2.5m in 5m in lOmin ISm in 20min 25min 30m in

1 15.9 16.9 16.1 16.8 14.9 13.4 11.5 9.0 6.9

2 10.3 13.1 10.7 11.4 10.2 9.0 7.1 5.9 4.5

3 11.9 11.1 10.7 11.1 9.3 7.3 6.9 5.7 5.1

4 7.8 4.5 4.1 4.7 3.8 3.1 2.4 1.7 1.7

5 16.3 16.1 15.1 15.4 14.0 11.6 9.8 8.3 6.9

6 7.7 7.4 7.7 8.7 7.9 7.5 6.7 6.0 5.3

7 7.3 7.9 7.6 8.6 8.5 7.0 4.8 4.9 4.1

8 12.3 12.9 12.8 14.2 11.4 10.2 8.8 7.7 7.0

IMean 11.2 11.2 10.6 11.4 10.0 8.7 7.2 6.1 5.2

SEM 1.3 1.5 1.4 1.4 1.2 1.1 1.0 0.8 0.6
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C W T 2 B L a (R IS  grou p )

S u b je c t P o s t-E x l Imin 2.5m in 5m in lOmin IS m in 20min 25m in 30niin

1 17.0 17.6 17.5 17.3 16.6 15.1 13.0 10.6 9.2

2 9.4 10.5 9.8 10.2 8.8 6.7 5.1 3.6 2.«

3 11.2 10.6 8.8 7.7 8.8 6.8 5.8 4.8 4.

4 7.0 4.7 6.5 5.9 4.5 3.5 2.6 2.1 l.J

5 15.3 16.2 15.2 15.2 14.8 13.7 12.1 10.5 8.S

6 8.1 7.9 8.4 7.6 6.8 6.6 5.6 4.8 4.3

7 7.4 7.4 7.6 6.3 6.3 5.1 4.6 4.7 4.3

8 11.9 12.2 13.6 12.3 11.2 9.4 8.1 7.3 6.9

M ean 10.9 10.9 10.9 10.3 9.7 8.3 7.1 6.0 5.3

S E M 1.3 1.6 1.4 1.5 1.5 1.4 1.3 1.1 I.e

P A S  B L a (R IS  grou p )

S u b je c t P o s t-E x l Im in 2 .5m in 5m in lO m in IS m in 20m in 25m in 30m in

1 15.4 15.4 14.8 13.9 12.7 10,9 9.5 7.8 7.1

2 9.7 10.9 11.5 10.5 8.6 7.9 6.9 5.5 4.4

3 12.1 13.4 13.8 15.0 13.2 12.6 10.6 10.0 S.i

4 7.4 6.7 5.5 5.1 4.1 3.1 2.5 2.0 1.7

5 15.3 14.7 13.3 12.6 11.7 10.4 9.0 7.9 7.3

6 7.1 10.0 9.1 8.4 7.8 7.3 6.5 5.3 5.0

7 7.8 10.0 9.1 8.5 8.4 8.0 6.2 6.1 5.7

8 13.1 14.3 13.1 12.7 15.5 13.1 11.8 10.9 8.9

M ean 11.0 11.9 11.3 10.8 10.3 9.2 7.9 6.9 6.1

S E M 1.2 1.1 1.1 1.2 1.3 1.2 1.1 1.0 0.9
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Appendix 4.10: ®/o change in white blood cells from rest (AWBC) in the RIS group.

CWTl AWBC (RIS group)

Subject Post-Exl Imin 2.5min 5min lOmin ISmin 20min 25min 30min Post-Ex2

1 102.6 130.8 133.3 123.1 107.7 66.7 43.6 5.1 2.6 89.7

2 63.5 66.7 60.3 58.7 49.2 27.0 14.3 3.2 - 6.3 50.8

3 109.8 107.8 103.9 90.2 64.7 35.3 15.7 7.8 0.0 80.4

4 48.1 36.4 26.0 19.5 7.8 1.3 0.0 - 3.9 - 6.5 32.5

5 87.0 90.7 90.7 81.5 55.6 22.2 13.0 - 9.3 - 9.3 55.6

6 57.1 71.4 67.1 58.6 51.4 30.0 18.6 7.1 - 1.4 45.7

7 70.0 93.3 91.7 85.0 76.7 53.3 23.3 5.0 1.7 68.3

8 103.6 112.5 112.5 110.7 108.9 80.4 57.1 41.1 32.1 71.4

Mean 80.2 88.7 85.7 78.4 65.2 39.5 23.2 7.0 1.6 61.8

SEM 8.4 10.6 11.9 11.6 11.7 9.1 6.5 5.3 4.6 6.7

CWT2 AWBC (RIS group)

Subject Post-Exl Imin 2.5min 5min lOmin ISmin 20min 25min 30mln Post-Ex2

1 102.4 124.4 129.3 122.0 109.8 87.8 58.5 36.6 12.2 87.8

2 57.4 54.1 49.2 42.6 26.2 14.8 - 3.3 - 6.6 - 11.5 45.9

3 112.0 112.0 108.0 92.0 66.0 42.0 18.0 4.0 2.0 88.0

4 44.6 33.7 28.7 14.9 0.0 - 12.9 - 16.8 - 20.8 - 16.8 23.8

5 115.4 128.2 130.8 125.6 105.1 56.4 28.2 5.1 - 7.7 89.7

6 51.7 58.6 48.3 39.7 39.7 22.4 5.2 3.4 - 5.2 32.8

7 46.5 59.4 61.4 53.5 24.8 - 2.0 - 2.0 1.0 - 11.9 24.8

8 84.5 106.0 113.1 113.1 113.1 96.4 64.3 38.1 27.4 86.9

Mean 76.8 84.5 83.6 75.4 60.6 38.1 19.0 7.6 - 1.4 60.0

SEM 10.7 13.0 14.5 15.2 15.7 14.2 10.4 7.1 5.2 10.9

293



PAS AWBC (RIS group)

Subject P ost-E il Imin 2.5min 5min lOmin ISmin 20min 25min 30min Post-Ex2

1 135.3 138.2 138.2 138.2 117.6 61.8 50.0 23.5 23.5 132.4

2 55.7 55.7 50.8 49.2 34.4 27.9 21.3 8.2 0.0 90.2

3 83.1 78.5 83.1 90.8 86.2 83.1 61.5 47.7 18.5 63.1

4 46.8 36.7 27.8 20.3 10.1 - 5.1 - 5.1 - 8.9 - 12.7 24.1

5 96.6 110.3 96.6 87.9 51.7 50.0 12.1 13.8 15.5 91.4

6 52.6 57.9 47.4 42.1 29.8 8.8 17.5 36.8 26.3 49.1

7 50.0 59.8 51.1 48.9 39.1 16.3 3.3 - 5.4 - 4.3 38.0

8 77.6 91.0 92.5 97.0 103.0 110.4 114.9 100.0 92.5 101.5

Mean 74.7 78.5 73.4 71.8 59.0 44.1 34.4 27.0 19.9 73.7

SEM 10.7 11.8 12.6 13.5 13.6 14.0 14.0 12.5 11.5 12.9

Appendix 4.11: % change in red blood cells from rest (ARBC) in the RIS group.

CW Tl ARBC (RIS group)

Subject Post-Exl Imin 2.5min 5min lOmin ISmin 20min 25min 30niin Post-Ex2

1 11.7 14.1 11.2 11.5 8.9 4.9 5.9 1.4 2.8 9.6

2 6.5 4.6 2.1 3.8 3.4 0.6 1.3 - 0.8 - 1.5 8.0

3 11.4 10.0 8.1 6.2 4.6 5.0 4.2 2.5 0.8 - 1.7

4 6.4 - 0.2 1.2 - 0.5 0.2 - 0.5 - 1.2 - 1.2 - 4.0 7.1

5 9.9 4.8 5.8 3.0 3.0 0.2 - 1.8 - 4.8 - 4.4 4.2

6 8.8 9.4 11.0 9.6 5.9 1.0 1.8 3.3 - 0.4 8.8

7 5.9 8.0 11.1 4.9 7.0 5.9 0.8 3.3 - 3.5 5.7

8 12.9 9.0 7.6 7.4 8.2 11.5 8.0 4.3 11.1 10.1

IMean 9.2 7.5 7.3 5.7 5.1 3.6 2.4 1.0 0.1 6.5

SEM 1.0 1.5 1.4 1.3 1.0 1.4 1.2 1.1 1.8 1.4
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C W T 2  A R B C  (R IS  g ro u p )

S ub jec t P ost-E x l Im in 2.Smin Smin lOmin 15min 20min 25inin 30niin Post-Ex2

1 12.1 8.5 9.7 6.4 5.9 4.3 3.8 5.2 3.5 10.4

2 10.7 7.6 5.6 3.9 1.0 2.7 -1.6 0.0 -2.1 8.0

3 11.5 10.1 8.2 7.5 4.6 5.0 4.2 2.1 0.8 -1.7

4 9.6 7.1 4.8 3.9 1.6 -2.3 -0.9 -1.8 0.5 5.5

5 8.4 3.5 5.7 5.3 2.5 1.2 -3.3 -4.3 -5.9 5.7

6 11.3 10.0 8.4 7,0 0.2 2.3 -0.4 1.8 -2.5 3,7

7 1.3 0.8 -0.2 -1.9 0.0 -4.2 -5.2 -4.6 -3.3 0.8

8 14.5 12.6 14.0 13.0 13.4 13.4 8.7 11.5 10.4 14.3

M ean 9.9 7.5 7.0 5.6 3.7 2.8 0.7 1.2 0.2 5.8

SEM 1.4 1.3 1.5 1.5 1.6 1.9 1.6 1.9 1.8 1.8

P A S  A R B C  (R IS  g ro u p )

S ubject P ost-E x l Im in 2.5m in Smin lOmin ISm in 20min 25min 30m in Post-Ex2

1 16.9 9.9 15.0 15.3 14.0 11.4 7.3 8.7 7.3 18.4

2 10.2 7.8 6,3 7.4 7.8 5,0 5,2 4,6 3.9 13,1

3 9.3 7.9 3.2 2.8 1.9 3.9 -1.1 -1.5 -4.3 5.2

4 3.5 4.6 1,5 0.2 -2.4 -3,5 -2.4 -2.4 -3.1 5.5

5 5.0 7.9 6.1 2.9 -0.6 -0.6 1.9 0.4 -2.5 6.1

6 22.7 5.4 3,7 2,1 6.4 1,9 -2,3 5,2 -3.9 7.6

7 3.2 5.4 0.0 -1.0 3.6 0.0 0.6 -1.8 -2.0 5.0

8 6.4 4.4 3,8 2.2 4.0 2,6 4,4 0.6 2.4 6.6

M ean 9.7 6.7 5.0 4.0 4.3 2.6 1.7 1.7 -0.3 8.4

SEM 2.4 0.7 1.6 1.8 1.8 1.6 1.3 1.4 1.5 1.7
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Appendix 4.12: % change in haematocrit from rest (AHct) in the RIS group.

CW TI AHct (RIS group)

S ub jec t Post-Ex 1 Im in 2.5inin Smin lOmin ISm in 20m in 25min 30m in Post-Ex2

1 13.3 14.5 13.0 12,0 9.0 5.0 6.8 1.5 3.0 9.5

2 7.7 5.8 2.6 4.4 4.4 -0.9 1.6 -0.5 -1.2 8.6

3 10.2 9.0 8.1 8.1 4.4 5.8 3.5 3.0 0.0 -1.9

4 6.0 -1.5 -1.0 -1.8 -0.8 -3.0 -3.8 -4.0 -5.7 6.0

5 11.7 6.7 7.2 3.9 3.7 2.0 -0.7 -2.8 -4.3 5.9

6 8.3 8.7 11.1 9.6 4.6 0.4 -0.2 3.3 -2.2 7.2

7 6.5 7.9 11.8 4.6 7.0 5.6 -0.9 2.6 -5.1 6.0

8 11.4 8.8 5.8 7.0 6.7 9.5 5.8 3.5 8.4 8.6

M ean 9.4 7.5 7.3 6.0 4.9 3.0 1.5 0.8 -0.9 6.2

SEM 0.9 1.6 1.7 1.5 1.0 1.5 1.3 1.0 1.7 1.3

CWT2 AHct (RIS group)

S ubject Post-E x l Im in 2.5min Smin lOmin ISm in 20m in 25m in 30m in Post-Ex2

1 13.9 10.1 10.1 7.8 6.5 4.8 3.3 6.3 3.8 9.8

2 10.5 7.7 4.6 2.7 0.0 2.3 -3.0 -1.8 -1.1 8.4

3 11.6 9.8 8.1 8.1 4.4 5.8 4.4 3.0 0.0 -1.9

4 11.7 7.7 5.2 4.7 1.2 -2.7 -1.5 -3.2 0.5 6.2

5 9.2 5.0 7.7 6.8 3.3 0.4 -3.9 -4.6 -5.0 7.0

6 6.9 7.8 9.7 0.6 -1.5 0.9 -2.8 0.0 -3.7 0.4

7 1.9 -0.6 1.1 -3.7 -1.1 -6.5 -5.8 -6.1 -5.2 -0.6

8 15.0 14.7 15.2 14.3 14.5 14.7 9.6 12.0 11.3 14.7

M ean 10.1 7.8 7.7 5.2 3.4 2.5 0.0 0.7 0.1 5.5

SEM 1.5 1.6 1.5 1.9 1.9 2.2 1.8 2.2 1.9 2.0
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PAS AHct (RIS group)

Subject Post-Exl Imin 2.5min 5min lOmin ISmin 20min 2Smin 30min Post-Ex2

1 17.1 10.6 15.6 16.4 14.5 11.9 8.3 8.3 7.5 18.7

2 11.4 7.3 6.3 6.8 8.3 5.3 5.6 3.4 3.9 14.6

3 9.7 7.9 3.3 3.5 - 0.6 2.7 - 1.9 - 1.9 - 4.3 3.9

4 2.8 4.2 - 0.2 0.7 - 3.3 - 4.2 - 2.8 - 4.2 - 4.7 3.7

5 4.4 7.7 6.4 2.4 - 2.2 - 3.8 0.4 - 2.9 - 5.3 4.9

6 21.9 5.1 4.6 2.2 5.3 1.8 - 3.3 5.3 - 3.3 7.3

7 5.0 6.7 - 0.9 - 0.2 3.4 0.5 1.4 - 1.4 - 0.5 4.8

8 8.1 6.5 6.0 4.6 7.4 4.2 5.1 1.2 5.1 6.7

Mean 10.1 7.0 5.1 4.6 4.1 2.3 1.6 1.0 -0.2 8.1

SEM 2.3 0.7 1.8 1.9 2.1 1.8 1.5 1.5 1.8 2.0

A ppendix 4.13: % cliange in plasm a volum e from rest (APV) in the RIS group.

C W T l APV (RIS group)

Subject Post-Exl Imin 2.5min 5min lOmin ISmin 20min 25min 30min Post-Ex2

1 - 20.0 - 21.2 - 18.3 - 18.2 - 14.8 - 9.3 - 10.4 - 3.8 - 6.8 - 15.1

2 - 10.5 - 6.8 - 2.6 - 4.6 - 4.6 2.7 0.1 2.4 4.3 - 11.7

3 - 18.1 - 15.8 - 15.2 - 13.1 - 8.2 - 9.8 - 7.5 - 4.8 - 1.9 2.1

4 - 13.1 - 1.2 - 1.5 1.2 1.3 2.8 3.3 3.4 7.0 - 9.4

5 - 18.5 - 10.2 - 11.6 - 5.7 - 4.9 - 1.7 1.2 7.0 7.7 - 10.0

6 - 15.0 - 16.3 - 18.6 - 16.0 - 8.5 - 2.2 - 1.7 - 5.7 1.2 - 14.1

7 - 10.9 - 13.6 - 17.8 - 9.0 - 12.9 - 10.8 - 1.3 - 6.4 5.3 - 11.7

8 - 19.7 - 15.4 - 11.7 - 13.1 - 13.5 - 18.0 - 12.3 - 8.3 - 16.2 - 15.3

Mean - 15.7 - 12.6 - 12.2 - 9.8 - 8.3 - 5.8 - 3.6 - 2.0 0.1 - 10.7

SEM 1.4 2.2 2.4 2.3 1.9 2.6 2.0 2.0 2.9 2.0
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CWT2 APV (RIS group)

Subject Post-Exl Imin 2.5min Smin lOmin ISmin 20min 25min 30min Post-Ex2

1 - 19.2 - 14.2 - 14.2 - 12.2 - 9.6 - 8.5 - 6.3 - 9.5 - 6.6 - 16.3

2 - 17.5 - 13.0 - 9.0 - 7.1 - 2 .0 - 6.2 1.6 0.8 0.9 - 15.6

3 - 19.1 - 16.4 - 15.2 - 13.1 - 8.3 - 9.8 - 8.3 - 4.8 - 2.0 2.1

4 - 15.7 - 11.5 - 9.3 - 7.2 - 1.5 3.3 2.5 4.4 - 1.0 - 9 .4

5 - 14.0 - 25.3 - 28.3 - 27.4 - 23.7 - 19.9 - 13.8 - 12.2 - 11.3 - 27.9

6 - 15.9 - 17.1 - 19.0 - 10.6 - 1.0 -4.8 1.3 - 4.7 2.7 -6.2

7 - 3.5 - 0.7 - 0.9 4.5 0.9 10.4 10.5 10.7 8.5 - 0.1

8 - 21.9 - 21.3 - 23 .0 - 21.5 - 22.1 - 22.7 - 16.1 - 18.6 - 17.7 - 23.2

Mean -15.9 -14.9 - 14.9 - 11.8 -8.4 -7.3 -3.6 -4.2 -3.3 - 12.1

SEM 2.0 2.6 3.1 3.4 3.4 3.9 3.2 3.3 2.9 3.8

PAS APV (RIS group)

Subject Post-Exl Imin 2.5min Smin lOmin ISmin 20min 25min 30min Post-Ex2

1 - 22.7 - 14.3 - 21.4 - 21.3 - 18.2 - 16.2 - 11.1 -1 1.7 - 10.7 - 25.0

2 - 15.0 -11.8 - 9.4 - 10.3 - 11.9 - 7.6 - 7.1 - 5.6 - 4 .7 - 19.6

3 - 18.9 - 13.6 - 5.4 - 7.2 - 1.2 - 6.5 3.0 3.0 10.0 - 7.6

4 - 6.7 - 8.3 - 3.3 - 3.3 1.7 3.9 2.1 3.1 4.2 - 10.4

5 - 11.0 - 14.6 - 12.0 - 6.2 1.2 2.5 - 4.0 0.5 5.7 - 10.3

6 - 32.2 - 7.1 - 5.0 - 1.8 - 7.2 - 1.5 6.7 - 6.1 8.7 - 10.4

7 - 6.3 - 10.3 - 0.6 1.5 - 5.7 - 1.0 - 1.7 3.0 3.0 - 9.0

8 - 11.9 - 7.4 - 8.2 - 6 .0 - 9.2 - 6.2 - 8.6 - 2.2 - 6.9 - 12.0

Mean -15.6 -10.9 -8.2 -6.8 -6.3 -4.1 -2.6 -2.0 1.2 -13.0

SEM 3.1 1.1 2 3 2.4 2.4 2.3 2.2 1.9 2.7 2.1
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Appendix 4.14: Heart rate (beats.min ') during 30 min recovery period in the RIS group.

CWTl Recovery HR (RIS group)

Time (min)

Subject 0 0.5 1.5 3.0 5.0 5.5 6.5 8 10 10.5 11.5 13 15 15.5 16.5 18 20 20.5 21.5 23 25 25.5 26.5 28 30

1 135 126 113 110 103 III 106 113 101 113 104 108 100 108 101 109 94 109 100 101 92 90 90 106 88

2 135 120 113 107 103 117 110 111 109 116 116 112 106 112 109 112 102 125 107 112 99 118 97 101 94

3 135 126 113 110 103 111 106 113 101 113 104 108 100 108 101 109 94 109 100 101 92 90 90 106 88

4 124 127 100 99 99 112 97 94 95 102 90 105 88 86 96 90 84 105 89 88 88 91 88 87 82

5 108 100 96 105 86 98 87 86 85 92 83 77 74 95 79 77 77 98 78 67 68 95 71 71 64

6 133 129 110 118 108 110 110 117 109 110 113 107 106 97 116 100 103 100 102 90 98 91 97 90 89

7 127 113 105 113 98 108 98 103 94 102 95 102 93 107 93 94 90 102 86 96 93 88 84 90 82

8 118 106 93 103 93 99 91 93 92 104 95 94 85 105 83 82 80 97 84 83 80 97 78 80 76

Mean 127 118 105 108 99 108 101 104 98 107 100 102 94 102 97 97 91 106 93 92 89 95 87 91 83

SEM 4 4 3 2 2 2 3 4 3 3 4 4 4 3 4 5 3 3 4 5 4 3 3 4 3
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CWT2 Recovery HR (RIS group)

Time (min)

Subject 0 0.5 1.5 3.0 5.0 5.5 6.5 8 10 10.5 11.5 13 15 15.5 16.5 18 20 20.5 21.5 23 25 25.5 26.5 28 30

1 138 129 128 113 111 118 113 113 107 118 116 105 103 III 112 103 103 112 107 102 104 104 96 93 94

2 122 117 125 114 121 117 114 114 114 128 123 107 107 117 115 108 108 114 112 100 105 102 105 95 103

3 131 136 120 117 III 128 109 110 105 117 108 101 99 124 106 100 96 117 104 94 83 115 97 87 89

4 126 120 102 95 97 103 103 95 89 105 100 92 86 90 86 88 85 92 83 81 85 94 86 81 84

5 102 93 102 89 89 105 95 82 96 85 87 73 79 92 94 70 76 102 72 70 72 98 85 67 72

6 130 122 129 113 115 124 117 120 121 130 113 115 121 113 105 n o 111 125 107 94 109 114 97 100 101

7 126 107 115 99 96 100 102 99 101 111 94 107 94 107 93 89 95 93 95 91 87 96 86 86 87

8 112 97 100 93 94 99 93 87 92 104 91 89 90 102 85 87 87 99 89 80 92 101 81 87 82

IVIean 123 115 115 104 104 112 106 103 103 112 104 99 97 107 100 94 95 107 96 89 92 103 92 87 89

SEM 4 5 4 4 4 4 3 5 4 5 5 5 5 4 4 5 4 4 5 4 5 3 3 4 4



PAS Recovery HR (RIS group)

T im e  (min)

Subject 0 0.5 1.5 3.0 5.0 5.5 6.5 8 10 10.5 11.5 13 15 15.5 16.5 18 20 20.5 21.5 23 25 25.5 26.5 28 30

1 118 III 106 105 109 102 105 108 102 102 102 99 103 103 100 95 100 95 94 98 98 95 96 93 94

2 103 109 109 103 105 107 106 105 105 102 100 107 100 103 104 105 102 102 104 105 94 98 102 96 95

3 92 86 77 89 94 98 99 99 108 94 102 94 103 97 95 93 102 98 98 104 91 100 94 84 94

4 103 104 86 96 86 99 87 90 85 85 85 75 78 79 73 79 81 77 82 89 74 81 80 80 75

5 88 82 89 84 82 81 85 83 84 85 83 82 79 85 76 85 80 77 77 77 79 75 77 75 75

6 113 75 69 67 61 59 80 95 84 82 76 96 71 91 98 95 93 98 83 98 92 88 93 99 98

7 114 99 98 94 93 94 90 89 92 88 88 87 90 91 87 88 86 84 87 84 86 83 86 87 83

8 114 91 88 87 90 92 91 92 91 91 92 94 93 90 94 88 83 88 85 92 84 83 82 80 78

Mean 106 95 90 91 90 92 93 95 94 9! 91 92 90 92 91 91 91 90 89 93 87 88 89 87 87

SEM 4 5 5 4 5 5 3 3 4 3 3 4 4 3 4 3 3 4 3 4 3 3 3 3 3
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Appendix 5
Raw data for chapter 6
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A ppendix 5.1: T im e to failure (TTF) for E x l and Ex2.

C W I5 Time to failure (min) R elative TTF Ex2 (% o f E xl)

a Subject E x l Ex2 Ex2

1 32.5 30.1 93

2 25.9 28.1 108

3 30.1 22.7 75

4 26.7 25.0 94

5 37.6 30.4 81

6 30.3 35.2 116

7 30.0 27.6 92

8 32.5 32.6 100

9 30.1 20.2 67

\ Mean 30.6 28.0 92

SEM 1.1 1.6 5

C W T l Time to failure (m in) Relative TTF (% of E x l)

Subject E xl Ex2 Ex2

1 35.1 30.0 86

2 29.6 20.5 69

3 25.0 17.6 70

4 27.7 24.7 89

5 37.5 27.6 74

6 30.3 30.1 99

7 27.6 22.7 82

8 30.2 27.6 91

9 35.0 20.2 58

Mean 30.9 24.5 80

SEM 1.4 1.5 4
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TW I Tim e to  fa ilu re  (m in) Relative T T F  (%  o f E x l)

Subject E x l Ex2 Ex2

1 32.6 20.1 62

2 28.4 20.1 71

3 27.6 17.6 64

4 30.4 27.6 91

5 40.0 27.7 69

6 30.0 22.6 75

7 30.1 25.1 83

8 35.0 25.0 71

9 37.8 15.5 41

Mean 32.4 22.4 70

SEM 1.4 1.4 5

ACT Tim e to  fa ilu re  (m in) R elative T T F  (%  o f E x l)

Subject Exl Ex2 Es2

1 32.6 20.1 62

2 22.7 17.6 77

3 25.3 17.6 70

4 30.3 25.0 83

5 32.6 22.5 69

6 32.5 22.3 69

7 25.5 22.6 89

8 37.9 22.5 60

9 37.7 15.4 41

Mean 30.8 20.6 69

SEM 1.8 1.0 5
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Appendix 5.2: BLa (mmol.L'') during the first 15 min of E xl.

C W 15 BLa (E x l) T im e (m in)

Subject 0 5 10 12.5 15

1 0,7 1.0 1.7 2.4 3.0

2 0.8 1.2 1.2 2.5 3.3

3 0.8 0.9 2.0 3.2 4.5

4 1.2 0.9 1.0 3.0 4.7

5 0.8 1.3 1.6 2.5 3.2

6 1.0 1.6 2.3 3.9 5.0

7 0.7 1.5 1.8 3.2 4.2

8 0.7 1.7 1.8 2.4 2.5

9 0.8 1.3 1.8 2.2 2.5

Mean 0.8 1.3 1.7 2.8 3.6

SEIM O.I 0.1 0.1 0.2 0.3

C W T l BLa (E x l) T im e (m in)

Subject 0 5 10 12.5 15

1 0.8 0.7 1.1 1.8 1.8

2 0.7 1.4 1.7 3.2 3.8

3 0.8 1.7 2.5 4.8 6.0

4 1.1 1.2 1.5 3.2 4.5

5 0.7 1.1 1.4 2.6 3.2

6 1.1 1.3 1.9 3.6 4.9

7 0.6 1.4 1.9 3.6 5.0

8 0.7 0.6 0.7 1.9 2.1

9 1.1 1.6 1.8 2.8 3.6

Mean 0.8 1.2 1.6 3.0 3.9

SEM 0.1 0.1 0.2 0.3 0.5
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T W I B L a (E x l) T im e  (m in )

Subject 0 5 10 12.5 15

1 0.8 1.2 1.4 1.9 2.2

2 0.7 1.1 1.6 2.5 3.0

3 0.5 1.0 1.8 3.1 4.1

4 1.2 1.3 1.6 2.8 4.1

5 0.8 1.2 1.3 2.6 3.0

6 1.1 1.1 1.7 4.1 5.3

7 0.8 1.8 1.9 3.5 4.5

8 0.6 0.8 1.0 2.2 2.6

9 0.6 0.9 1.4 2.1 2.4

Mean 0.8 1.2 1.5 2.8 3.5

SEM 0.1 0.1 0.1 0.2 0.4

A C T  B L a (E x l) T im e (m in )

Subject 0 5 10 12.5 15

1 0.7 1.1 1.7 2.7 3.0

2 1.2 1.0 1.5 3.1 5.1

3 1.0 l.I 1.5 3.1 4.7

4 1.0 1.0 1.4 3.3 4.3

5 1.2 I.l 1.2 2.6 3.1

6 0.9 1.4 2.3 3.8 5.4

7 0.5 1.0 1.5 3.5 4.4

8 0.8 0.9 1.0 1.9 2.4

9 0.5 1.1 1.1 2.1 2.5

Mean 0.9 1.1 1.5 2.9 3.9

SEM 0.1 0.0 0.1 0.2 0.4
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Appiendix 5.3: BLa (mmol.L'') during the first 15 min of Ex2.

C W 15 B L a (Ex2) T im e (m in )

Subject 0 5 10 12.5 15

1 1,2 1.3 1.3 1.8 2.1

2 1.1 0.9 0.9 2.1 2.4

3 2.0 1.7 2.0 3.1 4.1

4 1.5 1.2 1.7 3.2 3.8

5 2.0 1.5 2.2 2.6 2.8

6 1.7 1.8 2.1 3.0 3.6

7 2.2 1.6 1.8 3.9 4.5

8 0.7 0.7 1.4 1.9 1.9

9 1.1 1.2 1.5 2.3 2.7

Mean L5 1.3 1.7 2.7 3.1

SE.M 0.2 0.1 0.1 0.2 0.3

O W T l B L a (E x2) T im e (m in )

Subject 0 5 10 12.5 15

1 1.2 0.8 0.9 1.5 1.7

2 0.8 1.0 1.6 2.2 2.8

3 2.0 1.6 2.3 4.2 5.5

4 1.0 2.3 2.2 3.2 4.8

5 1.5 1.8 1.6 2.5 3,2

6 1.2 1.3 1.8 3.2 4.0

7 1.2 1.6 2.0 3.7 4,6

8 0.7 0.6 0.5 1.5 1.9

9 0.8 1.2 0.9 1.7 2,3

Mean 1.1 1.3 1.5 2.6 3.4

SEM 0.1 0.2 0.2 0.3 0.4
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TW I B L a (Ex2) T im e (m in)

Subject 0 5 10 12.5 15

1 0.8 0.6 1.1 1.9 2.1

2 0.5 0.7 1.0 1.8 2.2

3 0.7 0.9 1.7 3.2 4.2

4 1.1 2.0 1.3 3.0 3.8

5 1.7 1.8 1.4 2.3 2.7

6 1.3 1.3 1.9 3.9 5.2

7 1.4 1.5 1.8 3.9 5.1

8 0.7 0.7 0.8 1.9 2.3

9 0.6 0.8 0.8 1.7 1.7

Mean 1.0 1.1 1.3 2.6 3.3

SEM 0.1 0.2 0.1 0.3 0.5

A C T B L a (Ex2) T im e (m in)

Subject 0 5 10 12.5 15

1 0.7 0.7 1.1 1.9 2.2

2 1.3 0.7 1.1 2.4 3.2

3 0.9 0.8 1.4 3.0 4.2

4 1.1 1.1 1.4 3.7 5.1

5 1.2 1.9 1.1 2.3 2.8

6 0.8 0.9 1.2 2.5 3.7

7 0.7 1.4 1.5 3.1 4.6

8 0.9 1.4 1.5 1.9 2.4

9 0.6 0.7 0.7 1.3 1.7

Mean 0.9 1.1 1.2 2.4 3.3

SEM 0.1 0.1 0.1 0.2 0.4
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Appendix 5.4: Heart rate (beats.min ') during the first 15 min o f  Exl.

C W 1 5 H R (E x l)

Time (min)

0.5 I 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 II 11.5 12 12.5

102 109 112 110 111 111 111 111 n o  111 123 126 130 135 133 135 136 136 138 139 145 148 149 151 153

93 106 109 108 107 101 106 105 100 109 111 112 113 115 114 116 116 117 112 118 127 130 134 135 129

87 97 95 98 96  99  99 96  98 99  103 111 110 110 110 113 114 116 113 117 122 126 129 131 137

107 115 115 116 112 113 110 113 109 113 120 123 127 127 128 126 126 127 129 129 136 141 147 150 152

99 113 114 111 108 108 109 110 104 114 120 126 123 130 126 123 122 124 124 127 137 144 147 149 150

102 114 113 115 114 114 112 111 I I I  114 117 119 123 121 128 124 127 128 127 129 135 143 147 150 151

110 112 115 115 112 113 115 114 113 114 121 126 125 130 128 130 133 128 136 134 143 148 151 153 154

110 110 112 115 118 114 117 114 121 125 124 126 127 126 124 125 123 130 133 139 141 143 142 143 145

88 95 97  95 97 95 97 97 99 97 103 107 110 110 110 109 111 110 112 I I I  124 133 135 140 139

100 108 109 109 108 108 108 108 107 111 116 120 121 123 122 122 123 124 125 127 134 140 142 145 146

3 2 3 3 3 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3  3  3  3 3  3
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3

15

151

136

154

159

154

162

156

152

ISI

153

2

C W T l  H R ( E x l )

Time (min)

0.5 I 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 II 11.5 12 12.5 13 13.5 14 14.5

104 113 116 m  111 112 114 115 121 115 121 132 132 130 133 139 133 132 137 140 143 145 147 149 150 149 152 151 153

90 104 107 106 104 104 101 104 102 105 108 111 115 115 117 111 116 117 118 118 125 127 130 133 133 128 133 134 135

91 93 99 97 100 98 101 99 101 101 106 111 113 113 116 117 118 119 118 118 129 137 141 143 147 143 150 151 153

108 113 116 118 113 113 116 116 115 116 122 125 127 125 128 127 128 128 129 130 141 144 149 152 153 155 157 158 157

99 114 115 112 109 109 110 111 105 115 121 127 124 131 127 124 123 125 125 128 138 145 148 ISO IS ! 149 152 154 155

113 116 118 116 121 117 121 116 122 120 127 128 131 133 143 136 134 138 138 139 144 150 157 155 158 156 159 162 161

105 109 116 117 115 113 118 117 121 118 119 121 124 125 125 126 126 127 129 131 134 129 137 135 137 137 139 143 151

112 113 113 111 111 112 116 117 115 113 123 121 121 128 125 124 125 126 122 123 136 143 145 147 149 149 151 149 153

93 103 102 107 107 109 109 108 108 105 117 120 121 121 119 123 123 123 123 122 13S 142 145 142 147 149 148 148 151

102 109 111 111 n o  110 112 111 112 112 118 122 123 125 126 125 125 126 127 128 136 140 144 145 147 146 149 150 152

3 3 2 2 2 2 2 2 3 2 2 2 2 2 3 3 2 2 3 3

1



0

64

65

67

64

61

70

72

74

59

66

2

15

152

136

150

158

153

161

164

146

140

151

3

TWI H R ( E x l )

Time (min)

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 II 11.5 12 12.5 13

101 112 120 116 110 116 112 113 112 112 122 128 130 134 135 134 136 137 135 140 144 147 149 152 151 150

93 107 106 105 106 104 102 104 105 104 liO  112 I I I  115 114 116 116 115 112 118 123 129 128 132 131 129

90 95 105 103 99  103 103 103 101 105 106 112 115 118 116 122 123 123 121 123 129 137 140 143 146 147

105 MO 116 117 113 115 111 112 116 116 121 124 127 127 124 128 129 128 128 130 138 145 149 152 154 153

97 111 113 109 106 104 103 112 102 107 117 122 124 129 122 126 127 130 127 129 136 146 148 151 153 152

108 113 115 115 113 114 114 116 115 116 121 125 128 130 133 133 131 132 133 134 142 147 150 152 153 154

99 107 112 116 121 120 122 120 124 125 127 130 130 132 133 135 136 133 132 140 146 151 154 158 161 159

101 94 110 105 103 103 99 99 99 100 100 108 112 111 112 113 111 112 111 113 127 135 141 139 138 140

91 97 100 99 100 106 104 99 114 110 106 114 117 113 113 112 112 112 114 111 124 132 134 138 137 138

98 105 i n  109 108 109 108 109 110 I II 114 119 122 123 122 124 125 125 124 126 134 141 144 146 147 147

2 3 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 4  3  3  3  3 3  3
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0

70

52

59

72

60

66

68

77

61

65

3

15

153

144

152

157

152

156

164

141

143

151

3

ACT HR (Exl)

Time (min)

0.5 I 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 I I  11.5 12 12.5 13 13.5 14 14.5

105 m  116 118 115 113 108 107 H I  114 123 130 132 136 140 137 136 136 132 137 144 147 149 149 149 148 152 154 152

90 108 106 108 106 108 108 109 106 106 117 117 121 118 120 122 120 121 121 118 129 134 138 138 140 136 142 144 144

89 102 101 101 102 104 104 105 101 106 106 116 106 116 117 122 118 118 117 125 126 135 139 140 144 145 146 148 150

99 106 114 116 113 114 115 112 114 111 118 124 127 126 128 128 128 128 128 131 137 143 148 150 152 154 154 154 158

99 114 113 110 107 108 108 108 97 106 117 120 119 122 119 123 122 118 125 127 134 140 143 145 147 148 147 151 150

100 96 106 106 109 110 i l l  121 116 115 121 118 123 125 125 135 127 129 130 126 131 142 144 147 148 151 153 153 155

112 107 113 117 117 114 112 119 111 115 120 125 134 129 130 131 131 134 133 131 143 151 152 157 158 158 157 161 164

102 110 109 107 104 105 103 107 102 !03  112 114 114 116 115 116 116 115 112 116 128 132 138 139 137 139 139 142 141

93 104 106 104 104 103 105 103 106 100 107 113 116 116 115 119 117 116 115 I IS  124 133 137 140 138 140 140 143 144

99 106 109 110 109 109 108 110 107 108 116 120 121 123 123 126 124 124 124 125 133 140 143 145 146 147 148 150 151

2 2 2 2 2 2 1 2 2 2 2 2 3 2 3 2 2 3 3 3  2 2 2 2 2 2 2 2 3

1



Appendix 5.5: Heart rate (beats.min ') during the first 15 min o f Ex2.

CW 15 H R (E x2)

Time (min)

Subject 0 0.5 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15

1 59 96 108 107 107 109 109 108 110 110 107 H 7 123 130 131 129 131 134 134 135 141 144 148 147 151 151 150 154 155 155 157

2 58 86 101 102 103 102 100 103 104 99 104 108 110 112 n o 109 113 115 114 108 117 118 124 128 130 127 132 131 134 137 135

3 61 95 104 104 104 104 103 105 101 n o 105 111 114 114 118 118 118 121 122 121 120 127 132 136 138 141 141 141 142 144 145

4 63 91 I I I 112 113 111 110 111 110 n o 111 115 120 124 126 124 127 129 127 129 126 134 139 146 148 ISO 151 152 154 157 158

5 76 ]1 t 118 118 112 113 IIS 110 112 112 111 124 126 127 126 125 128 128 124 131 132 142 148 152 153 152 153 155 156 156 157

6 78 103 108 108 n o 109 106 108 108 109 108 116 116 121 117 122 123 121 124 124 126 132 135 141 142 145 145 147 ISO ISO 151

7 74 109 116 111 112 117 119 117 119 120 124 129 132 132 130 131 132 134 138 133 138 143 143 151 154 151 151 157 157 161 161

8 78 102 106 110 111 111 115 120 117 117 120 128 )25 128 128 131 128 130 126 127 130 137 143 143 145 145 146 146 146 148 150

9 59 89 101 100 99 98 97 99 97 99 103 106 109 IIS 115 l i t 116 113 111 112 116 124 135 137 140 142 141 144 147 147 149

M e a n 67 98 108 108 108 108 108 109 109 110 n o 117 119 123 122 122 124 125 124 124 127 133 139 142 145 145 146 147 149 151 151

S E M 3 3 2 2 2 3 3 2 2 2 2 3 3 3 3 3 2 3 3 3 3 3 3 3 3 3 2 3 3 3 3
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0

79

59

74

66

74

86

78

90

63

74

3

15

151

140

160

160

159

158

171

156

156

157

3

C W Tl HR (Ex2)

Time (min)

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14 14.5

106 116 114 114 111 114 112 116 114 114 124 129 134 132 135 136 136 137 135 136 144 148 149 149 149 145 154 156 155

96 !12 113 110 110 111 112 110 107 109 114 115 120 120 121 121 121 119 118 123 127 133 135 137 138 138 138 139 139

99 109 113 112 114 114 115 117 119 119 122 127 128 129 132 131 134 136 125 134 142 150 149 156 157 157 159 158 160

108 114 118 ! I 8  117 115 116 118 117 115 123 127 131 129 132 132 132 132 130 133 136 140 151 153 153 153 156 157 158

104 117 120 116 116 115 114 111 115 118 118 128 129 130 129 131 132 132 132 131 143 150 153 155 156 155 158 159 160

109 114 119 120 118 120 118 116 116 119 125 125 130 130 131 132 132 132 133 133 141 145 147 150 151 153 156 157 158

112 118 123 124 122 123 126 130 125 129 132 138 140 137 139 143 146 150 148 142 154 159 162 163 166 168 171 169 170

113 122 119 119 117 122 122 119 121 119 130 131 131 130 129 130 131 132 127 133 141 149 150 153 153 154 157 158 158

94 111 109 109 109 111 113 112 114 115 118 124 127 127 131 131 130 131 132 130 139 146 152 153 153 156 156 158 158

105 115 116 116 115 116 116 117 116 117 123 127 130 129 131 132 133 133 131 133 141 147 150 152 153 153 156 157 157

3 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 2  2 2  2  2  3  3 3  3  3



0

74

61

79

80

84

78

78

77

60

75

3

15

161

142

159

158

166

163

173

154

150

158

3

TW I H R ( E x 2 )

Time (min)

0.5 I 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5

108 119 123 120 116 117 117 118 121 120 127 140 143 143 142 140 142 144 141 143 IS l 156 156 159 158

94 112 113 108 )I3  108 109 111 112 110 116 115 116 120 118 118 117 120 121 117 124 132 137 138 137

108 119 119 120 120 121 123 121 123 127 128 131 132 137 137 137 136 138 134 140 141 148 151 153 155

108 116 119 120 120 119 120 121 118 116 126 128 131 129 130 133 133 133 133 135 139 145 149 151 154

112 125 126 122 125 123 126 124 123 125 133 136 139 139 139 143 143 143 140 144 150 153 158 160 162

112 119 119 120 121 123 126 125 125 127 131 135 136 135 139 138 138 140 138 140 145 150 154 156 157

111 122 126 128 126 130 130 129 132 131 138 141 147 144 141 145 148 152 149 142 ISO 160 164 166 168

76 76 117 115 114 114 113 120 114 117 119 121 125 127 124 124 120 123 125 125 138 146 146 151 150

93 105 106 106 106 H I 108 108 111 110 116 121 122 122 123 125 124 123 125 123 133 140 143 ISO 148

102 113 119 118 118 118 119 120 120 120 126 130 132 133 133 134 133 135 134 134 141 148 151 154 154

4 S 2 2 2 2 3 2 2 3 3 3 3 3 3 3 4 4 3 3  3  3
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0

79

51

86

81

72

84

88

78

67

76

4

15

155

148

161

159

159

160

173

153

150

158

3

A CT HR (Ex2)

Time (min)

0.5 I 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14 14.5

107 114 1)2 113 114 112 115 11! 114 114 122 132 131 135 135 134 137 138 138 138 144 148 150 150 152 150 152 154 155

91 110 114 110 111 103 110 111 107 111 114 123 121 123 122 125 123 126 120 127 132 136 141 142 143 137 146 147 149

108 108 118 117 118 117 116 119 122 118 126 129 132 133 129 134 133 140 136 136 140 149 150 153 155 155 157 160 161

112 117 118 116 117 117 114 114 114 117 121 118 129 131 132 134 135 132 132 132 139 145 149 150 153 155 157 158 158

109 121 120 119 119 119 118 118 115 119 127 131 134 135 132 132 134 134 131 138 143 147 154 155 154 157 159 160 159

105 111 113 117 117 116 120 117 121 122 124 127 127 128 131 131 133 130 132 133 139 146 150 151 152 157 158 160 157

111 122 128 124 130 127 125 129 131 140 137 135 141 151 143 142 148 144 145 147 156 161 166 168 169 169 172 173 173

112 116 116 117 113 112 114 112 112 113 120 122 120 127 125 123 127 125 123 128 137 143 145 147 148 150 152 153 153

95 102 107 105 106 109 107 110 106 108 112 118 119 121 122 121 122 119 117 118 132 141 144 144 147 143 150 150 150

106 113 116 115 116 115 115 116 116 118 123 126 128 132 130 131 132 132 130 133 140 146 150 151 153 153 156 157 157

3 2 2 2 2 2 2 2 3 3 3 2 2 3 2 2 3 3 3 3



0

108

90

108

107

109

114

123

95

95

105

3

30

64

57

67

71

56

78

66

54

60

64

3

A p p en d ix  5.6: H e a r t  ra te  (b ea ts .m in  ')  d u r in g  th e  30 m in reco v ery  p e rio d  fo llow ing  E x l .

CW15 recoverv HR

Tim e (min)

1.5 3 3.5 4 5.5 6.5 8 9 10.5 11.5 13 14 15.5 16.5 18 19 20.5 21.5 23 24 25.5 26.5 28 29

84 78 81 77 79 71 72 74 69 72 72 67 70 71 71 66 69 69 71 75 69 65 67 72

62 63 58 59 59 63 61 65 65 63 61 60 59 58 60 58 59 57 56 60 58 60 58 59

87 80 79 82 79 76 73 73 76 77 76 72 70 72 69 69 70 66 67 67 66 64 64 62

99 94 96 94 94 87 87 85 83 80 81 81 77 78 77 77 77 73 73 68 70 73 70 65

90 87 82 84 75 73 76 74 74 69 70 71 70 70 71 73 60 62 66 66 61 60 53 58

103 93 95 96 92 88 87 86 88 86 88 91 88 88 90 85 85 85 90 83 83 83 88 82

100 94 93 96 92 83 87 85 79 86 79 72 72 75 78 68 78 67 72 72 73 68 76 70

77 70 67 68 62 68 68 68 67 65 62 69 61 65 71 65 57 67 60 61 54 58 50 52

79 72 74 70 69 69 69 67 66 65 63 64 71 70 60 63 58 58 61 57 58 56 60 55

87 81 81 81 78 75 76 75 74 74 72 72 71 72 72 69 68 67 68 68 66 65 65 64

4 4 4 4 4 3 3 3 3  3 3 3 3  3 3 3 3  3 3 3 3  3 4 3

3 1 7



0

99

83

116

116

105

114

121

116

105

108

4

30

52

60

69

80

59

84

70

73

56

67

4

CWTl recovery HR

Time (min)

1.5 3 3.5 4 5.5 6.5 8 9 10.5 11.5 13 14 15.5 16.5 18 19 20.5  21.5 23 24 25.5 26.5 28  29

90 96 73 77 91 69 76 76 85 65 77 64 73 66 74 58 75 57 67 60 76 56 79 62

66 75 67 63 74 62 70 57 72 66 73 63 76 65 72 55 77 61 70 58 71 51 65 66

114 98 86 84 95 99 110 86 95 87 91 77 87 80 82 76 87 74 80 69 82 70 72 67

106 110 102 103 108 91 105 94 93 88 94 86 87 83 87 78 100 78 76 77 90 76 92 78

92 91 83 81 97 85 81 65 85 82 83 71 92 76 75 56 55 68 72 52 78 70 79 56

111 106 100 95 92 104 101 91 101 103 99 91 98 98 92 81 86 96 101 79 96 95 84 76

102 108 100 95 100 94 98 82 98 87 95 88 100 82 93 78 93 81 86 77 78 78 87 69

107 113 102 93 102 85 97 78 89 81 92 75 91 80 93 72 98 78 85 68 86 72 87 70

92 92 78 75 82 79 85 70 90 72 79 64 78 71 80 63 85 69 70 62 72 70 70 61

98 99 88 85 93 85 91 78 90 81 87 75 87 78 83 69 84 74 79 67 81 71 79 67

5 4 5 4 3 5 5 4 3  4 3 4 3  3 3 4 5  4 4 3 3  4 3 2



0

118

75

111

117

111

114

125

104

95

108

5

30

69

56

71

76

67

88

84

66

65

71

3

TWI recovery HR

Time (min)

1.5 3 3.5 4 5.5 6.5 8 9 10.5 11.5 13 14 15.5 16.5 18 19 20.5 21.5 23 24 25.5 26.5 28 29

90 81 84 79 78 79 73 78 72 72 81 75 80 69 68 66 65 69 68 68 66 66 66 65

64 59 61 64 62 61 61 61 63 58 64 57 62 61 67 62 59 57 55 58 60 57 58 56

87 82 83 84 84 83 80 85 83 79 83 80 80 80 78 81 79 81 74 73 75 75 80 72

105 103 100 99 98 104 94 94 94 90 88 86 89 89 88 85 86 82 82 82 81 80 81 86

87 83 77 82 79 73 68 72 76 69 73 73 70 74 71 70 67 70 62 61 67 65 70 66

106 105 108 111 113 107 109 109 110 102 106 102 102 101 97 95 95 97 92 90 91 96 92 89

111 115 106 107 102 103 101 96 94 94 93 86 93 83 88 92 79 83 77 90 80 86 75 82

90 90 87 82 78 75 74 72 72 71 71 75 76 69 68 68 65 69 63 65 62 64 72 63

82 79 71 74 72 68 71 69 70 69 67 68 67 66 63 61 62 62 63 62 64 63 67 63

91 89 86 87 85 84 81 82 82 78 81 78 80 77 76 76 73 74 71 72 72 72 73 71

5 6 5 5 5 6 5 5 5  5 5 4 4  4 4 4 4  4 4 4 4  4 3 4

3 1 9



30

106

98

126

1 1 2

106

115

120

106

101

110

3

A C T  re c o v e r y  H R

T im e  ( m in )

1.5 3  3 .5  4  5 .5  6 .5  8  9  10 .5  11 .5  13 14 15 .5  1 6 .5  18 19 2 0 .5  2 1 .5  2 3  2 4  2 5 .5  2 6 .5  2 8  29

117 117 122 120 111 118 109 107 111 105 105 106 113 110 107 107 105 108 106 103 103 113 103 104

102 95 100 99 104 100 103 99 100 100 104 100 97 105 97 94 103 99 95 104 97 97 97 97

119 118 122 119 125 122 122 124 130 119 122 124 123 124 121 113 114 120 118 116 111 108 123 110

129 130 130 131 126 128 126 124 125 121 122 120 119 119 116 115 117 116 116 116 116 120 112 112

112 108 108 109 107 109 110 110 106 106 105 108 107 107 109 108 108 110 108 106 105 107 106 108

124 128 126 123 127 126 128 124 125 128 120 122 123 120 119 115 116 117 114 116 118 116 118 118

124 124 127 127 125 125 127 123 125 124 123 123 131 117 122 117 115 118 124 118 122 120 120 124

117 120 120 117 113 115 114 118 114 111 110 113 107 112 i l l  111 111 110 109 I I I  108 112 107 109

115 111 113 115 109 109 112 105 113 108 101 103 105 104 105 103 111 105 108 102 100 95 101 101

118  117  119  118  116  117  117  115  117  114  112  113  114  113  112 109  111 111 111 110  109  110  110  109

3 4 3 3 3 3 3 3  3  3 3 3  4  2 3 2  2  2 3 2  3  3 3 3



A ppend ix  5.7: ATc (°C) d u r in g  E x l re la tiv e  to  rest.

CW15 A T c(E x l) Time (min)

j Subject 2.5 5 7.5 10 12.5 15

1 0.0 0.0 0.0 0.1 0.1 0.1

2 0.0 0.0 0.3 0.4 0.5 0.5

3 0.0 0.1 0.2 0.6 0.9 1.2

4 0.2 0.2 0.3 0.3 0.5 0.6

5 0.0 0.1 0.2 0.2 0.5 0.7

6 0.0 0.1 0.2 0.3 0.4 0.4

7 0.0 0.0 0.1 0.1 0.2 0.3

8 0.0 0.0 0.1 0.1 0.2 0.2

9 0.1 0.2 0.3 0.4 0.4 0.5

Mean 0.0 0.1 0.2 0.3 0.4 0.5

SEM 0.0 0.0 0.0 0.1 0.1 0.1

CW Tl ATc (E x l) Time (min)

Subject 2.5 5 7.5 10 12.5 15

1 0.0 0.1 0.1 0.2 0.2 0.2

2 0.0 0.0 0.0 0.1 0.2 0.3

3 0.0 0.1 0.1 0.2 0.4 0.5

4 -0.1 -0.1 0.0 0.1 0.1 0.3

5 0.1 0.3 0.6 0.7 0.8 0.9

6 0.0 0.1 0.3 0.4 0.6 0.7

7 -0.1 0.0 0.0 0.1 0.1 0.2

8 -0.1 -0.1 -0.1 0.0 0.0 0.1

9 0.0 0.3 0.5 0.7 1.0 1.2

Mean 0.0 0.1 0.2 0.3 0.4 0.5

SEM 0.0 0.1 0.1 0.1 0.1 0.1
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TWI A T c (E x l ) Time (min)

Subject 2.5 5 7.5 10 12.5 15

1 - 0.1 0.0 0.0 0.1 0.1 0.2

2 0.0 0.0 0.1 0.1 0.1 0.2

3 - 0.1 0.0 0.1 0.1 0.2 0.2

4 0.0 0.1 0.1 0.2 0.3 0.3

5 0.0 0.1 0.1 0.2 0.3 0.5

6 0.2 0.2 0.3 0.4 0.5 0.6

7 0.2 0.3 0.4 0.5 0.7 0.8

8 0.0 0.1 0.1 0.1 0.2 0.3

9 0.0 0.1 0.1 0.3 0.4 0.5

Mean 0.0 0.1 0.1 0.2 0.3 0.4

SEM 0.0 0.0 0.0 0.1 0.1 0.1

ACT ATc (E xl) Time (min)

Subject 2.5 5 7.5 10 12.5 15

1 0.0 0.0 0.0 0,1 0.1 0,1

2 - 0.2 0.0 0.2 0.3 0.4 0.5

3 0.2 0.3 0.8 1.1 1.4 1.6

4 - 0.1 - 0.2 - 0.1 - 0.1 0.1 0.4

5 0.0 0.1 0.1 0.1 0.2 0.2

6 0.0 0.1 0.1 0.2 0.3 0.3

7 0.0 0.1 0.1 0.1 0.2 0.2

8 0.2 0.3 0.3 0.3 0.3 0.4

9 0.1 0.1 0.1 0.2 0.2 0.3

Mean 0.0 0.1 0.2 0.3 0.4 0.4

SEM 0.0 0.1 0.1 0.1 0.1 0.2
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Appendix 5.8: ATc (°C) during 30 min recovery relative to start recovery.

C W 15A T c(R ec) Time (min)

Subject 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30

1 -0.3 -0.4 -0.4 -0.5 -0.5 -0.5 -0.5 -0.5 -0.6 -0.6 -0.6 -0.6

2 -0.2 -0.3 -0.3 -0.4 -0.6 -0.6 -0.6 -0.7 -0.6 -0.6 -0.5 -0.5

3 0 -0.1 -0.5 -0.6 -0.9 -1.3 -1.3 -1.4 -1.4 -1.3 -1.3 -1.2

4 -0.3 -0.8 -1.3 -2.1 -2.4 -2.6 -2.8 -2.6 -2.4 -2.2 -1.9 -1.8

5 -0.1 -0.1 -0.2 -0.2 -0.1 -0.3 -0.3 -0.4 -0.4 -0.5 -0.5 -0.5

6 -0.4 -0.6 -0.7 -0.7 -0.7 -0.7 -0.6 -0.6 -0.6 -0.6 -0.6 -0.6

7 0.0 -0.4 -0.6 -0.7 -1.0 -1.0 -1.1 -1.1 -1.1 -1.1 -1.2 -1.3

8 -0.1 -0.1 -0.2 -0.1 -0.2 -0.2 -0.2 -0.2 -0.2 -0.3 -0.3 -0.4

9 -0.1 -0.4 -0.5 -0.7 -0.7 -0.7 -0.8 -0.9 -0.9 -0.9 -0.9 -1

Mean -0.2 -0.4 -0.5 -0.7 -0.8 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9

SEM 0.0 0.1 0.1 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.2 0.2

T

C W T l ATc (Rec) Time (min)

Subject 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30

1 -0.4 -0.9 -1.1 -1.2 -1.1 -1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.6

2 -0.2 -0.4 -0.6 -0.7 -0.9 -0.7 -0.8 -1.0 -0.9 -1.0 -1.1 -1.1

3 -0.4 -0.7 -0.9 -0.8 -0.9 -1.0 -0.9 -0.9 -1.0 -1.1 -1.1 -1.1

4 -0.1 -0.9 -0.5 -0.7 -0.8 -0.9 -1.1 -1.1 -1.2 -1.3 -1.3 -1.3

5 -1.2 -0.9 -1.3 -1.5 -1.6 -1.4 -1.2 -1.1 -1.0 -0.9 -1.0 -1.0

6 0.1 -0.4 -0.5 -0.4 -0.5 -0.6 -0.7 -0.8 -0.8 -0.8 -0.8 -0.8

7 -0.4 -0.6 -1.0 -1.1 -1.3 -1.0 -1.1 -1.2 -1.2 -1.3 -1.3 -1.4

8 -O.I -0.2 -0.3 -0.4 -0.6 -0.6 -0.7 -0.7 -0.8 -0.8 -0.8 -0.9

9 -0.2 -0.4 -0.6 -0.4 -0.5 -0.4 -0.4 -0.4 -0.3 -0.3 -0.4 -0.4

Mean -0.3 -0.6 -0.8 -0.8 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -1.0

SEM 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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TWI ATc (Rec) Time (min)

Subject 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30

1 - 0.2 - 0.3 - 0.5 - 0.5 - 0.6 - 0.6 - 0.7 - 0.7 - 0.7 - 0.7 - 0.7 - 0.8

2 - 0.2 - 0.4 - 0.5 - 0.6 - 0.6 -0.7 -0.7 - 0.8 - 0.9 - 0.9 - 0.9 - 0.9

3 - 0.4 - 0.7 - 0.8 - 0.9 - 0.9 - 0.9 - 0.9 - 0.9 - 1.0 - 1.1 - 1.2 - 1.2

4 - 0.2 - 0.4 - 0.6 -0.7 - 0.9 - 1.0 - 1.2 - 1.3 - 1.4 - 1.6 - 1.7 - 1.7

5 - 0.4 - 0.7 - 0.7 - 0.8 - 0.7 - 0.8 - 0,9 - 1.0 - 1.0 - 1.0 - 1.1 - 1.1

6 - 0.6 - 1.2 - 1.3 - 1.4 - 1.6 - 1.7 - 1.7 - 1.8 - 1.9 - 2.0 - 2.1 - 2.1

7 - 0.5 - 0.8 - 0.8 - 0.9 - 1.0 - 1.0 - 1.1 - 1.1 - 1.1 - 1.2 - 1.2 - 1.2

8 0.0 - 0.1 - 0.2 - 0.3 - 0.4 - 0.4 - 0.5 - 0.5 - 0.5 - 0.6 - 0.6 -0.7

9 - 0.2 - 0.2 - 0.3 - 0.3 - 0.5 - 0.5 - 0.5 - 0.7 - 0.7 - 0.7 - 0.8 - 0.8

Mean -0.3 -0.5 -0.6 -0.7 -0.8 -0.8 -0.9 -1.0 -1.0 -1.1 -1.1 -1.2

SEM 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2

ACT ATc (Rec) Tim e (min)

Subject 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30

1 - 0.2 - 0.5 - 0.6 - 0.8 - 0.8 - 0.8 - 0.9 - 0.9 - 0.9 - 0.8 - 0.9 - 0.9

2 - 0.1 - 0.1 - 0.1 - 0.2 - 0.3 - 0.3 - 0.3 - 0.3 - 0.3 - 0.3 - 0.3 - 0.3

3 - 0.1 - 0.3 - 0.2 - 0.2 - 0.3 - 0.3 - 0.3 - 0.4 - 0.4 - 0.3 - 0.4 - 0.4

4 - 0.3 - 0.5 - 0.7 - 0.7 - 0.7 - 0.7 - 0.8 - 0.8 - 0.8 - 0.8 - 0.8 - 0.8

5 - 0.2 - 0.3 - 0.3 - 0.2 - 0.4 - 0.5 - 0.3 - 0.3 - 0.4 - 0.4 - 0.4 - 0.4

6 - 0.1 - 0.3 - 0.3 - 0.3 - 0.4 - 0.5 - 0.5 - 0.5 - 0.5 - 0.6 - 0.5 - 0.6

7 0.0 - 0.1 - 0.2 - 0.3 - 0.4 - 0.4 - 0.4 - 0.5 - 0.5 - 0.6 - 0.5 - 0.5

8 - 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.1 - 0.1

9 - 0.1 - 0.2 - 0.2 - 0.3 - 0.4 - 0.5 - 0.5 - 0.5 - 0.4 - 0.6 - 0.6 - 0.7

Mean -0.1 -0.3 -0.3 -0.3 -0.4 -0.4 -0.4 -0.5 -0.5 -0.5 -0.5 -0.5

SEM 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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Appendix 5.9: Tc ‘afterdrop’ (°C) during Ex2 relative to end recovery Tc.

CW15 ATc(Ex2) Time (min)

Subject 0 2.5 5 7.5 10 12.5 15

1 - 1.2 - 1.8 - 2.0 - 2.1 - 1.9 - 1.1 - 0.4

2 - 0.6 - 1.0 - 0.7 - 0.5 - 0.4 - 0.2 0.0

3 - 0.3 - 0.5 - 0.6 - 0.6 - 0.3 - 0.1 - 0.3

4 - 0.5 - 1.0 - 1.1 - 0.8 - 0.6 - 0.2 0.1

5 - 0.8 - 1.3 - 1.5 - 1.3 - 1.1 - 1.0 - 0.7

6 - 0.4 - 0.5 - 0.5 - 0.6 - 0.7 - 0.7 - 0.7

7 - 0,3 - 0.4 - 0.5 - 0.2 - 0.1 0.0 0.1

8 - 0.3 - 0.4 - 0.5 - 0.3 - 0.2 - 0.2 0.0

9 - 0.2 - 0.4 - 0.5 - 0.6 - 0.5 - 0.5 - 0.4

Mean -0.5 -0.8 -0.9 -0.8 -0.6 -0.4 -0.3

SEM 0.1 0.2 0.2 0.2 0.2 0.1 0.1

CW Tl ATc (Ex2) Time (min)

Subject 0 2.5 5 7.5 10 12.5 15

1 0.0 - 0.2 - 0.4 - 0.4 - 0.4 - 0.3 - 0.2

2 0.0 - 0.1 0.3 0.4 0.6 0.6 0.8

3 0.0 0.0 0.1 0.2 0.4 0.7 0.9

4 0.0 0.0 0.1 0.2 0.3 0.3 0.4

5 - 0.1 - 0.1 - 0.1 0.0 0.0 - 0.2 - 0.2

6 - 0.1 - 0.2 - 0.2 - 0.2 - 0.2 - 0.1 0.0

7 - 0.1 0.0 - 0.1 0.0 0.3 0.3 0.3

8 - 0.1 - 0.2 - 0.1 - 0.1 0.0 0.0 0.1

9 0.0 0.0 0.0 0.1 0.2 0.3 0.4

Mean 0.0 -0.1 0.0 0.0 0.1 0.2 0.3

SEM 0.0 0.0 0.1 0.1 0.1 0.1 0.1
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T W I ATc( Ex 2) Time  (min)

Subject 0 2.5 5 7.5 10 12.5 15

1 - 0.3 - 0.4 - 0.4 - 0.3 - 0.3 - 0.2 - 0.1

2 - 0.1 0.0 0.0 0.0 0.3 0.4 0.5

3 0.0 0.0 0.1 0.1 0.2 0.4 0.6

4 - 0.2 - 0.1 0.0 0.0 0.1 0.2 0.4

5 0.1 0.0 0.0 0.1 0.2 0.3 0.3

6 0.2 0.1 0.0 0.1 0.2 0.3 0.4

7 - 0.3 - 0.3 - 0.3 - 0.2 - 0.2 - 0.1 0.0

8 0.0 - 0.1 0.0 0.1 0.2 0.3 0.4

9 - 0.3 - 0.1 0.0 0.0 0.2 0.3 0.5

Mean -0.1 -0.1 -0.1 0.0 0.1 0.2 0.3

SEM 0.1 0.1 0.1 0.0 0.1 0.1 0.1

ACT ATc (Ex2) Time (min)

Subject 0 2.5 5 7.5 10 12.5 15

1 0.1 0.1 0.2 0.3 0.3 0.4 0.5

2 0.1 - 0.2 - 0.3 - 0.3 - 0.3 - 0.3 - 0.2

3 - 0.3 - 0.2 - 0.1 - 0.3 - 0.3 - 0.1 - 0.1

4 - 0.1 - 0.1 0.0 0.0 0.0 0.1 0.1

5 - 0.1 - 0.1 0.0 0.1 0.1 0.1 0.1

6 - 0.1 0.0 0.0 0.0 0.0 0.0 0.1

7 - 0.1 - 0.1 0.0 0.0 0.0 0.1 0.1

8 - 0.2 - 0.2 - 0.2 -0.1 - 0.1 - 0.1 - 0.1

9 0.0 0.0 0.0 0.1 0.2 0.2 0.3

Mean -0.1 -0.1 0.0 0.0 0.0 0.0 0.1

SEM 0.0 0.0 0.0 0.1 0.1 0.1 0.1
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Appendix 6
Raw data for chapter 7
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Appendix 6.1: Peak power (W.kg '), mean power (W.kg ') and total work (kJ.kg ') for E xl.

Peak power (W.kg"‘)

Subject CW8 CW15 TWI ACT PAS

1 13.7 14.0 15.2 14.5 13.7

2 13.7 14.5 12.6 15.1 13.0

3 12.6 12.5 13.1 12.8 12.0

4 15.1 12.8 14.1 12.8 13.7

5 12.7 11.3 12.2 12.1 11.6

6 11.8 11.7 11.8 9.6 9.7

7 16.1 17.0 16.6 16.2 16.2

8 17.6 19.0 17.9 16.9 17.6

9 11.8 11.2 12.9 12.3 12.9

lU 12.5 13.0 12.3 12.5 13.5

Mean 13.8 13.7 13.9 13.5 13.4

SEM 0.6 0.8 0.6 0.7 0.7

Mean power (W.kg"')

Subject CW8 CW15 TWI ACT PAS

1 7.2 7.7 7.8 7.4 7.7

2 7.3 7.2 7.2 7.3 7.2

3 8.4 8.3 8.6 8.6 8.3

4 8.3 8.2 7,9 8.0 8.4

5 7.6 7.1 7.5 7.6 7.5

6 8.2 8.0 8.1 7.1 7.6

7 7.6 8.4 8.2 8.4 8.2

8 9.0 9.0 8.9 8.6 9.0

9 8.2 8.0 8.0 8.1 7.7

10 7.7 7.7 7.7 7.8 8.2

Mean 7.9 8.0 8.0 7.9 8.0

SEM 0.2 0.2 0.2 0.2 0.2
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Total work (kJ.kg'*)

Subject CW 8 CW 15 TWI ACT PAS

1 1.08 1.12 1.13 1.16 1.12

2 1.16 1.03 1.03 1.04 1.03

3 1.23 1.15 1.17 1.17 1.15

4 1.25 1.13 1.10 1.11 1.15

5 1.14 1.05 1.09 1.09 1.08

6 1.10 1.19 1,20 0.90 1.15

7 1.12 1.18 1.16 1.18 1.16

8 1.16 1.28 1.27 1.25 1.28

9 1.12 1.18 1.18 1.19 1.15

10 1.18 1.09 ].09 1.09 1.13

Mean 1.15 1.14 1.14 1.12 1.14

SEM 0.02 0.02 0.02 0.03 0.02

Appendix 6.2: Total work (kJ.kg ') and tim e to failure (min) for Ex2 (RIS protocol).

Total work (kJ.kg"')

Subject CW8 CW15 TWI ACT PAS

1 1.02 0.90 1.12 1.13 0.89

2 0.72 0,73 0,55 0.69 0.75

3 0.97 1.93 1.95 1.43 1.66

4 1.86 1,66 1,25 1.04 0.83

5 0.95 0.93 0.95 0.95 0.95

6 0.67 0.66 0,88 0.59 0.85

7 1.05 1.25 0.98 0.62 1.01

8 2,18 2,82 2,11 2.16 2.37

9 1.48 1.62 1.63 1.03 1.42

10 0,89 0,87 0,87 0.87 0.65

Mean 1.18 1.34 1.23 1.05 1.14

SEM 0.16 0.22 0.16 0.15 0.17
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Time to failure (min)

Subject CW8 CW15 TWI ACT PAS

1 4.7 4.0 5.0 5.0 4.0

2 3.9 3.9 3.0 3.7 4.0

3 4.0 8.0 8.0 5.9 6.9

4 8.9 8.0 5.9 5.0 4,0

5 5.0 5.0 5.0 5.0 5.0

6 3.0 3.0 4.0 2.8 4.0

7 5.0 6.0 4.8 5.0 4.9

8 4.0 4.0 4.0 4,0 3.0

9 10.0 11.9 8.9 8.9 10.0

10 6,0 6,7 6,9 4,0 6.0

Mean 5.4 6.0 5.5 4.9 5.2

SEM 0.7 0.9 0.6 0.5 0.6

Appendix 6.3: CO (L.min '), SV (mL)  and H R  (beats.min' ') during 30 min recovery.

CW8 Rest Post Exi Rec 5 Rec 15 Rec 25

Subject CO SV HR CO SV HR CO SV HR CO SV HR CO SV HR

1 8.5 121 70 12.0 125 96 11.4 120 95 10.5 122 86 9.3 116 80

2 6.1 94 65 11.5 105 109 10.8 104 104 9.0 95 95 8,9 99 90

3 6.7 82 81 11.2 104 107 10.1 111 91 8.8 98 90 7.0 91 76

4 8.0 157 51 14.2 139 102 12.1 136 89 11.5 150 77 10.2 154 66

5 7.4 111 66 15.7 136 116 13.0 118 110 10.9 112 97 8.1 96 85

6 6.7 124 54 12,4 110 113 11.8 123 96 11,1 131 85 9.5 123 77

7 7.4 108 68 14.5 124 117 15.3 150 102 11.9 135 88 11.8 139 85

8 6.6 109 60 14,4 135 107 12.5 129 97 10.5 133 79 9,8 129 76

9 8.5 121 70 14.0 144 97 13.3 141 94 10.6 121 87 10.6 136 78

Mean 7.3 114 65 13.3 125 107 12.3 126 98 10.5 122 87 9.5 120 79

SEM 0.3 7 3 0.5 5 3 0.5 5 2 0.3 6 2 0.5 7 2

330



HR

76

97

73

65

84

76

77

73

85

78

3

HR

85

86

91

84

86

74

85

81

94

85

2

Rest

SV HR

Post Exl

CO SV HR

Rec 5

CO SV HR

Rec 15

CO SV HR

Rec 25

CO SV

125 70

122 66 

117 70

138 54

117 70

145 44

139 65

109 63

126 71

12.2

15.4

11.6

12,9

12.2

13.1

16.1

14.1

11.2

113 108

146 106

129 90

142 91

112 109

118 111

143 98

105 107

154 104

11.7 127 92

13.4 112 120

10.1 121 84

11.2 140 80

11.9 124 96

11.3 129 88

16.6 134 94

12.6 128 92

11.8 172 97

10.3 122 85

10.6 112 95

8.5 97 88

10.5 140 75

10.7 122 88

10.9 135 81

13.0 134 82

11.0 122 86

10.5 143 91

9.8 129

9.5 98

7.2 99

9.3 143

9.1 108

10.3 135

11.2 137

10.6 138

10.1 132

126 64

4 3

13.2

0.6

129 103

6 3

12.3 132 94

0.6 6 4

10.7 125 86

0.4 5 2

9.7 124

0.4 6

Rest Post Ex I Rec 5 Rec 15 Rec 25

SV HR CO SV HR CO SV HR CO SV HR CO SV

126 69

90 70

105 70

125 52

74 70

126 51

127 66

144 66

123 66

13.5

11,8

12.1

12.4 

14.8

12.4 

13.7

11.4 

16.0

123

117

114

121

132

114

132

114

142

110

10 1

106

102

112

109

104

100

112

12.4

10.3 

11.6

11.3

9.8 

10.6 

13.9

11.8 

14.8

136 91

101 102

119 97

120 94

94 104

110 97

148 94

127 93

143 104

11.6 129 90

9.4 98 95

9.4 98 96

9.2 104 88

8.4 90 93

9.3 113 82

11.5 128 90

12.7 140 91

12.6 129 98

10.2

8.3

9.3 

9.2 

7.5

9.4 

12.1 

8.8 

11.6

120

97

102

1 1 0

87

127

142

109

123

116 64

7 3

13.1

0.5

123

3

106

2

11.8

0.5

122 97

6 2

10.5 114 91

0.5 6 2

9.6

0.5

113

6
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HR

125

142

128

123

119

139

116

132

120

127

3

HR

86

97

101

78

81

71

78

92

94

86

3

Rest Post Exl Rec 5 Rec 15 Rec 25

SV HR CO SV HR CO SV HR CO SV HR CO SV

122

77

88

116

73

109

160

150

109

69

77

69

51

68

57

69

65

63

13.7

13.4

11.8 

10.1 

15.7 

8.9 

18.1

13.4 

13.6

118 116 

112  120  

116 102 

119 85

143 110

92 97

174 104

117 114

125 109

17.2 

16.6 

18.0

16.4

17.2

15.8

18.8

16.4

19.5

141 122

120 138

140 129

139 118

133 129

117 135

160 117

117 140

152 128

16.9 135

15.4 107

16.9 131

15.8 127

16.9 141

15.5 121

18.8 159

16.1 117

17.9 147

125

144

129

124

120

129

118

138

122

16.4

15.9

16.5

15.9 

16.1

15.9 

17.4 

16.1

16.6

131

112

129

129

136

115

150

122

138

112

10

65

3

13.2

0.9

124 106

8 4

17.3

0.4

135 128

5 3

16.7 132

0.4 5

128

3

16.3

0.2

129

4

Rest

SV HR

Post Exl

CO SV HR

Rec 5

CO SV HR

Rec 15

CO SV HR

Rec 25

CO SV

159 60

112 60 

100 78

116 51

94 71

145 47

124 67

123 67

149 58

12.5 

12.8

11.4

13.2 

13.0

11.2 

15.8

10.6

13.5

111 113

109 118

103 111

139 95

122 106 

127 88

156 101

108 98

124 109

10.7 114 94

9.8 94 105

8.0 79 101

9.4 106 89

8.5 92 92

8.8 109 81

11.7 135 87

9.8 101 97

12.8 128 100

9.5 103 92 8.3 96

7.4 74 101 6.3 64

7.5 74 101 6.5 65

7.7 89 86 6.3 81

7.3 86 85 6.8 84

6.2 84 74 7.4 104

11.0 132 83 8.3 107

10.9 114 96 9.4 102

11.9 127 94 10.7 113

125 62

7 3

12.7

0.5

122 104

6 3

9.9 106 94

0.5 6 3

8.8 98 90

0.7 7 3

7.8

0.5

91

6
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Appendix 6.4: "/o change in CO, SV and H R during recovery, relative to rest.

ACO, ASV and AHR during CW8

Post-Exl Rec 5 Rec 15 Rec 25

Subject ACO ASV AHR ACO ASV AHR ACO ASV AHR ACO ASV AHR

1 41 3.3 37.1 34 -0.8 35.7 24 0.8 23.0 9 -4.1 14.5

2 89 11.7 67.7 77 10.6 60.0 48 1.1 46.2 46 5.3 38.5

3 67 26.8 32.1 51 35.4 12.3 31 19.5 11.1 4 11.0 -6.2

4 78 -11.5 100.0 51 -13.4 74.5 44 -4.5 51.0 28 -1.9 29.4

5 112 22.5 75.8 76 6.3 66.7 47 0.9 47.0 9 -13.5 28.8

6 85 -11.3 109.3 76 -0.8 77.8 66 5.6 57.4 42 -0.8 42.6

7 96 14.8 72.1 107 38.9 50.0 61 25.0 29.4 59 28.7 25.0

8 65 23.9 78.3 56 18.3 61.7 25 22.0 31.7 25 18.3 26.7

9 118 19.0 38.6 89 16.5 34.3 59 0.0 24.3 48 12.4 11.4

Mean 83 11.0 67.9 69 12.3 52.6 45 7.8 35.7 30 6.2 23.4

SEM 8 4.8 9.1 7 5.7 7.2 5 3.7 5.1 7 4.3 5.0

ACO, ASV and AHR during CW15

Post-Exl Rec 5 Rec 15 Rec 25

Subject ACO ASV AHR ACO ASV AHR ACO ASV AHR ACO ASV AHR

1 40 -9.6 54.3 34 1.6 31.4 18 -2.4 21.4 13 3.2 8.6

2 93 19.7 60.6 68 -8.2 81.8 33 -8.2 43.9 19 -19.7 47.0

3 41 10.3 28.6 23 3.4 20.0 4 -17.1 25.2 -12 -15.4 3.9

4 74 2.9 68.5 51 1.4 48.1 42 1.4 38.9 26 3.6 20.4

5 49 -4.3 55.7 45 6.0 37.1 30 4.3 25.7 11 -7.7 20.0

6 105 -18.6 152.3 77 -11.0 100.0 70 -6.9 84.1 61 -6.9 72.7

7 81 2.9 50.8 87 -3.6 44.6 46 -3.6 26.2 26 -1.4 18.5

8 57 -3.7 69.8 40 17.4 46.0 22 11.9 36.5 18 26.6 15.9

9 65 22.2 46.5 74 36.5 36.6 54 13.5 28.2 49 4.8 19.7

Mean 67 2.4 65.2 55 4.8 49.5 36 -0.8 36.7 23 -1.4 25.2

SEM 8 4.4 11.6 7 4.8 8.5 7 3.3 6.4 7 4.5 7.1
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ACO, ASV and AHR during TWI

Post-Exl Rec 5 Rec 15 Rec 25

Subject ACO ASV AHR ACO ASV AHR ACO ASV AHR ACO ASV AHR

1 55 - 2.4 59.4 43 7.9 31.9 33 2.4 30.4 17 - 4.8 23.2

2 87 30.0 44.3 63 12.2 45.7 49 8.9 35.7 32 7.8 22.9

3 66 8.6 51.4 59 13.3 38.6 29 - 6.7 37.1 27 - 2.9 30.0

4 91 - 3.2 96.2 74 - 4.0 80.8 42 - 16.8 69.2 42 - 12.0 61.5

5 185 78.4 60.0 88 27.0 48.6 62 21.6 32.9 44 17.6 22.9

6 94 - 9.5 113.7 66 - 12.7 90.2 45 - 10.3 60.8 47 0.8 45.1

7 63 3.9 57.6 65 16.5 42.4 37 0.8 36.4 44 11.8 28.8

8 20 - 20.8 51.5 24 - 11.8 40.9 34 - 2.8 37.9 -7 - 24.3 22.7

9 98 15.4 69.7 83 16.3 57.6 56 4.9 48.5 43 0.0 42.4

Mean 84 11.2 67.1 63 7.2 53.0 43 0.2 43.2 32 -0.7 33J

SEM 15 9.7 7.7 7 4.6 6.6 4 3.8 4.5 6 4.2 4.5

ACO, ASV and AHR during PAS

Post-Ex 1 Rec 5 Rec 15 Rec 25

Subject ACO ASV AHR ACO ASV AHR ACO ASV AHR ACO ASV AHR

1 32 - 30.2 88.3 13 - 28.3 56.7 0 - 35.2 53.3 -13 - 39.6 43.3

2 91 - 2.7 96.7 46 - 16.1 75.0 10 - 33.9 68.3 -6 - 42.9 61.7

3 46 3.0 42.3 3 - 21.0 29.5 -4 - 26.0 29.5 -17 - 35.0 29.5

4 124 19.8 86.3 59 - 8.6 74.5 31 - 23.3 68.6 7 - 30.2 52.9

5 94 29.8 49.3 27 - 2.1 29.6 9 - 8.5 19.7 1 - 10.6 14.1

6 65 - 12.4 87.2 29 - 24.8 72.3 -9 - 42.1 57.4 9 - 28.3 51.1

7 90 25.8 50.7 41 8.9 29.9 33 6.5 23.9 0 - 13.7 16.4

8 29 - 12.2 46.3 20 - 17.9 44.8 33 - 7.3 43.3 15 - 17.1 37.3

9 57 - 16.8 87.9 49 - 14.1 72.4 38 - 14.8 62.1 24 - 24.2 62.1

Mean 70 0.5 70.6 32 -13.8 53.8 16 -20.5 47.4 2 -26.8 40.9

SEM 11 6.9 7.5 6 3.9 6.9 6 5.2 6.3 4 3.8 6.0
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Appendix 6.5: MAP, Sys and Dia during 30 min recovery.

CW8 Rest Post Exl Rec 5 Rec 15 Rec 25

Subject MAP Sys Dia MAP Sys Dia MAP Sys Dia MAP Sys Dia MAP Sys Dia

1 91 122 76 98 143 75 86 125 66 83 114 68 98 121 86

2 89 126 71 94 151 66 89 138 65 91 132 70 92 112 82

3 109 130 99 93 150 65 85 129 63 75 122 51 86 113 72

4 91 131 71 124 186 93 102 145 80 99 145 76 99 139 79

5 114 145 98 113 190 74 111 168 83 107 157 82 107 151 85

6 90 126 72 86 122 68 91 133 70 94 135 74 94 141 71

7 82 123 62 93 143 68 78 124 55 83 126 61 85 131 62

8 104 151 81 96 109 90 101 139 82 89 130 69 91 122 76

Mean 96 132 79 100 149 75 93 138 71 90 133 69 94 129 77

SEM 4 4 5 4 10 4 4 5 4 4 5 3 3 5 3

CW15 Rest Post Exl Rec 5 Rec 15 Rec 25

Subject MAP Sys Dia MAP Sys Dia MAP Sys Dia MAP Sys Dia MAP Sys Dia

1 90 116 77 99 144 77 93 132 74 93 122 79 97 128 81

2 92 123 76 97 155 68 85 131 62 84 132 60 90 133 68

3 86 126 66 100 157 71 85 120 67 86 121 69 85 118 69

4 95 133 76 115 172 87 92 139 68 95 135 75 99 139 79

5 106 140 89 124 195 88 109 153 87 107 154 83 105 149 83

6 97 130 81 77 126 52 88 129 67 92 131 72 102 143 82

7 94 142 70 88 133 66 79 118 59 75 114 55 76 109 60

8 94 139 72 83 94 77 83 112 69 87 122 70 88 121 72

Mean 94 128 75 98 147 73 89 129 69 90 129 70 93 130 74

SEM 2 3 3 6 11 4 3 5 3 3 4 3 3 5 3
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TWI Rest Post Exl Rec 5 Rec 15 Rec 25

Subject MAP Sys Die MAP Sys Dia MAP Sys Dia MAP Sys Dia MAP Sys Dia

1 98 121 86 100 143 79 79 106 66 114 127 108 87 112 75

2 94 119 82 89 145 61 80 121 60 83 116 67 76 109 60

3 84 117 67 89 148 60 79 98 69 78 116 59 82 120 63

4 97 132 79 116 176 86 98 151 71 101 145 79 98 141 77

5 106 139 89 115 175 85 105 147 84 104 139 87 102 141 83

6 78 119 58 83 120 65 96 145 71 82 126 60 83 115 67

7 90 125 72 92 136 70 86 116 71 88 119 72 78 102 66

8 99 155 71 96 151 69 80 121 59 90 125 73 86 119 69

Mean 93 128 76 98 149 72 88 126 69 93 127 76 87 120 70

SEM 3 5 4 4 7 4 4 7 3 4 4 6 3 5 3

PAS Rest Post E xl Rec 5 Rec 15 Rec 25

Subject MAP Sys Dia MAP Sys Dia MAP Sys Dia MAP Sys Dia MAP Sys Dia

1 92 126 75 101 165 79 91 132 70 93 120 80 91 122 75

2 95 122 82 87 148 56 94 126 78 89 125 71 92 125 75

3 90 133 69 96 148 79 85 116 69 78 96 69 81 102 70

4 93 138 71 117 180 85 97 147 72 94 129 77 98 129 82

5 113 152 93 117 178 87 103 138 86 75 104 60 96 121 83

6 88 128 68 91 124 74 101 136 83 88 117 74 86 121 69

7 96 134 77 96 141 73 77 113 59 100 128 86 88 115 75

8 94 143 69 98 151 72 78 120 57 76 113 57 76 111 59

Mean 95 135 76 100 154 76 91 129 72 87 117 72 88 118 74

SEM 3 3 3 4 7 3 4 4 4 3 4 3 3 3 3
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Appendix 6.6: % changes in MAP, Sys and Dia relative to rest during 30 min recovery.

AMAP, ASys and ADia during CW8

P o st-E x l Rec 5 Rec 15 Rec 25

S u b jec t AMAP ASys ADia AMAP ASys ADia AMAP ASys ADia AMAP ASys ADia

1 7.3 17.2 -1.3 -5.9 2.5 -13.2 -8.4 -6.6 -10.5 7,3 -0.8 13.2

2 6.0 19.8 -7.0 0.4 9.5 -8.5 1.9 4.8 -1.4 3.4 -11.1 15.5

3 -14.4 15.4 -34.3 -22.0 -0.8 -36.4 -31.5 -6.2 -48.5 -21.4 -13.1 -27.3

4 36.3 42.0 31.0 11.7 10.7 12.7 8.8 10.7 7.0 8.8 6.1 11.3

5 -1.2 31.0 -24.5 -2.3 15.9 -15.3 -6.1 8.3 -16.3 -6.1 4.1 -13.3

6 -4.4 -3.2 -5.6 1.1 5.6 -2.8 4.8 7.1 2.8 4.8 11.9 -1.4

7 13.4 16.3 9.7 -4.9 0.8 -11.3 0.8 2.4 -1.6 3.7 6.5 0.0

8 -7.4 -27.8 11.1 -2.9 -7.9 1.2 -14.1 -13.9 -14.8 -12.2 -19.2 -6.2

M ean 4.5 13.8 -2.6 -3.T 4.5 -9.2 -5.5 0.8 -10.4 -1.5 -1.9 -1.0

SEM 5.5 7.5 7.3 3 3 2.7 5.0 4.6 3.1 6.2 3.8 3.9 5.2

AMAP, ASys and ADia during CW15

P ost-E x l Rec 5 Rec 15 Rec 25

S u b jec t AMAP ASys ADia AMAP ASys ADia AMAP ASys ADia AMAP ASys ADia

1 10.4 24.1 0.0 3.7 13.8 -3,9 3.7 5.2 2.6 7.4 10.3 5.2

2 5.4 26.0 -10.5 -7.6 6.5 -18.4 -8.7 7.3 -21.1 -2.5 8.1 -10.5

3 15.9 24.6 7.6 -1.6 -4.8 1,5 0.4 -4.0 4.5 -0.8 -6.3 4.5

4 21.4 29.3 14.5 -3.5 4.5 -10.5 0.0 1.5 -1.3 4.2 4.5 3.9

5 16.7 39.3 -1.1 2.8 9.3 -2.2 0.6 10.0 -6.7 -0.9 6.4 -6.7

6 -21.0 -3.1 -35.8 -9.6 -0.8 -17.3 -5.5 0.8 -11.1 5.5 10.0 1.2

7 -6.0 -6.3 -5.7 -16.3 -16,9 -15,7 -20.6 -19.7 -21.4 -18.8 -23.2 -14.3

8 -12.1 -32.4 6.9 -11.3 -19.4 -4.2 -7.1 -12.2 -2.8 -6.0 -12.9 0.0

M ean 3.8 12.7 -3.0 -5.4 -1.0 -8.8 -4.6 -1.4 -7.2 -1.5 -0.4 -2.1

SEM 5.4 8.5 5.5 2.5 4.3 2.7 2.7 3.6 3.5 2.9 4.4 2.6
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AMAP, ASys and ADia during TWI

P ost-E x l Rec 5 Rec 15 Rec 25

S ub jec t AMAP ASys ADia AMAP ASys ADia AMAP ASys ADia AMAP ASys ADia

1 2.4 18.2 -8.1 -19.0 -12.4 -23.3 16.7 5.0 25.6 -10.9 -7.4 -12.8

2 -5.3 21.8 -25.6 -14.5 1.7 -26.8 -11.3 -2.5 -18.3 -18.8 -8.4 -26.8

3 6.3 26.5 -10.4 -6.3 -16.2 3.0 -7.1 -0.9 -11.9 -2.4 2.6 -6.0

4 19.6 33.3 8.9 0.7 14.4 -10.1 4.1 9.8 0.0 1.4 6.8 -2.5

5 8.5 25.9 -4.5 -0.9 5.8 -5.6 -1.6 0.0 -2.2 -3.5 1.4 -6.7

6 6.8 0.8 12.1 22.6 21.8 22.4 5.1 5.9 3.4 6.4 -3.4 15.5

7 2.2 8.8 -2.8 -4.4 -7.2 -1.4 -2.6 -4.8 0.0 -13.3 -18.4 -8.3

8 -2.7 -2.6 -2.8 -19.5 -21.9 -16.9 -8.8 -19.4 2.8 -13.5 -23.2 -2.8

M ean 4.7 16.6 -4.2 -5.2 -1.8 -7.3 -0.7 -0.9 -0.1 -6.8 -6.3 -6.3

SEM 2.7 4.6 4.1 4.8 5.4 5.6 3.2 3.1 4.5 3.0 3.7 4.2

AMAP, ASys and ADia during PAS

P ost-E x l Rec 5 Rec 15 Rec 25

S ub jec t AMAP ASys ADia AMAP ASys ADia AMAP ASys ADia AMAP ASys ADia

1 9.8 31.0 5.3 -1.4 4.8 -6.7 1.4 -4.8 6.7 -1.4 -3.2 0.0

2 -8.8 21.3 -31.7 -1.1 3.3 -4.9 -6.3 2.5 -13.4 -3.5 2.5 -8.5

3 6.7 11.3 14.5 -5.9 -12.8 0.0 -13.3 -27.8 0.0 -10.4 -23.3 1.4

4 25.4 30.4 19.7 4.3 6.5 1.4 1.4 -6.5 8.5 5.0 -6.5 15.5

5 3.8 17.1 -6.5 -8.6 -9.2 -7.5 -33.9 -31.6 -35.5 -15.3 -20.4 -10.8

6 3.0 -3.1 8.8 14.4 6.3 22.1 0.4 -8.6 8.8 -1.9 -5.5 1.5

7 -0.3 5.2 -5.2 -19.8 -15.7 -23.4 4.2 -4.5 11.7 -8.0 -14.2 -2.6

8 4.6 5.6 4.3 -17.0 -16.1 -17.4 -19.5 -21.0 -17.4 -18.8 -22.4 -14.5

M ean 5.5 14.8 1.2 -4.4 -4.1 -4.5 -8.2 -12.8 -3.8 -6.8 -11.6 -2.2

SEM 3.4 4.4 5.6 3.9 3.6 4.8 4.7 4.4 5.9 2.8 3.5 3.3
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Appendix 6.7: TPR (dynes-s '•cm "'') during the 30 min recovery period.

TPR during CW8

Time (min)

Subject Rest Post-Exl Rec 5 Rec 15 Rec 25

1 860 651 601 635 840

2 1172 656 662 806 827

3 1305 667 673 679 979

4 910 699 672 689 776

5 1229 574 685 785 1057

6 1075 555 617 680 794

7 890 513 408 556 576

Mean 1063 616 617 690 836

SEM 68 26 37 32 58

TPR during CW15

Time (min)

Subject Rest Post-Exl Rec 5 Rec 15 Rec 25

1 828 651 638 725 789

2 920 504 507 634 755

3 839 687 671 813 948

4 1027 715 655 724 852

5 1034 811 733 798 923

6 1217 468 621 673 795

7 845 439 379 459 545

IMean 958 611 601 689 801

SEM 54 53 45 45 50
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Rec 25

685

736

705

855

1092

706

516

756

67

Rec 25

874

1164

993

1240

1125

933

851

1026

57

TPR during TW I

Time (min)

Rest

898

1198

917

1190

1626

979

857

1095

103

Post-Ex 1 

595 

603 

591 

748 

622 

538 

537 

605 

27

Rec 5 

512 

624 

543 

691 

857 

722 

495 

635 

50

Rec 15

637

709

664

878

994

705

610

742

53

TPR during PAS

Time (min)

Rest

775

1138

926

1266

1345

1035

925

1059

77

Post-Ex 1 

646

542

674

707

722

648

484

632

33

Rec 5

678

767

847

826

973

915

526

790

57

Rec 15 

786 

962 

832 

980 

818 

1140 

727 

892 

54
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Appendix 6.8: ATPR (%) relative to rest during the 30 min recovery period.

ATPR during CW8

Time (min)

Subject Post-Exl Rec 5 Rec 15 Rec 25

1 -24.3 -30.1 -26.2 -2.3

2 -44.0 -43.5 -31.2 -29.4

3 -48.9 -48.4 -48.0 -25.0

4 -23.2 -26.1 -24.3 -14.7

5 -53.3 -44.3 -36.1 -14.0

6 -48.4 -42.6 -36.8 -26.1

7 -42.3 -54.2 -37.6 -35.3

Mean -40.6 -41.3 -34.3 -21.0

SEM 4.6 3.7 3.0 4.2

ATPR during CW15

Time (min)

Subject Post-Exl Rec 5 Rec 15 Rec 25

1 -21.3 -22.9 -12.4 -4.7

2 -45.2 -44.8 -31.1 -17.9

3 -18.1 -20.1 -3.2 13.0

4 -30.4 -36.2 -29.5 -17.1

5 -21.6 -29.1 -22.9 -10.7

6 -61.5 -49.0 -44.7 -34.7

7 -48.1 -55.1 -45.6 -35.5

Mean -35.2 -36.8 -27.1 -15.4

SEM 6.3 5.1 5.9 6.4
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ATPR during TWI

Time (min)

Subject Post-Ex I Rec 5 Rec 15 Rec 25

1 -33.8 -43.0 -29.1 -23.7

2 -49.6 -47.9 -40.8 -38.6

3 -35.6 -40.8 -27.6 -23.1

4 -37.1 -41.9 -26.2 -28.1

5 -61.8 -47.3 -38.9 -32.9

6 -45.1 -26.2 -27.9 -27.8

7 -37.3 -42.2 -28.8 -39.8

Mean -42.9 - 41.3 -31.3 -30.6

SEM 3.8 2.7 2.2 2.5

ATPR during PAS

Time (min)

Subject Post-ExI Rec 5 Rec 15 Rec 25

1 -16.6 -12.5 1.4 12.8

2 -52.4 -32.6 -15.5 2.3

3 -27.2 -8.6 -10.2 7.2

4 -44.1 -34.8 -22.6 -2.0

5 -46.3 -27.7 -39.2 -16.3

6 -37.4 -11.6 10.1 -9.8

7 -49.1 -44.6 -23.5 -10.5

Mean -39.0 -24.6 -14.2 -2.3

SEM 4.9 5.2 6.2 4.0
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Appendix 6.9: HR (beats.min ') during initial phase o f recovery (first 120 s).

C W 8  H R  d u r in g  initial phase  o f  recovery 

T im e  (s)

10 20 30 40 50 60 70 80 90 100

123 119 118 117 114 111 108 106 105 105

118 116 113 112 114 113 112 108 107 105

115 116 111 108 104 104 100 92 87 86

123 114 105 104 101 98 95 97 99 100

127 122 118 117 117 114 112 113 114 112

140 125 115 105 111 99 106 101 108 106

126 122 118 111 111 112 114 113 111 110

140 133 131 125 124 123 121 120 118 118

116 111 n o  110 109 109 107 104 102 104

105 102 101 100 97 98 97 92 90 87

123 118 114 111 110 108 107 105 104 103
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0

114

113

112

106

115

137

119

138

114

107

118

4

120

100

105

95

84

101

101

104

113

98

92

99

2

C W 1 5  H R  d u r in g  initial phase  of recovery

Time (s)

10 20 30 40 50 60 70 80 90 100 110

116 112 107 103 104 101 101 99 102 100 97

109 110 106 105 104 104 105 105 104 105 105

111 109 106 103 100 101 99 99 98 95 93

111 100 88 91 91 85 84 85 84 82 85

118 113 106 103 100 102 103 104 103 100 107

139 128 119 109 106 103 102 106 110 107 104

112 107 100 102 102 103 100 103 104 104 103

138 136 129 123 123 121 120 118 116 116 113

106 103 98 97 99 93 94 97 98 100 99

106 101 99 97 95 95 94 95 93 94 94

117 112 106 103 102 101 100 101 101 100 100

4 4 4 3 3 3 3 3 3  3 3

0 /1/1



0

114

115

120

100

121

125

134

110

103

122

116

3

120

96

101

98

93

101

105

113

93

90

104

99

2

T W I H R  d u r in g  initial phase  o f  recovery

Time (s)

10 20 30 40 50 60

111 104 100 101 100 99

109 107 104 102 101 102

116 107 109 107 104 103

99 95 94 93 91 90

n o  106 105 106 103 105

119 106 104 101 99 104

132 126 123 122 126 123

107 102 97 96 96 96

103 99 96 92 94 91

120 115 111 109 110 108

113 107 104 103 102 102

3 3 3 3 J  3

70 80 90 100 110

98 98 99 99 95

100 102 99 100 103

103 101 99 101 101

90 90 91 91 93

107 104 104 102 100

100 100 97 100 106

120 117 119 116 114

98 93 95 94 93

88 88 91 91 88

106 106 106 105 102

101 100 100 100 100

3 3 3 2 2
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0

108

114

103

85

113

92

106

124

103

94

104

4

120

123

132

125

115

129

139

119

141

125

118

127

3

A C T  H R  d u r in g  initial phase  o f  recovery 

T im e  (s)

10 20 30 40 50 60 70 80 90 100

110 113 115 116 115 115 117 118 121 122

114 115 117 119 123 126 126 128 129 130

106 117 119 120 120 121 125 125 125 125

90 95 99 101 103 105 106 108 110 111

117 121 123 123 128 127 126 129 127 128

94 110 112 115 124 125 126 128 131 133

109 112 112 112 114 115 117 118 117 118

125 130 131 130 133 136 135 136 139 141

106 115 120 122 122 121 122 123 124 125

99 106 110 111 113 114 115 116 117 116

107 113 116 117 120 121 122 123 124 125

-I A C .



0

110

113

115

102

114

89

101

123

104

113

108

3

120

100

107

104

89

95

82

91

113

97

100

98

3

PAS HR during  initial phase of recovery

Tim e (s)

10 20 30 40 50 60 70 80 90 100 110

110 106 103 102 102 102 101 101 103 100 101

111 I I I  108 111 107 109 111 109 111 113 108

118 110 105 106 109 109 108 107 106 107 103

104 97 93 90 90 89 89 87 86 87 88

113 102 95 92 94 99 99 95 90 89 96

104 96 91 86 S7 87 85 83 86 89 82

100 99 94 92 90 93 92 92 91 89 91

120 118 117 116 115 116 116 113 112 114 115

106 103 101 99 99 102 99 98 97 97 98

109 103 108 107 105 106 105 101 101 102 101

n o  105 102 100 100 101 101 99 98 99 98
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Appendix 6.10: Tc (°C) during recovery and constant load cycle

CW8 Recovery Constant load cycle

Subject 0 5 10 15 20 25 30 35 40 45 50 55

1 37.6 37.7 37.5 37.4 37.2 37.1 37.0 36.8 36.1 36.2 36.4 36.9

2 37.7 37.9 37.8 37.5 37.4 37.1 37.0 36.9 36.4 36.7 37.0 37.1

3 37.4 37.4 37.3 37.2 37.1 36.9 36.7 36.0 35.8 35.9 36.4 36.9

4 37.7 37.8 37.7 37.5 37.3 37.0 36.8 36.4 36.1 36.3 36.5 36.8

5 37.9 38.1 38.0 37.9 37.8 37.8 37.7 37.6 37.4 37.5 37.7 37.8

6 37.4 37.3 37.3 37.1 37.0 36.9 36.8 36.1 35.9 35.9 36.3 36.7

7 38.2 38.4 38.3 38.1 37.9 37.6 37.5 37.2 37.0 37.1 37.3 37.7

8 37.6 37.6 37.4 37.1 36.8 36.6 36.4 35.3 35.2 35.3 35.6 36.2

9 37.4 37.3 37.3 37.2 37.0 36.8 36.8 36.5 36.5 36.6 36.8 37.2

10 37.5 37.5 37.4 37.4 37.3 37.2 37.2 36.9 36.7 36.7 36,9 37.1

Mean 37.6 37.7 37.6 37.4 37.3 37.1 37.0 36.6 36.3 36.4 36.7 37.0

SEM 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.1

CW15 Recovery Constant load cycle

Subject 0 5 10 15 20 25 30 35 40 45 50 55

1 37.6 37.7 37.5 37.4 37.2 37.1 37.0 36.8 36.6 36.7 37.0 37.4

2 37.8 37.9 37.7 37.6 37.4 37.3 37.2 37.3 37.2 37.4 37.6 37.7

3 37.3 37.5 37.4 37.4 37.3 37.2 37.0 36.5 36.3 36.5 36.9 37.2

4 37.5 37.6 37.5 37.5 37.4 37.3 37.2 37.0 36.7 36.9 37.0 37.1

5 38.1 38.2 38.1 38.1 38.0 37.9 37.9 37.8 37.5 37.6 37.7 37.8

6 37.5 37.5 37.4 37.0 36.7 36.5 36.4 36.2 36.1 36.3 36.6 36.9

7 38.4 38.4 38.3 38.1 38.0 37.9 37.8 37.4 37.4 37.5 37.7 38.0

8 37.6 37.7 37.6 37.5 37.4 37.2 37.2 36.8 36.6 36.4 36.5 36.9

9 37.6 37.6 37.5 37.4 37.3 37.2 37.0 36.6 36.6 36.7 36.9 37.1

10 37.9 37.9 37.9 37.8 37.6 37.5 37.4 37.3 37.1 37.2 37.3 37.4

Mean 37.7 37.8 37.7 37.6 37.4 37.3 37.2 37.0 36.8 36.9 37.1 37.4

SEM 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.1
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TWI Recovery Constant load cycle

Subject 0 5 10 15 20 25 30 35 40 45 50 55

1 37,5 37.6 37.4 37.3 37.3 37.2 37.1 37.1 37.2 37.5 37.8 38.1

2 38.0 38.1 38.0 37.9 37.9 37.8 37.8 37.8 37.9 38.1 38.3 38.4

3 37.5 37.4 37.3 37.3 37.2 37.2 37.2 37.2 37.4 37.7 37.7 37.7

4 37.5 37.5 37.5 37.4 37.3 37.2 37.2 37.2 37.3 37.6 37.7 37.8

5 38.1 38.2 38.2 38.2 38.2 38.1 38.1 37.9 37.9 38.0 38.1 38.1

6 37.3 37.3 37.3 37.3 37.3 37.3 37.3 37.1 37.2 37.3 37.5 37.6

7 37.7 37.8 37.9 37.9 37.8 37.7 37.7 37.7 37.7 37.8 37.9 38.0

8 37.8 37.9 37.7 37.6 37.5 37.4 37.3 37.4 37.6 37.9 38.0 38.0

9 37.4 37.5 37.4 37.4 37.3 37.2 37.0 37.2 37.4 37.6 37.7 37.7

10 37.4 37.4 37.3 37.3 37.2 37.2 37.2 36.9 37.0 37.3 37.5 37.8

Mean 37.6 37.7 37.6 37.6 37.5 37.4 37.4 37.4 37.5 37.7 37.8 37.9

SEM 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

ACT Recovery Constant load cycle

Subject 0 5 10 15 20 25 30 35 40 45 50 55

1 37.8 37.8 37,8 37,9 37.9 38.0 38.1 38,0 38.0 38.2 38,3 38.3

2 38.0 38.2 38.2 38.3 38.3 38.4 38.5 38.2 38.2 38.3 38.4 38.6

3 37.5 37.6 37.7 37,7 37.7 37.7 37.7 37.4 37.4 37.6 37.7 37,8

4 37.7 37.8 37.8 37.9 37.9 38.0 38.0 37.8 37.8 38.0 38.0 38.0

5 37.9 38.1 38.2 38.2 38.2 38.2 38.2 38.1 38.0 38.0 37.9 37.9

6 37.0 37.3 37.5 37.5 37.6 37.7 37.8 37.6 37.7 37.8 38.0 38.1

7 37.6 37.7 37.8 37.9 38.1 38.2 38,3 38.0 38,0 38,0 38.1 38.2

8 37.5 37.5 37.5 37.6 37.7 37.8 37.9 37.6 37.7 37.8 37.9 38.0

9 37.9 37.9 37.8 37,9 37.9 37.9 37,9 37.5 37,6 37.7 37.8 37.9

10 37.6 37.6 37.7 37,8 37.9 37.9 38,1 37.8 37.8 37.9 38.0 38.2

Mean 37.7 37.8 37.8 37.9 37.9 38.0 38.1 37.8 37.8 37.9 38.0 38.1

SEM 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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PAS Recovery Constant load cycle

Subject 0 5 10 15 20 25 30 35 40 45 50 55

1 37.3 37.3 37.3 37.2 37.1 37.0 37.0 36.8 36.9 37.4 37.6 37.8

2 37.3 37.3 37.3 37.2 37.2 37.2 37.2 37.2 37.3 37.4 37.5 37.7

3 37.4 37.5 37.5 37.4 37.4 37.4 37.4 37.3 37.4 37.6 37.8 37.9

4 37.7 37.7 37.6 37.5 37.5 37.4 37.4 37.4 37.5 37.6 37.7 37.8

5 37.9 37.9 37.9 37.8 37.7 37.6 37.6 37.5 37.5 37.6 37.7 37.8

6 37.5 37.5 37.5 37.4 37.3 37.3 37.2 37.0 37.1 37.3 37.4 37.4

7 38.3 38.3 38.2 38.1 38.0 37.9 37.9 37.8 37.9 38.0 38.1 38.2

8 37.6 37.4 37.3 37.1 37.0 37.0 36.9 36.9 37.0 37.3 37.5 37.6

9 37.8 37.7 37.7 37.6 37.5 37.4 37.3 37.3 37.3 37.4 37.6 37.8

10 37.5 37.5 37.5 37.4 37.3 37.3 37.2 37.1 37.2 37.3 37.5 37.8

Mean 37.6 37.6 37.6 37.5 37.4 37.4 37.3 37.2 37.3 37.5 37.6 37.8

SEM 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Appendix 6.11: ATc (°C) during the 20 min constant load cycling period.

CW8 ATc

Subject 0 2.5 5 7.5 10 12.5 15 17.5 20

1 -0.2 -0.6 -0.9 -1.0 -0.8 -0.6 -0.6 -0.5 -0.1

2 -0.1 -0.5 -0.6 -0.4 -0.3 -0.2 0.0 0.1 0.1

3 -0.7 -0.8 -0.9 -1.0 -0.8 -0.6 -0.3 -0.1 0.2

4 -0.4 -0.6 -0.7 -0.7 -0.5 -0.4 -0.3 -0.2 0.0

5 -0.1 -0.2 -0.3 -0.2 -0.2 -0.1 0.0 0.1 0.1

6 -0.7 -0.8 -0.9 -1.0 -0.9 -0.8 -0.5 -0.3 -0.1

7 -0.3 -0.4 -0.5 -0.5 -0.4 -0.3 -0.2 0.0 0.2

8 -1.1 -1.1 -1.2 -1.1 -1.1 -0.9 -0.8 -0.5 -0.2

9 -0.3 -0.3 -0.3 -0.3 -0.2 -0.1 0.0 0.2 0.4

10 -0.3 -0.4 -0.5 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

Mean -0.4 -0.6 -0.7 -0.7 -0.6 -0.4 -0.3 -0.1 0.1

SEM 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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CW15 ATc

Subject 0 2.5 5 7.5 10 12.5 15 17.5 20

1 -0.2 -0.3 -0.4 -0.5 -0.3 -0.1 0.0 0.2 0.4

2 0.1 0.0 0.0 0.1 0.2 0.4 0.4 0.5 0.5

3 -0.5 -0.6 -0.7 -0.6 -0.5 -0.2 -0.1 -0.1 0.2

4 -0.2 -0.4 -0.5 -0.5 -0.3 -0.2 -0.2 -0.1 -0.1

: 5 -0.1 -0.2 -0.4 -0.4 -0.3 -0.3 -0.2 -0.2 -0.1

6 -0.2 -0.3 -0.3 -0.2 -0.1 0.1 0.2 0.3 0.5

7 -0.4 -0.4 -0.4 -0.4 -0.3 -0.2 -0.1 0.1 0.2

8 -0.4 -0.5 -0.6 -0.7 -0.8 -0.7 -0.7 -0.5 -0.3

9 -0.4 -0.5 -0.4 -0.4 -0.3 -0.2 -0.1 0.0 0.1

10 -0.1 -0.3 -0.3 -0.2 -0.2 -0.1 -0.1 0.0 0.0

Mean -0.2 -0.3 -0.4 -0.4 -0.3 -0.2 -0.1 0.0 0.1

SEM 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

TWI ATc

Subject 0 2.5 5 7.5 10 12.5 15 17.5 20

1 0.0 0.0 0.1 0.3 0.4 0.6 0.7 0.8 1.0

2 0.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.6

3 0.0 0.1 0.2 0.3 0.5 0.6 0.5 0.5 0.5

4 0.0 0.0 0.1 0.3 0.4 0.4 0.5 0.6 0.6

5 -0.2 -0.2 -0.2 -0.1 -0.1 0.0 0.0 0.0 0.0

6 -0.2 -0.1 -0.1 -0.1 0.0 0.1 0.2 0.2 0.3

7 0.0 0.0 0.0 0.1 0.1 0.2 0.2 0.2 0.3

8 0.1 0.2 0.3 0.5 0.6 0.7 0.7 0.7 0.7

9 0.0 0.1 0.2 0.3 0.4 0.4 0.5 0.5 0.5

10 -0.1 -0.1 0.0 0.1 0.3 0.4 0.5 0.7 0.8

Mean 0.0 0.0 0.1 0.2 0.3 0.4 0.4 0.5 0.5

SEM 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1

351



ACT ATc

Subject 0 2.5 5 7.5 10 12.5 15 17.5 20

1 -0.1 -0.2 -0.1 0.0 0.1 0.1 0.2 0.2 0.2

2 -0,3 -0.3 -0.3 -0.3 -0.2 -0.2 -0.1 0.0 0.1

3 -0.3 -0.3 -0.3 -0.2 -0.1 -0.1 0.0 0.0 0.1

4 -0.2 -0.2 -0.2 -0.1 0.0 0.0 0.0 0.0 0.0

5 -0.1 -0.2 -0.2 -0.2 -0.2 -0.2 -0.3 -0.3 -0.3

6 -0.2 -0.1 -0.1 0.0 0.0 0.1 0.2 0.2 0.3

7 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.2 -0.2 -0.1

8 -0.3 -0.3 -0.2 -0.2 -0.1 0.0 0.0 0.1 0.1

9 -0.4 -0.4 -0.3 -0.2 -0.2 -0.1 -0.1 0.0 0.0

10 -0.3 -0.3 -0.3 -0.2 -0.2 -0.1 -0.1 0.0 0.1

Mean -0.3 -0.3 -0.2 -0.2 -0.1 -0.1 0.0 0.0 0.1

SEM 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1

PAS ATc

Subject 0 2.5 5 7.5 10 12.5 15 17.5 20

1 -0.2 -0.2 -0.1 0.3 0.4 0.5 0.6 0.7 0.8

2 0.0 0.0 0.1 0.1 0.2 0.3 0.3 0.4 0.5

3 -0.1 -0.1 0.0 0.1 0.2 0.3 0.4 0.4 0.5

4 0.0 0.0 0.1 0.1 0.2 0.3 0.3 0.4 0.4

5 -0.1 -0.1 -0.1 -0.1 0.0 0.1 0.1 0.2 0.2

6 -0.2 -0.1 -O.I 0.0 0.1 0.2 0.2 0.2 0.2

7 -0.1 -0.1 0.0 0.0 0.1 0.2 0.2 0.3 0.3

8 0.0 0.0 0.1 0.3 0.4 0.5 0.6 0.6 0.7

9 0.0 0.0 0.0 0.1 0.1 0.2 0.3 0.4 0.5

10 -0.1 -0.1 0.0 0.0 0.1 0.2 0.3 0.5 0.6

Mean -0.1 -0.1 0.0 0.1 0.2 0.3 0.3 0.4 0.5

SEM 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1
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Appendix 6.12: Heart rate (beats.min ') during 20 min constant load cycle.

CW8 HR during constant load cycle

Subject 0 5 10 15 20

1 83 115 119 127 129

2 87 129 139 140 145

3 77 107 114 125 127

4 66 100 105 110 123

5 80 119 129 129 140

6 63 120 136 143 145

7 74 111 118 117 118

8 91 118 119 123 131

9 67 114 118 126 127

Id 62 114 122 131 144

Mean 75 115 122 127 133

SEVI 3 2 3 3 3

CW15 HR during constant load cycle

Subject 0 5 10 15 20

1 85 121 128 132 133

2 88 130 140 141 147

3 103 122 129 133 133

4 68 102 114 115 116

5 99 121 129 134 135

6 65 122 138 145 147

7 82 111 112 117 123

8 67 109 113 117 117

9 66 114 124 129 136

1(1 85 114 115 120 126

Metn 81 117 124 128 131

SEM 4 3 3 3 3
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TWI HR during constant load cycle

Subject 0 5 10 15 20

1 86 123 131 134 135

2 97 135 144 149 148

3 90 132 139 143 137

4 95 131 133 136 132

5 94 132 128 132 135

6 78 152 160 169 165

7 92 121 125 122 124

8 93 147 147 153 149

9 82 125 121 121 122

10 98 128 129 136 140

M ean 91 133 136 140 139

SEM 2 3 4 5 4

A CT HR d u ring  constant load cycle

Subject 0 5 10 15 20

1 101 134 134 137 137

2 99 152 151 153 157

3 84 132 138 142 146

4 83 126 129 129 142

5 85 122 122 128 128

6 84 154 154 161 158

7 93 121 123 119 124

8 90 124 123 129 131

9 88 119 120 122 124

10 98 137 139 147 151

M ean 91 132 133 137 140

SEM 2 4 4 4 4
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PAS HR during constant load cycle

Sibject 0 5 10 15 20

1 88 126 130 132 130

2 91 137 145 147 150

3 97 139 144 145 147

4 81 133 139 136 135

5 83 133 126 128 133

6 86 136 135 140 140

7 87 118 117 125 124

8 85 137 144 143 147

9 82 120 121 124 125

10 92 128 123 130 136

Mean 87 131 132 135 137

SEM 2 2 3 3 3

Appendix 6.13: BLa (mmol.L ') during 30 min recovery and 20 min constant load cycle.

CW SBLa

Recovery Constant load cycle

Subject 0 5 15 25 35 45 55

1 11.6 10.0 7.4 6.6 4.4 4.1 3.1

2 9.9 8.8 7.6 6.5 4.6 3.9 3.5

3 7.9 6.3 4.5 3.2 2.7 2.1 1.5

4 9.7 8.9 6.7 5.2 5.3 4.6 2.4

5 8.0 7.9 6.3 5.8 5.9 4.0 2.4

6 10.2 10.0 9.1 5.9 5.0 4.1 2.3

7 14.5 14.2 13.1 10.7 8.8 8.1 5.3

8 12.4 12.0 11.0 10.9 6.8 6.5 5.3

9 10.8 10.6 9.2 8.6 6.4 5.1 2.8

10 9.6 8.3 7.0 5.5 4.3 3.8 1.9

Mean 10.5 9.7 8.2 6.9 5.4 4.6 3.1

SEM 0.6 0.7 0.8 0.8 0.5 0.5 0.4
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CW15 BLa

Recovery Constant load cycle

Subject 0 5 15 25 35 45 55

1 9.4 8,4 6,6 5.7 4.5 3,3 2,6

2 10.2 9,4 7.4 5.3 4.2 3.6 2.2

3 7.4 6,3 4.7 4.5 2,4 2.2 1.3

4 9.1 7.7 5.9 5.1 4,3 2.6 1.3

5 8.9 7.4 5,9 5.1 4.2 2.4 1.7

6 10.5 10.1 8.6 5.2 4.9 4.4 1.9

7 13.3 12,5 8,9 7.4 8,7 4.3 2.6

8 10.8 9.2 8.4 6.9 5,6 3.8 3.0

9 11.9 10.7 9,0 8.6 7.4 4.1 2,6

10 9.2 7.1 6,2 4.7 3.6 2.5 1.3

Mean lO.I 8.9 7.2 5.8 5.0 3.3 2.0

SEM 0.5 0.6 0.5 0.4 0.6 0.3 0.2

TWI BLa

Recovery Constant load cycle

Subject 0 5 15 25 35 45 55

1 1).4 10.4 8,3 5.4 4.0 3.2 2.7

2 11.4 9.8 8.8 6.8 5.3 5,2 4.6

3 8.8 8.6 5,8 3,8 1.9 2.0 1.3

4 9.8 7.7 7.0 5.9 4.5 2.5 2.2

5 8.2 7,9 5.8 3,9 2.7 2.4 2.2

6 9.2 9.5 6.2 6.7 3.6 3.1 2.7

7 10,0 8.5 6,8 5,7 2,9 3.2 2.9

8 11.4 9.9 6.5 4.8 2.7 3.5 4.1

9 9.9 7,6 5,5 3,9 2.2 1.0 0.7

10 10.4 10.3 8.5 7.0 5.0 3.2 2.5

Mean 10.1 9.0 6.9 5.4 3.5 2.9 2.6

SEM 0.4 0.3 0.4 0.4 0.4 0.3 0.4

356



ACT BLa

Recovery Constant load cycle

Subject 0 5 15 25 35 45 55

1 11.9 9.3 4.3 2.6 2.4 2.3 1.9

2 11.5 10.6 6.8 4.4 3.8 3.9 3.8

3 8.5 5.7 3.7 1.8 1.1 1.1 1.2

4 9.5 6.0 3.3 2.2 2.4 2.4 1.2

5 8.2 7.3 3.8 2.3 1.8 1.6 1.4

6 8.9 5.7 2.5 1.6 1.0 1.6 1.7

7 12.8 9.5 4.9 2.6 1.9 4.1 3.8

8 13.0 11.4 6,8 5,0 3.6 3.5 3.6

9 13.0 10.2 6.1 3.2 2.1 1.8 1.7

10 8.0 3.5 2.4 0.9 1.2 0.7 1.3

Mean 10.5 7.9 4.5 2.7 2.1 2.3 2.2

SEM 0.7 0.8 0.5 0.4 0.3 0.4 0.3

PAS BLa

Recovery Constant load cycle

Subject 0 5 15 25 35 45 55

1 11.7 10.2 7.9 5.3 4.9 3.0 2.1

2 12.8 11.5 9.1 7.4 5.8 4.5 3.8

3 8.0 6.5 5.2 3.3 2.3 2.2 2.2

4 10.9 9.6 7.9 4.8 2.9 2.8 2.4

5 8.8 7.2 5.2 4.9 2.9 2.6 1.7

6 8.1 6.7 3.7 2.4 2.9 2.3 1.7

7 10.0 9.1 7.7 4.4 2.1 2.4 2.8

8 13.1 12.3 9.7 6.6 5.1 4.6 5.2

9 9.8 8.0 5.8 3.8 2.5 1.2 1.5

10 10.9 11.4 9.3 8.4 7.5 4.5 3,0

Mean 10.4 9.2 7.2 5.1 3.9 3.0 2.6

SEM 0.6 0.7 0.6 0.6 0.6 0.4 0.4
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Appendix 7
Raw data for chapter 8
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A ppendix 7.1: A verage m ean pow er (W .kg ') , peak  pow er (W .kg ') and  to ta l w o rk  (k J .k g  ') 
fo r Exl and  Ex2.

C W 15-E X  p erfo rm an ce

Peak power Mean power Total work

Subject Exl Ex2 Exl Ex2 Exl Ex2

1 12.3 10.9 7.8 7.4 1.13 1.07

2 13.0 12.2 7.8 7.5 1.13 1.10

3 11.2 10.7 6.8 6.8 1.08 1.07

4 16.7 15.5 8.3 7.9 1.29 1.25

5 15.6 13.5 8.3 7.7 1.16 1.11

6 13.9 13.1 8.5 8.2 1.30 1.28

7 13.2 11.3 8.8 7.8 1.33 1.23

8 12.2 12.0 8.3 8,2 1,17 1.17

Mean 13.5 12.4 8.1 7.7 1.20 1.16

SEM 0.6 0.6 0.2 0.2 0.03 0.03

T W I-E X  p erfo rm an ce

Peak power Mean power Total work

Subject Exl Ex2 Exl Ex2 Exl Ex2

1 13.3 12.6 8.1 7.8 1.16 1.14

2 12.4 11,6 7.8 7.5 1.13 1.10

3 12.1 12.5 7.1 7.1 1.10 1.09

4 14,4 14.3 8.0 8.2 1.24 1.27

5 13.9 14.2 8.0 8.0 1.14 1.14

6 14.0 14.8 8.5 8.5 1.29 1,29

7 12.2 12.1 8.5 8.4 1.30 1.29

8 12,7 13.3 8.3 8.3 1,17 1.17

Mean 13.1 13.2 8.0 8.0 1.19 1.19

SEM 0.3 0.4 0.2 0.2 0.03 0.03
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CON-EX performance

Peak pow er M ean pow er Total w ork

Subject Exl Ex2 Exl Ex2 Exl Ex2

1 12.8 12.2 7.8 7.8 1.13 1.13

2 12.5 11.8 7.6 7.5 1.12 1.10

3 12.4 11.3 6.9 6.9 1.09 1.08

4 15.1 14.6 8.0 8.0 1.25 1.25

5 15.3 13.9 7.9 8.0 1.13 1.13

6 14.8 14.6 8.7 8.8 1.31 1.32

7 12,2 11.1 8.2 7.8 1.28 1.24

8 12.9 12.4 8.4 8.2 1.18 1.16

Mean 13.5 12.7 8.0 7.9 1.19 1.18

SEM 0.5 0.5 0.2 0.2 0.03 0.03

C W 1 5  p e rfo rm a n c e

Peak pow er M ean pow er Total w ork

Subject Exl Ex2 Exl Ex2 Exl Ex2

1 13.0 11.3 8.0 7.2 1.16 1.08

2 12.8 12.1 7.7 7.5 1.12 1.10

3 11.8 11.8 6.8 6.6 1.07 1.06

4 15.7 14.5 7,8 7.3 1.23 1.18

5 13.9 12.5 7.9 7.4 1.14 1.09

6 15.4 14.0 8,4 7.9 1.29 1.24

7 12.2 10.9 8.8 7.0 1.32 1.15

8 12.5 11.9 7.9 7.3 1.14 1.08

M ean 13.4 12.4 7.9 7.3 1.18 1.12

SEM 0.5 0.4 0.2 0.1 0.03 0.02
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Appendix 7.2: Mean power (W .kg ') for each 30 s W ingate test during E xl and Ex2.

CW 15-EX mean power

Sabject WGl WG2 WG3 WG4 WGS WG6

1 8.2 7.9 7.3 7.9 7.1 7.2

2 8.4 7.7 7.4 7.5 7.8 7.3

3 8.0 6.9 5.5 7.2 6.9 6.4

4 8.7 8.2 8.1 8.3 7.6 7.7

5 8.4 8.5 7.9 7.6 7.8 7.7

6 9.3 8.2 7.9 8.4 8.5 7.8

7 9.3 8.7 8.4 7.6 7.9 7.9

8 8.5 8.3 8.2 8.1 8.2 8.4

Mean 8.6 8.1 7.6 7.8 7.7 7.6

SEM 0.2 0.2 0.3 0.1 0.2 0.2

T W l-E X  mean power

Sabject WGl WG2 WG3 WG4 WGS WG6

1 8.7 8.2 7.3 8.1 7.9 7.4

2 8.3 7.9 7.2 7.6 7.6 7.2

3 7.9 6.9 6.5 7.4 7.1 6.7

4 8.7 7.9 7.5 8.7 8.2 7.7

5 8.2 8.1 7.7 8.4 7.9 7.6

6 9.1 8.5 7.8 8.9 8.5 8.0

7 9.0 8.6 8.0 8.2 8.3 8.6

8 8.5 8.3 8.0 8.2 8.5 8.1

Mean 8.6 8.1 7.5 8.2 8.0 7.7

SEM 0.1 0.2 0.2 0.2 0.2 0.2
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CON-EX mean power

Subject WGl WG2 WG3 WG4 WG5 WG6

1 8.4 7.8 7.3 8.1 7.9 7.4

2 8.0 7.7 7.2 7.6 7.4 7.4

3 8.2 6.6 6.0 7.8 6.5 6.3

4 8.5 7.9 7.7 8.3 7.6 8.2

5 8.2 7.9 7.6 8.1 7.8 8.0

6 9.2 8.8 8.0 9.2 8.9 8.4

7 8.5 8.4 7.8 8.0 7.8 7.6

8 8.5 8.3 8.4 8.3 8.2 8.0

Mean 8.4 7.9 7.5 8.2 7.8 7.7

SEM 0.1 0.2 0.3 0.2 0.2 0.2

CW 15 mean power

Subject W Gl WG2 WG3 WG4 WG5 WG6

1 8.6 8.0 7.3 7.4 7.3 6.9

2 8.2 7.7 7.2 7.2 7.5 7.7

3 7.3 6.5 6.5 6.9 6.6 6.3

4 8.5 7.5 7.3 7.3 7.1 7.4

5 8.4 7.9 7.4 7.3 7.6 7.2

6 8.9 8.3 8.1 8.4 7.8 7.5

7 9.4 8.7 8.3 6.6 7.1 7.2

8 8.1 7.8 7.9 7.2 7.3 7.4

Mean 8.4 7.8 7.5 7.3 7.3 7.2

SEM 0.2 0.2 0.2 0.2 0.1 0.2
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Appendix 7.3: Peak power (W .kg ‘) for each 30 s W ingate test during E xl and Ex2.

CW 15-EX peak power

Subject WGl W Gl WG3 WG4 WG5 WG6

1 12.7 12.2 11.9 9.9 11.4 11.5

2 13.8 12.8 12.4 12.1 12.7 11.9

3 12.2 11.5 9.8 11.0 10.5 10.6

4 16.2 17.7 16.1 15.9 15.5 15.1

5 15.3 16.0 15.4 12.3 14.4 13.7

6 14.7 14.0 13.1 12.2 14.2 12.8

7 14.1 12.8 12.6 10.4 11.6 11,8

8 13.5 11.9 11.2 11.3 11.9 12.8

Mean 14.1 13.6 12.8 11.9 12.8 12.5

SEM 0.5 0.8 0.7 0.7 0.6 0.5

TW I-EX peak power

Subject WGl WG2 WG3 WG4 WG5 WG6

1 13.9 13.8 12.3 12.4 13.0 12.3

2 12.5 12.4 12.4 12.0 11.5 11.3

3 12.9 12.5 11.0 12.1 12.4 12.9

4 15.2 14.4 13.6 13.8 15.2 13.8

5 13.9 14.2 13.7 13.9 14.7 14.1

6 14.9 14.5 12.5 13.8 15.9 14.7

7 14.0 11.7 11,0 11.3 12.2 12.8

8 12.6 12.6 12.9 12.3 14.1 13.6

Mean 13.7 13.3 12.4 12.7 13.6 13.2

SEM 0.4 0.4 0.4 0.4 0.6 0.4
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CON-EX peak power

Subject WGI WG2 WG3 WG4 WG5 WG6

1 13.5 12.8 12.0 11.9 12.6 12.1

2 13.9 12.1 11.5 12.5 11.3 11.5

3 14.4 12.0 10.9 11.9 10.7 11.3

4 14.3 15.9 15.2 14.0 14.7 15.0

5 14.9 15.2 15.7 13.0 14.0 14.8

6 14.4 14.5 15.4 14.7 15.6 13.4

7 12.8 12.1 11.8 11,6 11.4 10.4

8 11.5 13.7 13.6 11.8 12.9 12.4

Mean 13.7 13.5 13.3 12.7 12.9 12.6

SEM 0.4 0.5 0.7 0.4 0.6 0.6

CW 15 peak power

Subject WGI WG2 WG3 WG4 WG5 WG6

1 13.1 13.1 12.8 10.6 11.5 11.9

2 13.3 12.6 12.4 11.9 12.0 12.4

3 12.3 11.8 11.4 11.3 12.3 11.7

4 16.4 15.2 15.4 13.3 14.0 16.3

5 13.2 14.5 14.0 11.8 12.6 13.1

6 15.8 16.8 13.5 13.7 13.6 14.8

7 13.4 12.2 11.1 10.6 10.9 11.3

8 12.1 12.8 12.7 11.3 11.9 12.5

Mean 13.7 13.6 12.9 11.8 12.4 13.0

SEM 0.6 0.6 0.5 0.4 0.4 0.6
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Appendix 7.4: BLa (%) during 30 min recovery period.

CW 15-EX BLa (%)

Subject 0 5 10 15 20 25 30

1 100 79 71 59 52 41 34

2 100 83 78 68 57 49 44

3 100 80 73 61 54 45 41

4 100 83 71 67 49 48 34

5 100 88 75 66 57 47 38

6 100 88 79 73 61 56 45

7 100 91 73 67 53 39 38

8 100 87 73 63 56 47 37

Mean 100 85 74 66 55 46 39

SEM 0 2 1 2 1 2 1

TWI-EX BLa (%)

Subject 0 5 10 15 20 25 30

1 100 93 90 86 75 57 55

2 100 97 92 80 64 58 56

3 100 85 76 66 62 55 49

4 100 83 73 59 51 46 41

5 100 82 71 53 54 43 37

6 100 98 90 75 60 55 53

7 100 94 77 66 57 49 36

8 100 82 70 60 49 38 34

Mean 100 89 80 68 59 50 45

SEM 0 2 3 4 3 3 3
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C O N -E X  B La (% )

Subject 0 5 10 15 20 25 30

1 100 91 82 71 62 52 47

2 100 89 76 70 64 50 45

3 100 92 82 73 65 54 43

4 100 79 66 64 50 38 39

5 100 76 64 50 43 35 30

6 100 81 83 69 61 51 41

7 100 80 65 49 41 37 33

8 100 83 74 62 51 41 34

Mean 100 84 74 63 55 45 39

SEM 0 2 3 3 3 3 2

C W 15 B L a (% )

Subject 0 5 10 15 20 25 30

1 100 90 85 76 65 65 59

2 100 95 88 76 66 60 53

3 100 91 79 71 63 54 51

4 100 87 89 72 73 62 56

5 100 100 98 69 68 61 62

6 100 87 72 70 64 62 56

7 100 89 80 71 67 63 59

8 100 94 84 80 76 71 66

Mean 100 91 84 73 68 62 58

SEM 0 2 3 1 2 2 2
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A ppendix 7.5: BLa (m m ol.L '') following each  30 s W ingate test d u rin g  E x l and  Ex2.

C W 15-E X  B La

Subject Start Exl W Gl WG2 WG3 Start Ex2 WG4 WG5 WG6

1 1.0 1.5 4.7 7.4 2.9 3.8 5.4 8.0

2 1.1 2.7 5.8 9.6 4.7 4.4 8.7 8.9

3 1.2 5.4 10.5 10.9 3.3 6.4 8.6 9.2

4 1.2 3.9 7.6 9.4 3.1 4.6 5.3 6.8

5 0.8 4.4 7.7 8.7 3.2 3.8 6.0 7.0

6 0.9 4.4 10.0 11.8 6.1 5.6 7.5 10.1

7 1.1 6.0 7.5 8.3 3.3 4.2 6.1 6.4

8 0.8 3.4 5.4 8.5 3.2 4.5 6.1 7.9

Mean 1.0 4.0 7.4 9.3 3.7 4.7 6.7 8.0

SEM 0.1 0.5 0.7 0.5 0.4 0.3 0.5 0.5

T W I-E X  BLa

Subject S tart Exl W Gl WG2 WG3 Start Ex2 WG4 WG5 WG6

1 1.2 2.3 5.2 7.3 4.4 5.4 10.9 11.1

2 0.7 3.5 5.5 8.9 4.4 6.1 9.4 12.4

3 1.1 4.3 9.0 10.0 3.7 5.3 8.2 10.0

4 0.9 5.2 9.2 10.3 2.7 5.7 8.4 9.7

5 0.9 6.3 8.1 9.5 2.5 5.7 7.0 10.3

6 0.8 4.9 9.2 11.4 5.9 5.3 9.8 11.9

7 1.0 3.4 6.8 9.2 3.4 5.0 7.2 8.3

8 0.9 2.8 5.3 6.5 2.7 4.0 5.4 7.0

Mean 0.9 4.1 7.3 9.1 3.7 5.3 8.3 10.1

SEM 0.1 0.5 0.6 0.6 0.4 0.2 0.6 0.6
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CON-EX BLa

Subject Start Exl WGl WG2 WG3 Start Ex2 WG4 WG5 WG6

1 1.1 3.7 7.9 8.4 3,8 6.6 8.2 10.6

2 0.7 3.3 5.7 7.5 3.8 4.4 7.5 7.8

3 1.1 4.7 9.3 10.1 4.7 6.2 9.4 9.7

4 1.1 3.8 7.2 8.5 2.3 4.1 6.4 8.7

5 1.0 4.0 7.2 8.1 3.5 4.7 6.6 8.0

6 1.0 3.8 7.7 9.3 3.4 5.8 7.8 10.4

7 0,7 2.7 6.7 8,8 1.7 3.9 5.9 6.4

8 0.7 3.1 5.1 9.2 2.8 4.5 7.2 8.8

Mean 0.9 3.6 7.1 8.7 3.2 5.0 7.4 8.8

SEM 0.1 0.2 0.5 0.3 0.3 0.4 0.4 0.5

CW 15 BLa

Subject Start Exl WGl WG2 WG3 Start Ex2 WG4 WG5 WG6

1 0.9 2.2 5.9 7.7 3.3 5.5 6.2 7.5

2 0.8 3.7 5.8 8.4 4.4 5.0 8.4 9.9

3 1.2 4.7 9.8 10.3 4.3 6.7 8.6 9.5

4 1.1 4.6 7.3 8.5 4.2 5.9 6.3 7.4

5 1.2 4.3 7.5 8.2 4.2 5.2 7.0 8.2

6 0.7 5.0 8.2 9.6 4.9 6.5 7.8 9.6

7 0.7 2.9 6.3 7.2 3.8 4.7 5.4 6.5

8 0.6 3.8 5.9 8.7 4.4 5.0 5.8 6.8

Mean 0.9 3.9 7.1 8.6 4.2 5.5 6.9 8.2

SEM 0.1 0.3 0.5 0.3 0.2 0.3 0.4 0.5
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Appendix 7.5: ATc (°C) during recovery and Ex2 relative to Tc at rest.

CW 15-EX ATc during recovery and Ex2

Time (min)

Subject 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30 35 37 39.5 41.5 44 46 48.5

1 -0.1 -0.2 -0.2 -0.1 -0.1 0.0 0.0 0.1 0.0 0.0 0.1 0.1 -0.6 -1.1 -1.3 -1.7 -1.7 -1.6 -1.3

2 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.1 -0.3 -0.4 -0.5 -0.5 -0.6 -0.5 -0.5

3 -0.1 0.0 -0.1 -0.2 -0.3 -0.3 -0.4 -0.4 -0.3 -0.3 -0.3 -0.3 -0.4 -0.4 -0.6 -0.8 -0.8 -0.8 -1.0

4 0.0 -0.1 -0.2 -0.3 -0.2 -0.3 -0.5 -0.5 -0.5 -0.5 -0.4 -0.4 -0.8 -0.9 -1.0 -1.1 -1.2 -1.2 -1.2

5 -0.2 -0.4 -0.3 -0.3 -0.4 -0.5 -0.4 -0.4 -0.3 -0.2 -0.2 -0.2 -0.5 -0.7 -0.9 -0.9 -0.8 -0.6 -0.5

6 0.0 -0.1 -0.1 -0.1 -0.2 -0.1 -0.2 -0.2 -0.3 -0.3 -0.2 -0.3 -0.7 -0.9 -0.9 -0.8 -1.8 -1.5 -2.2

7 0.1 0.1 0.1 0.1 0.0 -0.1 -0.3 -0.3 -0.4 -0.5 -0.7 -0.7 -1.0 -1.2 -1.4 -1.5 -1.5 -1.5 -1.5

8 0.0 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.2 -0.2 -0.1 -0.2 -0.3 -0.7 -0.9 -1.1 -1.1 -0.9 -0.8 -0.6

Mean 0.0 -0.1 -0.1 -0.1 1 O -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.6 -0.8 -1.0 -1.1 -1.2 -1.1 -1.1

SEIM 0.0 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2
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TWI-EX ATc during recovery and Ex2

Time (min)

Subject 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30 35 37 39.5 41.5 44 46 48.5

1 -0.1 0.1 0.3 0.4 0.4 0.5 0.5 0.6 0.6 0.6 0.5 0.5 0.1 0.1 0.2 0.3 0.3 0.4 0.5

2 0.1 0.0 -0.1 -0.2 -0.3 -0.3 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.3 -0.3 -0.3 -0.3 -0.3 -0.2 -0.1

3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.1 -0.1 -0.2 -0.3 -0.3 -0.3 -0.3 -0.2 -0.2 -0.1 0.0

4 -0.1 -0.2 -0.3 -0.3 -0.3 -0.3 -0.3 -0.2 -0.3 -0.3 -0.3 -0.2 -0.3 -0.3 -0.3 -0.2 -0.1 0.0 O.I

5 -0.1 -0.1 -0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.2 0.3 0.3 0.4

6 -0.1 -0.2 -0.1 -0.1 -0.1 -0.1 -0.1 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.2 -O.I 0.0 0.2

7 0.0 0.0 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.2 -0.2 -0.2 -0.3 -0.3 -0.2 -0.1 -0.1 0.0 0.1 0.1

8 -0.1 -0.1 -0.1 -0.1 -0.1 -0.2 -0.2 -0.2 -0.2 -0.3 -0.3 -0.3 -0.3 -0.2 -0.2 -0.1 0.0 0.1 0.2

Mean
- 0.1 - 0.1 - 0.1 0.0 - 0.1 - 0.1 0.0 0.0 - 0.1 - 0.1 - 0.1 - 0.1 - 0.2 - 0.2 - 0.1 - 0.1 0.0 0.1 0.2

SEM 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 O.I 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1



C O N -E X  ATc during recovery and Ex2

Time (min)

Subject 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30 35 37 39.5 41.5 44 46 48.5

1 0.0 0.0 0.0 0.0 0.0 -0.1 -0.2 -0.1 -0.6 -0.2 -0.3 -0.2 -0.3 -0.3 -0.4 -0.4 -0.4 -0.3 -0.3

2 0.1 0.1 0.0 0.1 0.0 0.1 0.1 0.2 0.1 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.1

3 0.1 0.0 0.0 0.0 0.0 0.0 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 0.0 -0.1 -0.1 0.0 0.0 0.1 0.1

4 0.0 -0.1 -0.1 -0.1 -0.2 -0.3 -0.3 -0.3 -0.4 -0.3 -0.4 -0.4 -0.4 -0.5 -0.5 -0.4 -0.3 -0.3 -0.3

5 0.1 0.1 0.0 0.0 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 0.0 -0.2 -0.3 -0.3 -0.3 -0.2 -0.2 -0.2

6 0.1 0.1 0.0 -0.1 -0.1 -0.1 -0.3 -0.4 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.2 -0.1 0.0

7 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.1 -0.1 -0.2 -0.2 -0.2 -0.2 -0.1 -0.1 -0.1

8 -0.1 0.1 -0.2 -0.3 -0.4 -0.4 -0.4 -0.3 -0.4 -0.4 -0.4 -0.4 -0.4 -0.3 -0.3 -0.4 -0.3 -0.2 -0.1

Mean 0.0 0.1 0.0 0.0 -0.1 -0.1 -0.2 -0.1 -0.2 -0.2 -0.2 -0.2 1 o -0.3 -0.3 -0.2 -0.2 -0.1 -0.1

SEM 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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CW15 ATc during recovery and Ex2

Time (min)

Subject 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30 35 37 39.5 41.5 44 46 48.5

1 0.0 -0.3 -0.4 -0.5 -0.7 -0.8 -1.0 -1.0 -1.1 -1.2 -1.3 -1.3 -1.9 -2.1 -2.4 -2.4 -2.4 -2.4 -2.4

2 0.1 0.1 0.0 0.0 -0.1 -0.1 -0.1 -0.1 -0.2 -0.3 -0.4 -0.5 -0.9 -1.1 -1.1 -1.1 -1.0 -1.0 -0.9

3 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 -0.1 -0.3 -0.4 -0.5 -0.9 -0.9 -0.9 -0.8 -0.7 -0.6 -0.5

4 -0.1 -0.1 -0.2 -0.3 -0.4 -0.5 -0.5 -0.4 -0.5 -0.6 -0.7 -0.8 -1.4 -1.5 -1.5 -1.6 -1.6 -1.6 -1.5

5 0.0 0.1 0.1 -0.1 0.0 0.2 0.2 0.2 0.1 0.1 0.1 0.0 -0.2 -0.3 -0.4 -0.5 -0.5 -0.4 -0.4

6 -0.1 -0.1 -0.2 -0.2 -0.4 -0.4 -0.6 -0.7 -0.7 -0.7 -0.8 -0.9 -1.1 -1.3 -1.2 -1.2 -1.1 -1.2 -1.1

7 -0.7 -0.9 -0.9 -1.0 -0.9 -1.0 -1.1 -1.2 -1.4 -1.5 -1.5 -1.5 -2.1 -2.8 -2.4 -2.1 -1.9 -1.7 -1.5

8 0.0 0.1 0.0 0.0 -0.1 -0.2 -0.3 -0.4 -0.4 -0.5 -0.6 -0.7 -1.0 -1.3 -1.4 -1.4 -1.4 -1.4 -1.4

Mean -0.1 -0.1 -0.2 -0.2 -0.3 -0.3 -0.4 -0.5 -0.5 -0.6 -0.7 -0.8 -1.2 -1.4 -1.4 -1.4 -1.3 -1.3 -1.2

SEM 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.2 0.2



Appendix 7.6: ATc (°C) post-recovery relative to Tc at the end o f recovery.

CW 15-EX ATc post-recovery

Subject 5 min 7 min 9.5 min 11.5 min 14 min 16 min 18.5 min

1 - 0.7 - 1.2 - 1.4 - 1.8 - 1,8 - 1.7 - 1.4

2 - 0.4 - 0.5 - 0.6 - 0.6 - 0.7 - 0.6 - 0.6

3 - 0.1 - 0.1 - 0.3 - 0.5 - 0.5 - 0.5 - 0.7

4 - 0.4 - 0.5 - 0.6 - 0.7 - 0.8 - 0.8 - 0.8

5 - 0.3 - 0.5 - 0.7 - 0.7 - 0.6 - 0.4 - 0.3

6 - 0.4 - 0.6 - 0.6 - 0.5 - 1.5 - 1.2 - 1.9

7 - 0.3 - 0.5 - 0.7 - 0.8 - 0.8 - 0.8 - 0.8

8 - 0.4 - 0.6 - 0.8 - 0.8 - 0.6 - 0.5 - 0.3

Mean -0.4 -0.6 - 0.7 -0.8 -0.9 -0.8 -0.8

SEM 0.1 0.1 0.1 0.1 0.2 0.2 0.2

TW I ATc post-recovery

Subject 5 min 7 min 9.5 min 11.5 min 14 min 16 min 18.5 min

1 - 0.4 - 0.4 - 0.3 - 0.2 - 0.2 - 0.1 0.0

2 - 0.1 - 0.1 - 0.1 - 0.1 - 0.1 0.0 0.1

3 0,0 0.0 0.0 0.1 0.1 0.2 0.3

4 - 0.1 - 0.1 - 0.1 0.0 0.1 0.2 0.3

5 0,1 0.1 0.2 0.2 0.3 0.3 0.4

6 0.0 0.0 0.0 0.1 0.2 0.3 0.5

7 0,0 0.1 0.2 0.2 0.3 0.4 0.4

8 0.0 0.1 0.1 0.2 0.3 0.4 0.5

Mean -0.1 0.0 0.0 0.1 0.1 0.2 0.3

SEM 0.1 0.1 0,1 0.1 0.1 0.1 0.1

373



bject

1

2

3

4

5

6

7

8

Mear

SEM

bject

1

2

3

4

5

6

7

8

CON-EX ATc post-recovery

5 min 7 min 9.5 min

-0.1 -0.1 -0.2

0.0 -0.1 -0.1

0.1 0.0 0.0

0.0 -0.1 -0.1

-0.2 -0.3 -0.3

0.0 0.0 0.0

-0.1 -0.1 -0.1

0.0 0.1 0.1

0.0 -0.1 -0.1

0.0 0.0 0.0

11.5 min 14 min 16 min

-0.2 -0.2 -0.1

-0.1 0.0 0.0

0.1 0.1 0.2

0.0 0.1 0.1

-0.3 -0.2 -0.2

0.0 0.1 0.2

-0.1 0.0 0.0

0.0 0.1 0.2

-0.1 0.0 0.1

0.0 0.0 0.1

C W 15 ATc post-recovery

5 min 7 min 9.5 min

-0.6 -0.8 -1.1

-0.4 -0.6 -0.6

-0.4 -0.4 -0.4

-0.6 -0.7 -0.7

-0.2 -0.3 -0.4

-0.2 -0.4 -0.3

-0.6 -1.3 -0.9

-0.3 -0.6 -0.7

-0.4 -0.6 -0.6

0.1 0.1 0.1

11.5 min 14 min 16 min

-I.I -1.1 -1.1

-0.6 -0.5 -0.5

-0.3 -0.2 -0.1

-0.8 -0.8 -0.8

-0.5 -0.5 -0.4

-0.3 -0.2 -0.3

-0.6 -0.4 -0.2

-0.7 -0.7 -0.7

-0.6 -0.6 -0.5

0.1 0.1 0.1
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Appendix 7.7: Heart rate (beats.min ') during Exl and Ex2.

CW 15-EX HR during E x l and Ex2

Subject Warm up WGl R1 WG2 R2 WG3 Warm up WG4 R4 WG5 R5 WG6

1 72 158 104 157 124 159 78 152 97 151 113 152

2 95 168 130 170 136 175 106 163 122 167 132 160

3 112 193 161 190 164 178 119 180 143 180 150 175

4 100 181 145 184 141 184 100 171 133 174 140 174

5 104 171 122 177 134 164 104 169 123 173 133 172

6 110 191 152 192 159 189 110 178 141 180 146 179

7 116 175 148 175 152 178 106 159 128 162 138 157

8 81 163 97 163 i l l 153 89 163 100 162 109 161

Mean 99 175 132 176 140 173 102 167 123 169 133 166

SEM 5 4 8 4 6 4 5 3 6 4 5 4

T W l-E X  HR during E xl and Ex2

Subject Warm up WGl R1 WG2 R2 WG3 Warm up WG4 R4 WG5 R5 WG6

1 81 161 116 159 132 160 101 164 126 159 137 148

2 88 167 122 173 139 174 118 171 132 174 145 173

3 108 190 147 190 160 184 133 191 148 188 163 190

4 96 184 148 185 143 180 118 183 136 187 141 179

5 110 175 125 178 140 180 117 176 131 177 139 169

6 127 191 149 193 161 189 136 182 154 185 158 178

7 101 169 134 173 143 171 102 162 133 167 139 158

8 81 154 95 164 103 185 93 167 102 168 109 166

Mean 99 174 130 177 140 178 115 175 133 176 141 170

SEM 6 5 7 4 6 3 5 4 5 4 6 5
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CON-EX HR during E xl and E x l

Subject Warm up WGl R1 WG2 R2 WG3 Warm up WG4 R4 WGS R5 WG6

1 68 159 112 160 127 162 101 162 114 160 126 157

2 79 164 118 169 132 171 114 169 132 170 143 164

3 112 192 157 185 159 187 141 190 154 183 162 186

4 94 178 127 180 133 181 110 179 131 180 140 171

5 98 166 113 172 129 173 107 167 117 167 129 175

6 125 188 151 194 157 189 142 194 158 191 163 188

7 106 170 135 174 147 174 120 167 129 171 136 162

8 81 163 99 166 100 166 91 165 102 164 111 163

Mean 95 173 127 175 136 175 116 174 130 173 139 171

SEM 7 4 7 4 7 3 6 4 7 4 6 4

CW 15 HR during E xl and Ex2

Subject Warm up WGl R1 WG2 R2 WG3 Warm up WG4 R4 WGS R5 WG6

1 82 158 117 158 127 162 82 145 100 145 114 138

2 90 163 125 165 131 170 102 159 118 163 128 165

3 93 179 134 173 142 179 101 176 125 173 137 157

4 110 184 139 185 146 180 114 175 145 166 135 165

5 98 170 119 168 125 164 93 160 104 163 118 151

6 112 193 154 194 161 191 85 159 96 158 105 157

7 108 166 136 176 144 173 102 148 110 156 122 154

8 83 165 99 165 113 165 84 151 92 153 102 144

Mean 97 172 128 173 136 173 95 159 111 160 120 154

SEM 4 4 6 4 5 3 4 4 6 3 5 3
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Appendix 7.8: Heart rate (beats.min ‘) during recovery.

CW15-EX HR during recovery

Time (min)

Subject 0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

1 106 111 112 113 114 92 113 113 117 115 94 109 114 110 114 99 101 107 112 111 93 102 107 110 110 89 106 106 107 110 88

2 124 121 127 126 128 107 119 119 134 131 108 120 126 127 127 111 130 137 126 126 104 120 122 123 125 104 113 120 120 121 113

3 145 148 154 156 159 144 147 153 155 152 136 144 147 150 150 140 142 143 146 150 130 140 146 147 147 124 142 144 145 145 127

4 124 137 142 145 150 118 131 143 146 151 112 138 142 138 146 106 128 133 142 143 97 135 137 133 124 96 123 127 133 134 83

5 124 129 135 138 140 116 132 140 140 140 111 121 128 131 134 109 128 129 132 130 110 129 131 129 132 107 126 131 129 133 108

6 138 147 152 152 152 133 145 150 149 149 147 137 142 146 148 130 143 145 143 145 127 137 139 146 139 147 136 137 140 143 120

7 138 134 136 139 139 125 131 133 135 134 119 120 128 130 128 109 122 125 125 123 106 115 117 122 122 102 118 116 119 116 103

8 103 108 109 110 112 90 111 111 115 113 92 107 112 108 112 98 100 106 111 110 94 103 108 111 111 90 107 107 108 111 89

Mean 125 129 133 135 137 116 129 133 136 136 115 125 130 130 132 113 124 128 130 130 108 123 126 128 126 107 121 124 125 127 104

SEM 5 5 6 6 6 7 5 6 5 5 7 5 5 5 5 5 6 5 5 5 5 5 5 5 5 7 5 5 5 5 6
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TW I-EX HR during recovery

T im e <min)

Subject 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

I 109 118 121 125 124 104 115 121 122 124 105 119 120 124 125 108 120 124 126 126 108 126 125 125 127 103 115 122 126 125 104

2 130 125 132 134 136 114 132 131 133 128 114 126 130 131 134 118 118 134 130 131 116 122 134 129 134 112 121 133 128 135 113

3 134 143 154 160 159 146 152 154 154 159 143 148 154 155 160 136 153 156 157 158 137 144 149 151 149 128 149 148 152 151 126

4 126 140 149 154 152 123 140 146 149 151 119 137 139 145 145 115 136 138 143 137 115 128 131 134 130 110 118 121 135 134 102

5 131 126 135 137 139 118 128 140 142 140 115 135 141 144 145 115 136 139 142 144 115 121 133 136 138 113 127 135 133 132 106

6 144 154 157 157 160 140 156 158 159 159 135 151 154 155 155 136 149 157 154 161 138 142 150 153 152 135 143 150 147 144 129

7 105 99 107 111 116 102 116 120 119 119 99 114 116 117 118 96 110 117 115 115 98 114 116 113 113 100 106 109 109 109 89

8 73 108 106 106 107 85 104 108 106 109 77 105 110 no 109 87 86 106 106 107 79 100 108 107 109 78 104 103 104 107 77

M ean 119 127 133 136 137 117 130 135 136 136 113 129 133 135 136 114 126 134 134 135 113 125 131 131 132 110 123 128 129 130 106

SEM 8 7 7 7 7 7 6 6 7 7 7 6 6 6 6 6 8 6 6 7 7 5 5 6 5 6 6 6 6 5 6



CON-EX HR during recovery

Time (min)

Subject (1 1 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

1 104 125 128 129 129 104 121 122 127 130 101 116 126 126 126 103 117 124 127 122 98 121 122 125 127 107 120 123 121 120 97

2 117 120 128 129 135 116 129 130 134 136 116 128 132 136 135 120 131 144 139 137 118 125 132 135 136 116 131 131 135 137 111

3 144 153 162 160 157 141 145 150 154 153 143 144 154 159 156 142 147 154 152 156 144 150 157 159 155 143 147 150 154 155 138

4 119 130 137 141 140 111 135 141 141 141 115 135 137 137 138 97 125 135 134 140 98 122 139 135 133 99 126 127 131 132 89

5 113 125 129 133 133 110 127 130 130 133 101 125 128 130 131 100 126 129 126 130 103 125 126 127 127 95 129 126 131 125 95

6 135 153 158 159 159 139 154 160 160 161 144 155 162 164 165 148 159 165 160 166 144 165 161 159 161 144 155 157 154 157 135

7 116 130 132 132 133 114 128 132 135 134 111 126 133 132 129 117 122 128 131 130 111 126 130 126 128 no 122 118 128 129 106

8 94 106 109 114 115 91 109 113 114 114 88 108 111 117 119 98 108 115 114 116 94 110 111 112 113 88 110 110 no 113 87

Mean 118 130 135 137 138 116 131 135 137 138 115 130 135 138 137 116 129 137 135 137 114 131 135 135 135 113 130 130 133 134 107

SEM 6 6 6 6 5 6 5 5 5 5 7 5 6 6 5 7 6 6 5 6 7 6 6 6 6 7 5 6 5 6 7
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CW15 HR during recovery

Time (mtn)

Subject 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

1 107 90 89 86 83 82 79 79 77 79 78 73 77 78 77 70 72 77 71 75 66 65 60 59 70 56 56 71 52 56 62

2 115 99 96 91 94 91 94 91 88 85 86 84 85 91 83 81 85 80 77 75 83 81 78 77 82 83 79 79 88 80 76

3 125 106 108 102 101 102 104 101 99 93 89 85 95 91 91 84 87 87 84 81 72 80 76 74 68 70 73 73 70 67 74

4 134 104 107 99 100 103 103 91 98 97 90 91 88 87 107 89 95 96 98 81 87 90 88 80 78 75 79 81 80 111 82

5 117 102 99 94 97 94 95 92 89 87 88 86 87 93 85 83 87 82 79 77 85 83 80 79 84 85 81 81 90 82 78

6 136 123 119 118 115 112 112 108 108 109 114 n o 109 106 109 106 102 106 100 101 95 94 89 93 92 90 88 88 104 84 85

7 127 112 103 100 101 102 96 98 106 91 89 90 93 91 94 84 86 79 81 87 81 85 78 79 78 81 79 78 81 75 79

8 91 86 81 g | 80 75 74 72 81 73 69 73 71 66 66 66 64 71 68 77 73 75 76 59 76 82 64 70 72 71 69

Mean 119 103 100 96 96 95 95 92 93 89 88 87 88 88 89 83 85 85 82 82 80 82 78 75 79 78 75 78 80 78 76

SEM 5 4 4 4 4 4 4 4 4 4 5 4 4 4 5 4 4 4 4 3 3 3 3 4 3 4 4 2 5 6 3
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