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Abstract 

The aim of the present thesis was to examine the potential for acute carbohydrate-

protein (CHO-P) ingestion to enhance performance and recovery from exercise 

designed to simulate the demands of multiple-sprint sports (MSSs). Chapter 3 of the 

thesis explored the inter- and intra-day reliability and concurrent validity of non-

motorised treadmill ergometry (NMT) for the assessment of short-distance sprint 

performance (i.e. 10-30 m). There were no significant mean differences between NMT 

variables recorded on the same day or between days. Ratio limits of agreement 

indicated that the best agreement was in 20 (1.02 */÷ 1.09) and 30 m (1.02 */÷ 1.07) 

sprint times, peak (1.00 */÷ 1.06) and mean (0.99 */÷ 1.07) running speed and step 

length (0.99 */÷ 1.09) and frequency (1.01 */÷ 1.06). The poorest agreement was 

observed for time to peak running speed (1.10 */÷ 1.47). Significant differences were 

observed between NMT and over-ground sprint times across all distances, with times 

being lower (faster) by approximately 25-30% over-ground. The correlations between 

NMT and over-ground variables were generally modest (rs = 0.44 – 0.67), and optimal 

for time to cover 30 m on Day 2 (rs = 0.8). Chapter 4 sought to examine the efficacy of 

CHO-P ingestion during 4 h of recovery from the Loughborough Intermittent Shuttle 

Test (LIST) when compared to CHO matched for energy (ISOEN) or CHO (ISOCHO) in a 

typical CHO beverage. There were significant increases over time in muscle soreness, 

and reductions in extensor and flexor peak torque (by approximately 9%, 9% and 8%, 

and 13 %, 13% and 11% at 60 deg∙s-1) and jump performance (10%, 7% and 5%) with 

the ingestion of CHO-P, ISOEN and ISOCHO, respectively. Beverage type x time 

interactions were not significant for any of these variables, indicating that changes in 

each variable were similar for all groups. Decrements in sprint performance assessed 
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on the NMT were typically small and not different between beverage types (<4%), 

although sprint times over 20 and 30 m remained elevated for 48 h post-exercise. 

Accordingly, Chapter 4 provided no clear evidence for a benefit of ingesting CHO-P in 

the hours after exercise to enhance recovery of muscle function and selected 

performance variables following MSS activity. Chapters 5 and 6 of the thesis aimed to 

examine the effect of CHO-P ingestion during simulated MSS exercise. In Chapter 5, it 

was observed that sprint times, HR and gut fullness increased over the course of the 

LIST, with no influence of consuming each of the different beverages. In contrast, there 

was a main effect of time (P < 0.001), and drink (P = 0.042) observed for RPE, which 

was lower (P < 0.001) during the LIST in the CHO-P condition (16.9  1.4) than in either 

the ISOCHO (17.8  1.1) or ISOEN (17.7  1.3). However, time to exhaustion was not 

different (P = 0.29) between CHO-P (468.3  268.5 s), ISOCHO (443.4  286.3 s) and 

ISOEN (446.2  282.08 s), although these times did equate to a non-significant mean 

improvement of 4% in the CHO-P trial. Chapter 6 demonstrated that during a modified 

version of the LIST with two self-regulated blocks of exercise intensity, participants had 

a higher average speed (8.1 ± 0.3 cf. 7.9 ± 0.5 km∙h-1) during the final (self-regulated) 

15 min block of the LIST in the CHO-P condition compared to CHO. Whilst the 

mechanisms for such an improvement are not certain, the attenuated rise in RPE 

observed in Chapter 5, and increased blood urea concentration observed in Chapter 6, 

with CHO-P ingestion may suggest altered central fatigue and/or increased protein 

oxidation enhances performance during MSSs. 

 

 

 



 

3 
 

Acknowledgements 

This body of work would not have been possible without the support, direction and 

understanding of many people close to me for which I will always be sincerely grateful. 

I could ask for no more from my supervisors and colleagues, Dr. Ceri Nicholas, Dr. Craig 

Twist, Dr. Kevin Lamb and Professor Ken Green, whose expert knowledge and 

consideration have guided me through some difficult times. My son Jack, who loves me 

whether I have a PhD or not, and who I love more than I ever thought possible, has kept 

me sane during some of the darker times in producing this work. My Dad, who has 

never failed to be there for me in 26 years, my brother Nick and my girlfriend Charlotte, 

have provided shoulders to lean on, and have reminded me that there will always be 

someone else with my best interests at heart - I love you all dearly. Many other 

colleagues, friends and family, too many to name, have had a hand in helping me get to 

this stage. These people know who they are, and know how appreciative I am. 

 

And so the difficult part. This work is dedicated to the person who deserves it most, to 

who would have been most proud of me, and to who I can no longer say just how 

thankful I am. My Mum. My Mum was so proud that I had started a PhD, she carried a 

piece of card with the title of my work in her handbag so that she could tell anyone who 

would listen what her son was doing. I think it speaks volumes that anyone who knew 

her would know just how proud she would be now, and I feel hollow at the thought of 

not being able to share this moment with her.  She was the most kind-hearted, selfless 

and loving person I’ve ever known, and it is because of her that I am who I am and have 

done what I’ve done. I miss her more than I can express. So Mum, I love you, thank you, 

and this is for you. 

 

 

 

 

 

 

 



 

4 
 

Publications 

Highton, J., Lamb, K., Twist, C., & Nicholas, C. (2012). The reliability and validity of 
short-distance sprint performance assessed on a nonmotorized treadmill. Journal 
of Strength and Conditioning Research, 26, 458-465. 

 
Conference proceedings 
 
Highton, J., Nicholas, C., Twist, C., & Lamb, K. (2010). The effects of a carbohydrate-

protein beverage on muscle function and performance following simulated 
multiple-sprint sport activity. The British Association of Sport and Exercise 
Sciences Annual Conference, Glasgow, 6-8th September. 

 
Highton, J., Nicholas, C., Twist, C., & Lamb, K. (2011). The effect of carbohydrate-protein 

 ingestion on simulated multiple-sprint sport performance. The British Association 
of Sport and Exercise Sciences Annual Student Conference, Chester, 12-13th April. 

 
Highton, J., Nicholas, C., Twist, C., & Lamb, K. (2011). Carbohydrate-protein ingestion 

during self-regulated simulated multiple-sprint sport activity. The British 
Association of Sport and Exercise Sciences Annual Conference, Essex, 6-8th 
September. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5 
 

Contents 

Chapter 1 Introduction Page No. 

1.1 
Continuous, intermittent and multiple-sprint sport 
exercise 

13 

1.2 
MSS concerns and carbohydrate-protein 
supplementation  

19 

1.3 Thesis aims 20 

1.3 Organisation of the thesis 21 

   

Chapter 2 Review of Literature  

2.1 Introduction 22 

2.2 Intermittent exercise and MSSs 22 

2.2.1 MSS characteristics 23 

2.2.1.1 Time-motion methodologies 23 

2.2.2 Time-motion analysis of MSSs 27 

2.2.2.1 Soccer 27 

2.2.2.2 Rugby union 31 

2.2.2.3 Rugby league 33 

2.2.2.4 Other MSSs 34 

2.2.3 Physiology of high intensity intermittent exercise 35 

2.2.3.1 High-intensity and maximal intermittent exercise 35 

2.2.3.2 Physiological responses to MSSs 39 

2.2.3.2.1 Aerobic metabolism  40 

2.2.3.2.2 Anaerobic metabolism  42 

2.2.3.2.3 Substrate utilisation 45 

2.2.3.2.4 CHO metabolism  46 

2.2.3.2.5 Fat metabolism  49 

2.2.3.2.6 Endocrine response  49 



 

6 
 

2.2.3.2.7 Fluid loss 51 

2.3 CHO intake and fatigue 51 

2.3.1 CHO loading in the days before exercise 52 

2.3.2 CHO in the hours before exercise 55 

2.3.2.1 Glycemic index of the pre-exercise meal 58 

2.3.3 CHO immediately before exercise 59 

2.3.4 CHO during exercise 61 

2.3.4.1 
CHO and prolonged intermittent exercise 
performance 

62 

2.3.4.2 CHO and MSS performance 64 

2.3.5 Mechanisms of CHOs ergogenic effect 70 

2.3.6 Optimal CHO consumption 75 

2.3.6.1 Timing of CHO ingestion 76 

2.3.6.2 Amounts and types of CHO 77 

2.3.6.3 Solution composition 78 

2.3.6.4 Exercise intensity 80 

2.4 CHO-P ingestion during endurance exercise 80 

2.4.1 Types and amounts of protein 85 

2.4.2 
Potential mechanisms for enhanced performance 
with CHO-P 

88 

2.5 Recovery from MSSs 93 

2.5.1 Exercise-induced muscle damage 94 

2.5.1.1 Mechanisms and time course of EIMD 95 

2.5.1.2 Applied implications 98 

2.5.1.3 EIMD and MSSs 99 

2.5.2 Muscle glycogen depletion and fluid loss 101 

2.5.3 CHO and protein ingestion for recovery 102 

2.5.3.1 EIMD 102 

2.5.3.1.1 CHO-P and EIMD 104 



 

7 
 

2.5.3.2 CHO-P and muscle glycogen 108 

2.3.5.2.1 CHO and glycogen resynthesis 108 

2.3.5.2.2 CHO-P and glycogen resynthesis 109 

2.5.3.3 CHO-P and post-exercise fluid balance 111 

2.6 Conclusions 112 

   

Chapter 3 
The Reliability and Concurrent Validity of Non-
Motorised Treadmill Sprint Performance 

 

3.1 Introduction 115 

3.2 Methods 117 

3.3 Results 121 

3.4 Discussion 129 

   

Chapter 4 

The Effects of a CHO-P Beverage on Muscular 
Function and Maximal-Intensity Exercise 
Performance following Simulated Multiple-Sprint 
Sport Exercise 

 

4.1 Introduction 137 

4.2 Methods 141 

4.3 Results 152 

4.4 Discussion 162 

   

Chapter 5 
The Effects of a CHO-P Beverage on Endurance 
Capacity During Simulated Multiple-Sprint Sport 
Exercise 

 

5.1 Introduction 172 

5.2 Methods 175 

5.3 Results 181 

5.4 Discussion 187 

 

 

 

  



 

8 
 

 

Chapter 6 
The Effects of a CHO-P Beverage on Self-Regulated 
Simulated Multiple-Sprint Sport Exercise 

 

6.1 Introduction 194 

6.2 Methods 197 

6.3 Results 203 

6.4 Discussion 211 

   

Chapter 7 Conclusions 219 

7.1 CHO-P and EIMD following MSS exercise 219 

7.2 CHO-P and recovery of dynamic muscle function 220 

7.3 CHO-P and fatigue during MSS exercise 221 

7.4 CHO-P supplementation in MSSs 222 

7.5  Potential limitations 223 

7.5.1 Participant training status 223 

7.5.2 Pre-exercise fasting 225 

7.5.3 Lack of placebo 225 

7.6 Directions for future research  226 

7.6.1 
Optimal type and rate of ingestion of CHO-P during 
MSSs 

226 

7.6.2 Mechanisms through which CHO-P exerts its effect 227 

   

 References 229 

   

 Appendices 275 

 

 

 



 

9 
 

List of figures and tables 

Figures Page 

Figure 1.1 Key considerations for MSSs both during the event and in 
recovery, and potential sites at which acute CHO-P beverage ingestion 
may be beneficial  

21 

Figure 3.1. Schematic of the study design 118 

Figure 3.2. A participant performing a maximal sprint on the NMT 120 

Figure 4.1. Schematic of the study design 143 

Figure 4.2. Schematic of the Loughborough Intermittent Shuttle Test 149 

Figure 4.3 Changes in muscle soreness of the knee extensors following 
completion of the LIST. * Significantly different to baseline (P < 0.025). 

153 

Figure 4.4 Changes in perceived muscle soreness of the knee flexors 
following completion of the LIST. * Significantly different to baseline (P < 
0.025). 

153 

Figure 4.5. Changes in peak isokinetic torque of the knee extensors after 
completion of the LIST. * Significantly different from baseline (P < 0.025). 
#Significantly different between speeds (P < 0.025). 

154 

Figure 4.6. Changes in peak isokinetic torque of the knee flexors 
following completion of the LIST. * Significantly different from baseline (P 
< 0.025). #Significantly different between speeds (P < 0.025). 

155 

Figure 4.7. Changes in SJ height after completion of the LIST. * 
Significantly different to baseline (P < 0.025) 

156 

Figure 4.8. Changes in CMJ height after completion of the LIST. * 
Significantly different to baseline (P < 0.025) 

157 

Figure 4.9. Changes in DJ height after completion of the LIST. * 
Significantly different to baseline (P < 0.025) 

157 

Figure 4.10. Changes in a) 10 b) 20 and c) 30 m sprint time and d) 30 m 
peak speed for CHO-P (), ISOEN () or ISOCHO( ). 

158 

Figure 4.11. Changes in a) step frequency and b) step length after the 
LIST 

159 

Figure 5.1. Schematic of the study design 177 

Figure 5.2 The Loughborough Intermittent Shuttle Test including a time 
to exhaustion test (Part B). 

178 



 

10 
 

Figure 5.3 Average heart rate over each 15 min block of the LIST. 
*Significantly higher than 15 min. 

182 

Figure 5.4. Changes in sensations of gut fullness during the LIST.* 
Significantly (P < 0.005) higher than 15 min. #Significantly higher than 30 
min. 

183 

Figure 5.5 Changes in RPE measure at the end of each 15 min block of 
part A of the LIST. *Significantly higher than 15 min. #Significantly higher 
than 30 min. †Significantly lower than ISOEN and ISOCHO. 

184 

Figure 5.6 Average 15 m sprint time during each 15 min block of the 
LIST. * Significantly (P < 0.005) different to 0-15 min, #Significantly (P < 
0.005) different to15-30 min. 

185 

Figure 5.7. Individual time to exhaustion scores for each trial in part B of 
the LIST 

187 

Figure 6.1 Schematic of the study design 198 

Figure 6.2 Trial schematic showing the modified Loughborough 
Intermittent Shuttle Test including two x 15 minute self-regulated 
exercise blocks (Ali et al., 2009). 

200 

Figure 6.3.  Distance covered during each 15 min block of the modified 
LIST. *Significantly (P < 0.008) different to 0-15 min. Values are mean ± 
SD 

205 

Figure 6.4. Maximum speed during each 15 min block of the modified 
LIST. *Significantly (P < 0.008) different to 0-15 min. Values are mean ± 
SD. 

205 

Figure 6.5.  Average running speed during each 15 min block of the 
modified LIST. †Significantly (P < 0.008) different to 0-15 min in CHO 
trial. Values are mean ± SD 

206 

Figure 6.6.  Average running speed for different movement intensities in 
the final (75-90 min) self-regulated block of the modified LIST. Values are 
mean ± SD. 

207 

Figure 6.7. Post-exercise urine volume in the CHO-P and CHO trials. 
Values are mean ± SD 

209 

 

 

 

 

 



 

11 
 

Tables  

Table 1.1. A comparison of physiological and perceptual measures taken 
during and after the LIST and a soccer match 

17 

Table 2. 1. Distance covered (m) in different locomotive categories in 
soccer 

29 

Table 2.2 Heart rate responses to different MSSs 42 

Table 2.3 Blood lactate responses to different MSSs 44 

Table 2.4. Effects of CHO feeding 3-4 h before endurance exercise 57 

Table 2.5 Studies examining the effects of CHO-P versus CHO matched 
supplement 

83 

Table 2.6 Studies examining the effects of CHO-P versus a calorie 
matched CHO supplement 

84 

Table 2.7. Drink characteristics in CHO-P studies 88 

Table 2.8 Muscle damage response to MSS competition 100 

Table 2.9. Summary of studies examining the effects of CHO-P on 
markers of exercise-induced muscle damage 

104 

Table 3.1 Inter-day NMT descriptive (mean ± SD) and reliability 
statistics 

123 

Table 3.2 Intra-day NMT descriptive (mean ± SD) and reliability 
statistics (Day 1) 

124 

Table 3.3 Intra-day NMT descriptive (mean ± SD) and reliability 
statistics (Day 2) 

125 

Table 3.4 Concurrent validity statistics of the NMT variables (Day 1) 127 

Table 3.5 Concurrent validity statistics of the NMT variables (Day 2) 128 

Table 3.6 Reliability of running speeds at 1, 2 and 3 seconds 133 

Table 4.1. Participant characteristics.  142 

Table 4.2 Selected nutrient content of supplement drinks per 100 ml 150 

Table 4.3 Amino acid profile of the whey protein supplement 151 

Table 4.4. Means  standard deviation of isokinetic peak torque values 
(N∙m-1) before and after completing the LIST 

160 



 

12 
 

Table 4.5. Means  standard deviation of jump heights and sprint speeds 
before and after completing the LIST 

161 

Table 5.1 Participant characteristics 176 

Table 5.2.  The macronutrient and electrolyte concentration of beverages 
consumed during each trial (expressed per 100 ml of fluid). 

180 

Table 5.3 Time to exhaustion and heart rate, RPE and gut fullness (mean 
± standard deviation) at the end of part B of the LIST. 

186 

Table 5.4 Mean differences (95% confidence intervals) for TTE and RPE 
in the CHO-P and ISOEN and ISOCHO conditions in part B of the LIST. 
Values are accompanied by effect sizes and qualitative interpretations, 
which are presented directly below in italics 

186 

Table 6.1. Mean differences (95% confidence intervals) between CHO 
and CHO-P for selected variables in the final block of the modified LIST. 
Values are accompanied by effect sizes and qualitative interpretations 
presented in italics 

208 

Table 6.2 Heart rate, gut fullness and rating of perceived exertion during 
the modified LIST. Values are mean ± SD. 

210 

Table 6.3 Blood measurements obtained before, during and after the 
modified LIST. Values are mean ± SD. 

211 

Table 7.1 Participant characteristics throughout the thesis and in elite 
soccer 

224 

 

 

 

 

 

 

 

 



 

13 
 

Chapter 1 

Introduction 

1.1 Continuous, intermittent and multiple-sprint sport exercise 

The 1960s and 1970s saw a rapid rise in academic interest in the physiology of 

intermittent human work. Researchers at this time asserted that “In daily life the most 

common situation is not continuous exercise but work performed as intermittent 

exercise with bursts of more intense activity interspersed with repeated periods of 

lighter activity or rest” (Essen et al., 1977, p. 490). Whilst interest was in the potential 

health benefits and training adaptation with such exercise (Fox et al., 1969), this 

definition was remarkably similar to that often used to define multiple-sprint sports 

(MSSs) such as soccer, rugby, hockey, netball and basketball; that is, consisting of 

“periods of support running and recovery interspersed with brief periods of sprinting” 

(Nicholas et al., 2000, p. 97) and “fluctuating randomly from brief periods of maximal 

or near maximal work to longer periods of moderate- and low-intensity activity” 

(Glaister, 2005, p. 758). Thus, research in this area paved the way for an understanding 

of the physiology of intermittent compared to continuous exercise, and the need to 

develop and utilise an intermittent exercise protocol in the study of MSSs. 

 

Investigations at this time employed two distinct methodologies in their comparison of 

intermittent and continuous exercise, with some matching the absolute exercise 

intensity performed intermittently (during periods of work) with that performed at a 

continuous intensity (Essen & Kjaiser, 1978; Fox et al., 1969; Margaria et al., 1969; 

Christensen et al., 1960b), and others matching the average work output or oxygen 
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consumption of intermittent and continuous exercise over a set amount of time (Essen, 

1978; Essen et al., 1978; Edwards et al., 1973; Astrand et al., 1960a; Christensen et al., 

1960a). Thus, in the latter studies, the exercise intensity (power output or running 

speed) during work periods was approximately twice that of work performed 

continuously.  

 

When absolute exercise intensity is matched in continuous and intermittent exercise, 

individuals are able to tolerate much greater workloads when exercising intermittently 

(Essen & Kaijser, 1978; Margaria et al., 1969). Indeed, recent research which has 

attempted to optimize work intensities during high-intensity intermittent training, 

demonstrated that when highly trained runners exercise for 30 s at the running speed 

associated with VO2max interspersed with 30 s recovery, they are able to maintain 

VO2max for approximately 10 min, a time nearly three times longer than when the 

running speed was carried out continuously (Billat et al., 2000). Unsurprisingly, during 

this type of comparison, intermittent work is associated with a much lower 

‘physiological strain’ and altered metabolism. For example, intermittent work is 

associated with a lower ‘oxygen debt’ (calculated as the oxygen uptake during recovery 

periods minus resting oxygen consumption) (Fox et al., 1969), blood (Fox et al., 1969; 

Margaria et al., 1969; Christensen et al., 1960b) and muscle lactate (Essen & Kaijser, 

1978), phosphocreatine (PCr) and adenosine tri-phosphate (ATP) concentration (Essen 

& Kjaiser, 1978). In these studies, the ATP:AMP ratio, PCr and citrate accumulation in 

the muscle acted to inhibit glycolysis during intermittent exercise, potentially at the 

phosphofructokinase junction, which in turn resulted in greater lipid metabolism 

during intermittent exercise (Christensen et al., 1960b). 
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In contrast to studies that compared the physiological responses to continuous and 

intermittent exercise matched for absolute exercise intensity, studies that compared 

different types of exercise at the same average intensity provided evidence that the 

physiological strain (measured via oxygen consumption, heart rate and blood lactate) 

of intermittent exercise was greater than (Edwards et al., 1973; Astrand et al., 1960a) 

or equal (Christensen et al., 1960a) to that of continuous exercise. Indeed, higher 

ratings of perceived exertion during intermittent exercise of the same average intensity 

have been observed (Drust et al., 2000; Edwards et al., 1972). In these studies, it was 

thought that a higher proportion of energy is produced via aerobic metabolism due to 

the replenishment of myohemoglobin oxygen stores, oxidation of accumulated lactate 

and resynthesis of PCr during rest periods (Astrand et al., 1960b).  

 

Intramuscular and blood-borne substrate utilisation during intermittent and 

continuous exercise matched for average work intensity also differs, despite inducing 

similar energy expenditure (Christmass et al., 1999). More specifically, differences are 

present in fat and CHO utilisation, with fat oxidation approximately three times lower 

and CHO utilisation 1.2 times higher in intermittent compared to continuous exercise 

(Christmass et al., 1999). Whilst muscle glycogen utilisation does not appear to be 

different in intermittent compared to continuous exercise (Essen et al., 1977), the 

pattern of muscle glycogen utilisation in individual fibre types is altered. Essen (1978) 

reported that whilst muscle glycogen depletion was similar in type I fibres in 

intermittent (213 mmol∙kg-1 dry weight) and continuous exercise (277 mmol∙kg-1 dry 

weight), glycogen depletion was greater in type II fibres in intermittent (203 mmol·kg-1 

dry weight) compared to continuous exercise (113 mmol∙kg-1 dry weight).  Such a 
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discrepancy between fibres may have important implications for MSS athletes who are 

required to utilise type II fibres for movements requiring explosive power and speed 

(e.g. sprinting, jumping and tackling).  

 

Though the use of different methods to compare intermittent and continuous exercise 

has provided somewhat contrasting results, the physiological demands of these forms 

of exercise are clearly different. Indeed, the rest periods associated with intermittent 

exercise having a marked effect on physiological processes, such as substrate 

utilisation, oxygen consumption and exercise tolerance, occurring during exercise. 

Thus, interventions aimed at improving intermittent exercise performance and 

recovery, such as that during MSSs, should be tested using an intermittent protocol. In 

recent decades, this has been achieved, in some part, through time-motion analysis and 

physiological measurements taken during competition (detailed in Chapter 2). 

However, perhaps the most important development in this area has been the creation 

of so called ‘simulation protocols’ designed to be equivalent to the movement and 

physiological demands of MSSs. 

 

By far the most utilised of these so-called simulation protocols has been the 

Loughborough Intermittent Shuttle Test (LIST; Nicholas et al., 2000).  Based on 

movement demands originally documented by Reilly and Thomas (1976), this protocol 

involves repeated 20 m shuttle runs at varying intensities dictated via an audio signal 

from a CD. Patterns of exercise can be completed for 90 min, whilst the inclusion of a 

‘Part B’ at the end of the protocol allows the measurement of time to exhaustion and 
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fatigue (Nicholas et al., 1995). This protocol has been validated against the movement 

and physiological demands of soccer (Nicholas et al., 2000) and elicits similar 

physiological responses to several other MSSs (see Chapter 2). Furthermore, the 

pattern of recovery post-LIST is similar to that observed after a soccer match 

(Magalhaes et al., 2009). A brief overview of the similarities between the LIST and 

soccer is presented in Table 1.1. 

 

Table 1.1. A comparison of physiological and perceptual measures taken during and 

after the LIST and a soccer match 

Variable LIST Soccer* 
During   
Energy expenditure (kJ) 5550 ± 318 5672 
VO2 (l·min-1) 2.86 ± 0.16 2.5-3.5 
VE (l·min-1) 76.5 ± 3.3 76.0 
Average HR (b·min-1) 155 170 
RER 0.92 ± 0.01 0.88 
%VO2max 70.0 ± 2.0 70-75 
Total CHO oxidation (g) 215 ± 13 205 
Total fat oxidation (g) 49 ± 11 56 
   
After (24 h)   
Leg soreness (1-10) ≈ 4.8 ≈  6 
Knee extensor strength (Nm) ≈  -10 ≈  -20 
Knee flexor strength (Nm) ≈  -20 ≈  -20 
Plasma CK (U.l-1) 900 1200 
Jump height (cm) ≈  -7 ≈  -5 
Sprint time increase (s) ≈  0.3 ≈  0.2 
Muscle glycogen depletion (%)* 40-60% 40-90% 
VE = ventilation, HR = heart rate, RER = respiratory exchange ratio, CHO = carbohydrate, CK = creatine 
kinase. *Data collated from various sources: Magalhaes et al. (2009); Ascensao et al., (2008); Bailey et al. 
(2007); Krustrup et al. (2006); Stolen et al. (2005); Thompson et al. (2001a); Nicholas et al. (2000); 
Nicholas et al. (1999); Thompson et al. (1999); Bangsbo et al. (1992); Leatt & Jacobs (1989); Bangsbo 
(1984); Jacobs et al. (1982); Saltin (1973).*Immediately after exercise. 
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Given the similar physiological response of the LIST and MSSs such as soccer, the LIST 

has become a powerful tool to study fatigue and recovery. Indeed, one of the initial 

studies utilising the LIST reported a 33% improvement in run time to exhaustion with 

the ingestion of a CHO-electrolyte beverage compared to placebo (Nicholas et al., 

1995). Others have subsequently demonstrated the ergogenic potential of 

carbohydrate (CHO) ingestion during the LIST (Foskett et al., 2008; Patterson & Gray, 

2007; Davis et al., 1999), as well examining the influence of water ingestion (McGregor 

et al., 1999), a hot environment (Sunderland & Nevill, 2005), a honey sweetened 

beverage (Abbey & Rankin, 2009), caffeine (Gant et al., 2010) and compression 

garments (Houghton et al., 2009). Additionally, several studies have utilised the LIST to 

monitor the effects of potential recovery aids such as CHO (Nicholas et al., 1999), cold-

water immersion (Bailey et al., 2007) and vitamin C ingestion (Thompson et al., 2001a; 

Thompson et al., 2001b). Such studies have provided valuable information on the 

efficacy of interventions in a MSS context, and informed the practice of MSS athletes. It 

should be noted, however, that the LIST has received criticism, as it fails to consider 

skill performance and has fairly restricted movement patterns that are not necessarily 

representative of MSSs. Consequently, several authors have developed the LIST (Welsh 

et al., 2002), created a protocol to match their respective sport of interest (e.g. Twist & 

Sykes, 2011; Roberts et al., 2010a; Williams et al., 2010; Currell et al., 2009; Sirotic & 

Coutts, 2008; Edwards et al., 2003; Rahnama et al., 2003), or included tasks such as the 

Loughborough Soccer Passing Test and Loughborough Soccer Shooting Test (Ali et al., 

2007a). Nevertheless, the LIST remains a popular and convenient method for assessing 

MSSs in a research setting.  
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1.2 MSS concerns and carbohydrate-protein supplementation 

Dehydration and muscle glycogen depletion have been implicated on the aetiology of 

fatigue during MSSs (Bangsbo et al., 2006), typically evidenced via a decrease in high-

intensity running and sprinting in the latter stages of competition (Mohr et al., 2003). 

Consequently, authors have sought to develop strategies to offset this fatigue for a 

competitive advantage. In addition, congested competitive and training schedules in 

MSSs require athletes and coaches to consider optimal recovery strategies, which may 

comprise replenishment of endogenous energy stores, repair of damaged skeletal 

muscle tissue and replacement of lost fluids for MSS players (Reilly & Ekblom, 2005). 

 

Over recent years, the effects of a typical CHO supplement, with the addition of a small 

amount of protein (CHO-P), have received significant research attention both during 

endurance cycling and running and in recovery from resistance training.  Whilst results 

in the investigation of CHO compared to CHO-P have been equivocal, the purported 

benefits of acute ingestion of such a supplement include improved endurance capacity 

(Saunders et al., 2007; Saunders et al., 2004; Ivy et al., 2003), time trial performance 

(Saunders et al., 2009), rehydration (Watson et al., 2008; Shirreffs et al., 2007), muscle 

glycogen restoration rate (Beradi et al., 2006; Williams et al., 2003; Ivy et al., 2002; van 

Loon et al., 2000, Zawadzki et al., 1992) and recovery from exercise-induced muscle 

damage (EIMD; Ferguson-Stegall et al., 2010; Saunders et al., 2009; Cockburn et al., 

2008; Valentine et al., 2008; Baty et al., 2007; Luden et al., 2007; Romano-Ely et al., 

2007; Rowlands et al., 2007; Saunders et al., 2007; Bird et al., 2006; Saunders et al., 

2004). Whether such benefits occur during and/or following MSS exercise is currently 

unknown. However, a basic schematic of MSS concerns, where the potential for CHO-P 



 

20 
 

ingestion to be beneficial exists, and areas of investigation in the current thesis, are 

shown in Figure 1.1. 

 

1.3 Thesis aims 

Given the benefits of CHO-P ingestion and current performance and recovery concerns 

for MSS athletes, the investigation of acute CHO-P supplementation in a MSS context 

appears warranted, particularly given the dearth of research that exists in the area. 

Accordingly, the aim of the present thesis was to examine the effects of acute CHO-P 

ingestion on recovery of muscle function and selected performance measures 

(Chapters 3 and 4), with particular emphasis on EIMD, and to assess the efficacy of a 

CHO-P supplement on delaying fatigue during simulated MSS exercise (Chapters 5 and 

6).  
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Figure 1.1 Key considerations for MSSs both during the event and in recovery, and 
potential sites at which acute CHO-P beverage ingestion may be beneficial (dashed 
lines). Lines in black indicate areas of investigation for the present thesis. 

 

1.3 Organisation of the thesis 

Chapter 2 of the thesis is a review of the pertinent literature in the area of MSSs, CHO 

and CHO-P ingestion. Thereafter, four discrete data chapters present empirical 

research on the reliability and validity of non-motorised treadmill (NMT) ergometry 

(Chapter 3), recovery of muscle function and performance with CHO-P ingestion 

following simulated MSS exercise (Chapter 4), the effects of CHO-P ingestion during 

MSS exercise (Chapter 5) and the effects of CHO-P on self-regulated MSS exercise 

(Chapter 6). Finally, Chapter 7 of the thesis presents conclusions on the efficacy of 

acute CHO-P ingestion for MSS exercise, and potential directions for future research. 
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Chapter 2 

Review of Literature 

2.1 Introduction 

The aim of this review is to critique the pertinent research on: a) the movement and 

physiological demands of MSSs and associated recovery considerations and b) the 

potential for CHO, and CHO-P, to enhance performance during, and recovery following, 

MSSs. 

 

2.2 Intermittent exercise and MSSs 

MSSs such as hockey, soccer and rugby are characterised by periods of high-intensity 

muscular work interspersed with periods of low-intensity movement and/or rest, and 

are thus intermittent in nature. This distinguishes MSSs from more continuous modes 

of exercise, such as endurance running and cycling, as their physiological demands are 

more complex. Strategies for offsetting fatigue and enhancing recovery from this form 

of exercise should, therefore, be based on studies which have used intermittent, and 

not continuous, exercise protocols. The following section provides an overview of the 

intermittent characteristics of MSSs, the physiological responses to continuous and 

intermittent exercise, and more specifically the previously reported physiological 

responses and demands of different MSSs. 
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2.2.1 MSS Characteristics 

2.2.1.1 Time-motion methodologies 

Since the early 1970s many studies have documented the number, type, intensity and 

duration of movement patterns associated with MSSs, commonly termed time-motion 

analysis. However, time-motion analysis of these sports has incorporated several 

different and distinct methodologies (for a full review see Barris & Button, 2008; 

Carling et al., 2008), and thus the potential discrepancies between different 

methodologies, and the subsequent influence on measured variables, should be 

considered when evaluating the movement patterns associated with MSSs.  

 

Popular time-motion methodologies in MSS initially included manual real-time 

notation (Docherty et al., 1988; Lyons, 1988; Andrews, 1985; Withers et al., 1982; 

Reilly & Thomas, 1976; Brooke & Knowles, 1974) and manual video based analysis 

(Andersson et al., 2007; Deutsch et al., 2007; Randers et al., 2007; Impellizeri et al., 

2006; Duthie et al., 2005; Krustrup et al., 2005; Spencer et al., 2004; Mohr et al., 2003; 

Meir et al., 2001a; Meir et al., 1993). Both of these methods have been shown to be 

reliable (albeit through the use of reliability coefficients, which provide measurements 

of relative, and not absolute, agreement between measurements; Krustrup & Bangsbo, 

2001; Reilly & Thomas, 1976), however their time-consuming nature and potential 

observer error have resulted in them being neglected by many researchers 
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More contemporary methods of time-motion analysis within MSSs include the use of 

semi-automated and automated multiple-camera systems (Barros et al., 2007; Di Salvo 

et al., 2007; Rampinini et al., 2007) and global positioning systems (GPS: Waldron et al., 

2011a; Cunniffe et al., 2009). These methods have the advantage of allowing the 

movements of multiple players per game to be captured, with subsequent analysis of 

movements not as heavily reliant on observer skill and objectivity (Carling et al., 2008). 

GPS utilises 27 orbiting satellites, of which at least three must be in contact with a GPS 

receiver at one time, to determine position on the earth. This is achieved by measuring 

the time taken for a signal from each satellite to reach the GPS receiver allowing the 

trigonometric determination of position (Larsson, 2003). Any change in this position 

can be used to calculate distance covered , and the time taken to cover that distance can 

be used to calculate movement speed (although many commercial available GPS 

systems calculate speed utilising measured changes in satellite signal frequency owing 

to movement of the receiver, termed the Doppler shift). 

 

The reliability and validity of measurements attained via GPS has received considerable 

interest over recent years. This research has demonstrated that reliability and validity 

appear to be dependent on the nature of the movement being measured and the 

sampling frequency of the GPS receiver. More specifically, both the reliability and 

validity of distance covered and speed is greater during linear movements without 

changes of direction (Petersen et al., 2009; Townsend et al., 2008), movements over 

longer distances (Petersen et al., 2009; Waldron et al., 2011b) and at lower speed (Gray 

et al., 2010; Duffield et al., 2009; Coutts & Duffield, 2008), and utilising a higher 

sampling frequency (5 Hz as opposed to 1 Hz) (Portas et al., 2010; Duffield et al., 2009). 
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Interestingly, measurements taken in Europe appear to demonstrate less variability 

than those collected in Australasia (Portas et al., 2010). Nevertheless, several studies 

have demonstrated that the measurement error associated with measuring team sport 

activity is generally small. For example, MacLeod et al. (2008) compared distances 

measured via trundle wheel and speeds measured via infrared timing gates to those 

measured via GPS during 14 laps of a circuit involving movements representative of 

those experienced during field hockey (including walking, jogging cruising, sprinting 

and changes of direction). Mean distance (6,821 m) and speed (7 km·h-1) from the GPS 

was not significantly different from actual distance (6,818 m) or timing gate measured 

speed (7 km·h-1). Likewise, the mean difference and 95% limits of agreement were no 

greater than 0.1 ± 0.08 ms-1 and 0.2 ± 1.09 m for speed and distance respectively for 

individual movements in the circuit (zig-zags, sprints etc.). Similarly, Portas et al. 

(2010) reported validity was typically between 2.2 to 4.4% for various soccer specific 

movements (linear sprints, turns and high-intensity soccer drills), whilst the reliability 

for each measurement ranged from 2 to 5.3%. This is in agreement which has typically 

reported a coefficient of variation or standard error of the estimate of < 10% for speed 

and distance measurements associated with MSSs (Waldron et al., 2011; Barbero-

Alvarez et al., 2010; Gray et al., 2010). 

 

Whilst the reliability and validity of each of the aforementioned time-motion 

methodologies appears to be well established, the absolute agreement between 

measurements produced from each of them is not. Randers et al. (2010) reported that, 

when comparing a video-based time-motion analysis system, a semi-automatic 

multiple-camera system and two commercially available GPS systems during a soccer 
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match, there were similar performance decrements (i.e. changes on distance covered at 

high intensity from the first to second half and in the final 15 min of the game); 

however, there were large between-system differences in both total distance covered 

and distances covered in different locomotive categories. The semi-automatic multiple-

camera system measured a total distance covered that was approximately 1 km longer 

than each of the other methods, whilst both the video analysis systems measured 

approximately 0.5 km more distance covered during low-intensity running (7-13 kmh-

1) than both GPS systems. In addition, distance covered in the high intensity running 

locomotive category (> 13 kmh-1) was 0.6-1.0 km longer when measured by the semi-

automatic multiple camera system compared to all other methods. These results are to 

some extent supported by Edgecomb and Norton (2006), who reported that both a 

computer-based tracking and GPS system over-reported total distance covered in an 

Australian Rules football match by 4.8 and 5.4% respectively. Thus, differences exist in 

the measurements produced by different methods of time-motion analysis, and as such 

should be taken into account when making comparisons between studies investigating 

the movement demands of MSSs. Furthermore, comparisons between different studies 

are made difficult due to the use of different ‘motion descriptors’ (e.g. standing, 

walking, jogging, striding and sprinting) and their definitions. Nevertheless, for the 

purpose of this review, studies incorporating all of the aforementioned methods of 

time-motion analysis will be included to provide an overview of the movement 

characteristics of various MSSs. Furthermore, to enable comparisons between studies, 

where speed categories are not provided this review will consider standing and 

walking as a low-intensity movement, jogging as a medium-intensity movement, and 

striding/cruising and sprinting as high-intensity movements.   
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2.2.2 Time-Motion analysis of MSSs 

Investigations into the movement characteristics of MSSs have primarily been 

conducted in soccer, however, research has begun to evaluate the movement profiles 

and physiological and match demands associated with a variety of MSSs, including 

rugby union, rugby league, hockey, Australian rules football, netball and basketball.  

 

2.2.2.1 Soccer 

Both male and female elite standard outfield players appear to cover approximately 9-

13 km during a match (see Table 2.1 below), although this has been shown to vary by 

position, with midfielders typically covering a greater distance than other outfield 

players (Barros et al., 2007; Di Salvo et al., 2007; Rampinini et al., 2007; Mohr et al., 

2003; Reilly & Thomas, 1976). As can be seen in Table 2.1, the distance covered during 

a soccer match is made up of several different intensities of movement. Indeed, it has 

been estimated that between 1000 and 1500 discrete movements occur approximately 

every 4-6 s during a match, with a pause of approximately 3 s every 2 minutes 

(Krustrup et al., 2005; Strudwick et al., 2002). It should be noted that Table 2.1 is not a 

comprehensive overview of the types of movement undertaken in a soccer game, as 

many others such as sideways and backward movement, kicking and jumping are not 

included, yet are likely to contribute to the physiological demands of a game. 

Nevertheless, it is clear that soccer is a sport that is highly intermittent in nature. 

 

The majority of the distance covered during a soccer match is in low-intensity 

locomotive categories such as walking and jogging (see Table 2.1), which is likely to 
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require little energy turnover. Mohr et al. (2003) reported that elite soccer players 

spent approximately 20, 42 and 30% of the time during a game standing, walking or 

running at a low intensity respectively. Conversely, elite players will typically spend 

approximately 4.5, 2.8, and 1.4 % of the total time during a match in high-intensity 

locomotive categories such as moderate speed running, high speed running (i.e. 

striding or cruising) and sprinting respectively, with approximately 69  5 high-

intensity runs and 39.2  2 sprints taking place in a game (Rampinini et al., 2007; Mohr 

et al., 2003). Perhaps unsurprisingly considering the potentially high energy turnover 

required for such activity, it appears that the time spent in high-intensity movement 

differentiates between top and moderate-level athletes. Mohr et al. (2003) reported 

that international soccer players covered a greater distance during high-intensity 

running (28%) and sprinting (58%) than players from the premier Danish league. 

Consequently, time spent or distance covered in high-intensity running during a soccer 

match has become a widely used performance measure in the assessment of 

professional soccer players (Zubillaga et al., 2007).  Other factors that have been shown 

to affect high-intensity running and sprinting during a game include the quality of 

opposition (Lago et al., 2010) and, as with distance covered, playing position (Mohr et 

al., 2003; Reilly & Thomas, 1976).  
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Table 2. 1. Distance covered (m) in different locomotive categories in soccer 

Study Players Total Walking/Jogging LIR HIR Sprinting Method 

Andersson 

et al. 

(2007) 

Professional (n = 

11, female, 

Scandinavia) 

10,000 

± 500 

  1,600 

± 400 

 Manual 

video 

analysis 

        

Bangsbo et 

al. (1991) 

Professional/Semi-

Professional (n = 

14, Denmark) 

10, 800 

(range 

9,490-

12,930)  

     

Barros et 

al. (2007) 

Professional (n = 

112, Brazil) 

10,012 

± 1024 

5,537 ± 263 1,615 

± 351 

1,731 

± 399 

437 ± 171 Automated 

video 

tracking 

        

Bradley et 

al. (2009) 

Professional (n = 

370, England) 

10,714 

± 991 

8042 1,706 662 255 Multiple-

camera 

        

Di Salvo et 

al., (2007) 

Professional (n = 

20, Spain) 

11, 393 

± 1016 

7061 ± 272 1,965 

± 288 

2,743 

± 369 

248 ± 116 Multiple-

camera 

        

Hewitt et 

al. (2007) 

Professional (n = 6, 

female, Australia) 

9,140 4,500 4,740 620 280 GPS 

        

Krustrup 

et al., 

(2005) 

Professional (n = 

14, female, 

Denmark) 

10,300 9,000 1,310 160 Manual 

video 

analysis 

       

Lago et al., 

(2010) 

Professional (n = 

27, Spain) 

10,491-

11,425 

8,199-8,656 1,869-

2525 

 Multiple-

camera 

       

Lago-

Penas et al. 

(2009) 

Professional (n 

=127, Spain) 

10,943-

935 

6996 ± 308  540 ± 

145 

219 ± 122 Multiple-

Camera 

        

Mohr et al., Professional (n = 10,860   2,430 650 ± 60 Manual 

video 
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(2003) 18, Italy) ± 180 ± 140 analysis 

        

Randers et 

al. (2007) 

Professional (n = 

23, Scandinavia) 

10,800 

± 170 

  2,130 

± 100 

470 ± 30 Manual 

video 

analysis 

        

Rampinini 

et al., 

(2007) 

Professional (n = 

20, Europe) 

11,019 

± 331 

  2,738 

± 220 

903 ± 115 Semi-

automatic 

video 

        

Reilly & 

Thomas 

(1976) 

Professional (n = 

40, England) 

8,680 ± 

1011 

2,150 ± 471 3,187 

± 746 

1,810 

± 411 

974 ± 246 Audio & 

hand 

notation 

        

Scott & 

Drust 

(2007) 

Professional (n = 

30, Female, 

England) 

11,979 

± 1,325  

3,114  5,390 1,557 359 Manual 

video 

analysis 

Values are presented as mean ± standard deviation where possible. LIR = Low-intensity running 
(incorporating jogging or running < 15 km·h-1 depending on definition), HIR = High-intensity running 
(incorporating striding, cruising or running ≥ 15 km·h-1 depending on definition). Participants were male 
unless otherwise stated. 

 

Fatigue, defined as an inability to maintain a given exercise intensity in the presence of 

sensations of tiredness and an increased sense of effort to maintain said force (Bart & 

Romain, 2010; Abbiss & Laursen, 2005), has been reported during a soccer match as a 

reduction in exercise intensity in the both the last half and last 15 min of a match 

(Bangsbo et al., 1991; Reilly & Thomas, 1976). Some of the physiological mechanisms 

through which fatigue may occur during MSSs are presented in section 2.2.3.2. Mohr et 

al. (2003) reported that elite soccer players performed more running at both a low and 

high intensity during the first compared with the second half (31.1% c.f. 28.4% and 9 % 

c.f. 7.7% respectively), whilst players sprinted more in the first compared to the second 

half (1.6% c.f. 1.2%) of a game. In addition, when the game was analysed in 15 



 

31 
 

segments, players covered 14-45% less distance in high-intensity running compared to 

the first four blocks of 15 minutes (the first 60 min of a game), whilst sprint distance 

was reduced by 70 m. Krustrup et al. (2006) examined repeated sprint ability via a test 

consisting of 5 repeated sprints separated by 25 s recovery, at the start, during half-

time, and at the end of a competitive soccer game in 31 Danish soccer players. The 

mean time to complete the sprints was 2.8  0.7% longer than at the start of the game, 

with each individual sprint slower after compared with before the game. No difference 

was found between sprint performance during half-time and before the game, thus 

impairments in high-intensity exercise capacity are likely to manifest during the latter 

part of a soccer match. It is worth noting that sprint performance, and the decline 

thereof associated with fatigue, is considered to be fundamental to success in MSSs. As 

such, sprint performance is a common marker to monitor recovery and fatigue in MSS 

players and has typically been measured via infrared timing gates (Magalhaes et al., 

2009; Ascensao et al., 2008; Krustrup et al., 2006). However, other methods, such as 

NMT ergometry and GPS, may provide a much more comprehensive analysis of sprint 

performance owing to their capacity to provide real-time multiple split times, peak and 

mean speeds, rates of acceleration, force production and stride length and frequency.  

 

2.2.2.2 Rugby Union 

The total distances covered by players during a rugby union match is less than that 

reported during elite soccer matches. With the use of a multiple-camera system, 

Roberts et al.s’ (2008) examination of the motion characteristics of 31 elite English 

rugby union players during a match revealed that forwards covered a distance of 5,581 

 692 m, whilst backs covered a significantly higher distance of 6,127  724 m. This is 
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in agreement with previous studies that reported distances of approximately 4,500 to 

6,200 m during elite rugby union competition (Deutsch et al., 1998; Docherty et al., 

1988).  More recently, Cunniffe et al. (2009) reported that the distance covered in a 

game was 6,953 m in a sample of 2 elite international rugby players.  The reason for 

this value being higher than that reported in previous studies is unclear, however the 

use of GPS, the level of competition and small sample size utilised are likely to be 

contributing factors.  

 

As with soccer, rugby union is a sport that is highly intermittent in nature, involving 

movements at several different intensities. For example, in their study of the game 

movements of 47 elite rugby union players over two competitive seasons, Duthie et al. 

(2005) reported that forwards spent 41, 27, 20, 1.7 and 0.5% of total match time 

standing walking, jogging, striding and sprinting, respectively, whilst backs spent 41, 

38, 16, 1.6 and 2.1% of percentage total time in each respective locomotive category. 

Similarly, Cunniffe et al. (2009) reported that 37, 27, 10, 14, 5 and 6% of total distance 

covered in a match was completed walking, jogging, striding, high-intensity running 

and sprinting, respectively. These findings are comparable to soccer, in that the 

majority of time spent on the pitch is in lower intensity movements, although time in 

high intensity activity appears to be marginally higher in soccer (see section 2.2.2). As 

with soccer, Duthie et al. (2005) reported that a large number of individual movements 

take place in a game, with forwards completing 651 discrete movements (not including 

rugby-specific activities such as static exertions, tackling, jumping and lifting), and 

backs completing approximately 658.  These movements (or efforts) would generally 

be of a short duration (< 4 s), with rest periods typically less than 20 s. In contrast to 
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soccer, studies to date have reported that there is no change in movement patterns 

between the first and second halves of a game (Cunniffe et al., 2009; Duthie et al., 

2005), suggesting that fatigue is not as evident in these sports. However, it may be that 

analysis needs to be to be completed over shorter time-spans (~15 min) as with soccer 

(e.g. Mohr et al., 2003), to elucidate the role of fatigue during the latter stages of a rugby 

union match. 

 

2.2.2.3. Rugby league 

The average distance covered in a game of rugby league appears to be between 4,000-

9,000 m (Waldron et al., 2011a; King, Jenkins & Gabbett, 2009; Sykes et al., 2009; Meir,  

et al., 2001a), with backs suggested to cover an overall greater distance than forwards 

(Waldron et al., 2011a). However, when expressed relative to game time, forwards 

cover a greater relative distance than backs (95 ± 7 c.f. 89 ± 4 m·min-1). As with soccer 

and rugby union, this distance is covered intermittently with a variety of different 

movement intensities. Sykes et al. (2009) reported that with the ball in play, match-

play was comprised of 53.9 ± 7.3% walking, 30.5 ± 5.4% jogging, 6.7 ± 1.4% medium 

intensity running, 1.8 ± 0.5% high-intensity running and 0.4 ± 0.3% sprinting. As with 

soccer, these values were shown to vary by playing position, with outside backs 

performing more high-intensity running than other positions. However, in agreement 

with other MSSs, for all players the majority of time spent in a rugby match is in low 

intensity locomotive categories (King et al., 2009; Meir et al., 2001a; Sirotic et al., 

2009). Furthermore, time spent in high-intensity activity differentiates between elite 

and sub-elite level rugby league players, with elite players spending significantly more 

time (a mean difference of 97.7 s) in movement at high-intensity than their sub-elite 
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counterparts (Sirotic et al., 2009). Few studies have reported on fatigue during a game, 

however Sirotic et al. (2009) reported that mean running speed decreased by 

approximately 0.4 km∙h-1 in the second half of a match in elite Australian rugby league 

players, suggesting that fatigue is apparent during the latter part of this form of 

activity. Indeed, Sykes et al. (2011) subsequently reported 4.9%, 30.5% and 46.8% 

reductions in the final quarter of a match in overall m∙min-1, high-intensity m∙min-1 and 

very high intensity m∙min-1, respectively. 

 

2.2.2.4 Other MSSs 

Several other MSSs have been the subject of time-motion analysis, albeit with limited 

research. A recent study by Gabbett (2010) utilising GPS has reported that the average 

distance covered by female hockey players is 6,600 m during a match, with high-

intensity running representing approximately 4% of total time during a game. Spencer 

et al. (2004; 2005b), conducting manual video-based time-motion analysis of field 

hockey in 14 elite international hockey players, showed that total game time was 

comprised of 46.5  8.1% walking, 40.5  7% jogging, 4.1%  1.1 striding and 1.5  

0.6% sprinting, with approximately 780 discrete movements taking place every 5.5 s 

during the game. As with other sports, these movement patterns were shown to vary 

by playing position, with more sprints performed by inside-forwards and strikers. 

Changes in performance during the game due to fatigue were not reported in either of 

the aforementioned studies.  

 



 

35 
 

In a 60 min basketball match, approximately 756-1,220 discrete movements will take 

place, with a change in movement occurring every 2 s (McInnes et al., 1995).  As with 

other MSSs, the majority of playing time is spent in low-intensity movement 

(approximately 55-75%), with the remainder spent in high intensity locomotive 

categories (Bishop & Wright, 2006; McInnes et al., 1995). A reduction in time spent in 

high-intensity activity (approximately 3%) in the final quarter of a basketball match 

has also been observed (Abdelkrim et al., 2006).  

 

Much of the work examining netball movement patterns was conducted in the 1980s 

and early 1990s (Steele & Chad, 1992; Woolford & Angrove, 1991; Otago, 1983), but 

recently, Davidson and Trewartha (2008) used computerised video analysis of six elite 

female netball players to establish the movement activities associated with netball 

competition. Total distance covered in a game was 7,984 ± 767 m, 4,283 ± 261 m and 

4,210 ± 477 m for centres, goal keepers and goal shooters, respectively, and the 

percentage of total time spent standing, walking, jogging, running and sprinting being 

12.3, 31.8, 17.2, 14.7 and 2.4%, respectively. Approximately 1,266 ± 62 discrete 

movements took place over the course of a game, whilst a change in movement 

occurred every 2.8 s.  

 

In Australian Rules football, players have been reported to cover approximately 10,100 

± 1,400 m (Burgess et al., 2006), spending on average 33.4 ± 5.5% walking, 37.8 ± 5.1% 

jogging, 18.3 ± 3.2% striding and 7 ± 2.3 % sprinting. Burgess et al. (2006) also 

provided evidence of fatigue during this form of competition, with elite players shown 
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to cover a 5% greater distance in the first versus the second half, whilst mean speed 

was 14% higher in the first half of the game.  

 

2.2.3 Physiology of high intensity intermittent exercise 

2.2.3.1. High-intensity and maximal intermittent exercise 

High-intensity or maximal intermittent exercise refers to that which involves repeated 

work periods at or above 100% VO2max. This exercise pattern is closely linked to that 

which occurs during MSSs, albeit periods of high-intensity work during MSSs are likely 

to occur in a much less regimented fashion than in laboratory protocols. Nevertheless, 

an understanding of skeletal muscle metabolism during high-intensity or maximal 

intermittent work is likely to provide information on the aetiology of fatigue during 

MSSs. 

 

In an early investigation into repeated maximal efforts, McCartney et al. (1986) 

examined muscle metabolism and power output during four 30 s maximal efforts on an 

isokinetic cycle ergometer interspersed with 4 min recovery periods in a sample of 

eight university students.  It was reported that the highest power output occurred 

during the first exercise period (1,626  102 W), with a significant reduction of 20% 

(1,321  775 W) and a further 21% in the second and third work periods, respectively. 

No further change in power output was observed in the final exercise period. Similarly, 

when maximal cycling work bouts were performed for 10 shorter periods (6 s) with 30 

s recovery, Gaitanos et al. (1993) observed that, whilst mean power output was 26.6% 

lower in the final sprint compared to the first, 47.5% of the reduction in power output 
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occurred in the first 5 sprints, with a smaller reduction in power output over the last 

six sprints when compared to the first four. Thus, it appears that decrements in power 

output, presumably due to fatigue, predominantly occur from the first to early work 

bouts, with later work bouts in maximal intensity intermittent exercise affected to a 

lesser degree. The recovery time between repeated high intensity work bouts has a 

marked impact on fatigue. Balsom et al. (1992) demonstrated that sprint times over 40 

m could be maintained for 15 sprints when interspersed with 120 s recovery. However, 

when recovery time was reduced to 60 and 30 s, reductions were observed in sprint 

performance from the 11th and 5th sprints respectively. 

 

Muscle biopsies and blood samples taken from studies examining high intensity 

intermittent work have provided a great deal of information on the potential 

mechanisms for the altered power output typically observed during this form of 

exercise. McCartney et al. (1986) discovered that during four maximal work bouts, 

muscle ATP concentrations decreased by 40% after the first exercise bout and 

continued to drop throughout the exercise protocol. Similarly, PCr concentrations in 

the muscle declined by 70, 88 and 96% immediately following the first, third and fourth 

exercise bouts, respectively. However, both muscle ATP and PCr concentrations were 

recovered to 90 and 78% of resting levels, respectively, after the end of the third 

recovery period. Accordingly, whilst PCr appears to provide a large proportion of 

energy for ATP resynthesis during repeated maximal efforts, the finding that its stores 

were almost completely restored during rest periods would suggest that reductions in 

muscle PCr stores were not solely responsible for the reductions in power output 

during repeated sprints in the McCartney et al. (1986) study. In contrast, a significant 
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body of research exists showing that creatine supplementation, and associated 

increased muscle PCr stores, improves repeated sprint performance (Yquel et al., 2002; 

Mujika et al., 2000; Jones et al., 1999; Aaserud et al., 1998; Balsom et al., 1993). Thus, 

the role of PCr depletion in the aetiology of fatigue in intermittent work is unclear. 

 

The contribution of glycolysis to energy provision, as evidenced via the accumulation of 

blood and muscle lactate, during repeated maximal exercise decreases as intermittent 

exercise continues. Indeed, Gaitanos et al. (1993) estimated that whilst glycolysis 

accounted for 44% of anaerobic energy provision during the first of 10 sprints, the 

corresponding value for the 10th sprint was only 16%. McCardle et al. (1986) reported 

that plasma lactate concentrations progressively increased throughout exercise until 

the third (out of four) maximal efforts, where a plateau of 21-23 mmol·l-1 was reached. 

Similarly, a large increase in muscle lactate was observed after the first effort (~ 29.0 

mmol∙kg-1) with no further change after the third and fourth exercise bouts. 

Interestingly, the progressive decline in work rate and attenuation of lactate 

production in this study would suggest that lactate accumulation and subsequent 

acidosis is not an important factor in the development of fatigue during multiple-sprint 

work. In a similar pattern to muscle lactate production, muscle glycogen was reduced 

following the first (18 mmol∙kg-1) and second (15 mmol∙kg-1) exercise periods, with no 

significant reduction observed thereafter. In contrast, plasma glycerol concentration 

increased progressively throughout the exercise protocol, reaching almost 500% of 

resting levels during recovery after the final exercise bout. Such increases led the 

authors to suggest that intramuscular triglycerides provided a significant proportion of 

energy during multiple maximal efforts, particularly during rest periods. Similarly, 
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Spriet et al. (1989) reported that muscle lactate increased by 33.3 ± 9.1 mmol∙kg-1 dry 

weight in the second of three exercise bouts, whereas in the final exercise bout it only 

increased by 22.9 ± 6.8 mmol∙kg-1 dry weight. Furthermore, it was also reported that 

muscle glycogen utilisation during the final work bout was only 32% of that observed 

during the second work bout. Whilst, the exact cause of a reduced glycogenolysis and 

glycolysis during the latter stages of intermittent exercise are unclear, it has been 

suggested that citrate, H+, and potassium accumulation observed during intermittent 

work (Bangsbo et al., 1996; Spriet et al., 1989; Essen, 1978) may act to inhibit the 

activity of glycogen phosphorylase and phosphofructokinase, the rate limiting enzymes 

for glycogenolysis and glycolysis, respectively.  

 

2.2.3.2 Physiological responses to MSSs 

As with time-motion analysis, much of the work that has documented the physiological 

responses to MSSs has been conducted in soccer, with a relative paucity of data existing 

on the physiological responses to other sports with similar movement patterns. 

Accordingly, this section of the review will focus on the studies which have 

documented physiological responses to soccer, and, where possible, reference will be 

made to other MSSs. It is suggested that due to the similar movement patterns that 

occur in each MSS (see section 2.2.2), that much of the work conducted in soccer is 

likely to be relevant to other MSSs. 
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2.2.3.2.1 Aerobic metabolism  

The aerobic contribution to energy provision in MSSs has primarily been investigated 

via the measurement of heart rate during competition, with values subsequently 

‘converted’ to oxygen consumption based on the known relationship between oxygen 

uptake and heart rate during sub-maximal running (Krustrup et al., 2005; Bangsbo et 

al., 1994). However, it should be noted that heart rate measured during a game is likely 

to over-estimate oxygen consumption, as factors such as dehydration and subsequent 

hyperthermia (Montain & Coyle, 1992), and mental stress (Rusch et al., 1981) are likely 

to elevate heart rate without a corresponding increase in oxygen uptake. Nevertheless, 

it has been shown that the heart rate-oxygen consumption relationship is similar 

during treadmill running and exercise designed to mimic the demands of soccer 

(Esposito et al., 2004), and as such heart rate is likely to provide useful information on 

aerobic metabolism and physiological strain during MSSs.  

The predominantly sub-maximal nature of soccer (see section 2.2.2.1), means that this 

form of activity primarily stresses the aerobic energy systems. Indeed, an inverse 

relationship between VO2max and decrements in work rate over a game was shown in 

soccer players over three decades ago (Reilly & Thomas, 1976). The average and 

maximal heart rate during a soccer game is approximately 85% and 98% of maximal 

values, respectively, for both males and females (Krustrup et al., 2005; Bangsbo, 1994; 

Bangsbo et al., 1994; Ali & Farrally, 1991; Reilly & Thomas, 1979). Using the 

relationship established between heart rate and oxygen consumption, these studies 

have estimated that oxygen consumption during a soccer match is, on average, 

approximately 70-75% of VO2max (Bangsbo et al., 2006). Thus, the oxygen consumption 

during a game for a player with a VO2max of 60, 65 or 70 ml∙kg-1∙min-1 would be 45.0, 
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48.8 or 52.5 ml∙kg-1∙min-1 respectively, translating into an estimated energy 

expenditure of between 1,500 and 1,800 kcal for a 75 kg player (Stolen et al., 2005).  

 

Whilst no studies have directly measured oxygen consumption during a soccer match, 

some have attempted to measure it during soccer-like activities with the use of 

portable gas analysers. Esposito et al. (2004) demonstrated that the average VO2 

during simulated soccer match play was 3.49 ± 0.29 l∙min-1 or 48.1 ml∙kg-1∙min-1, whilst 

VO2 was 70, 84 and 94% of maximal values during moderate, high and very high 

intensity activity, respectively. Accordingly, the estimations for oxygen uptake derived 

from heart rate during a soccer game appear to be accurate, though, it should be noted 

that these results were obtained on amateur soccer players, and thus the applicability 

of these findings to elite players can be questioned. Nevertheless, estimations for VO2 

during soccer are further supported via measurements of core temperature, as a linear 

relationship between core temperature and relative work-intensity has been 

established (Saltin & Hermansen, 1966). Core temperatures of between 39 and 40°C 

have been observed during a game (Mohr, Krustrup et al., 2004; Ekblom, 1986), which 

is similar to the core temperature (~38.7°C) observed during continuous exercise at 

70% VO2max (Saltin & Hermansen, 1966).  

 

Heart rates observed during other MSSs are similar to those observed during elite 

soccer matches (see Table 2.2 below), with values indicating that many of these sports 

are also conducted at approximately 70% of VO2max.  
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Table 2.2 Heart rate responses to different MSSs 

  Average HR (b.min-1)  
Study Sport First half Second Half Max HR 

Morton (1978) Rugby Union 161  
Roberts et al. 

(2010) 
Simulated 

Rugby Union 
160  5  

Coutts et al. 
(2003) 

Rugby League 
167  9 

(86.7  4.4% 
HRmax) 

165  11  

Waldron et al. 
(2011) 

Rugby League 83.5  1.9% HRmax  

MacLeod et al. 
(2007) 

Hockey 174  12 169  11 191  9 

Boyle et al. 
(1994) 

Hockey 159  8  

Matther & 
Delextrat 

(2009) 
Basketball 165  9 (89.1% HRmax)  

McInnes et al. 
(1995) 

Basketball 168  9 (87  2% HRmax) 
188  7 (99  1% 

HRmax) 
Rodriguez-

Alonso et al. 
(2003) 

Basketball 186  6 94.6% HRmax 

Hahn et al. 
(1979) 

Australian 
Football 

164 (range 140-180)  

HRmax = maximum heart rate. 

 

2.2.3.2.2 Anaerobic metabolism  

Whilst aerobic metabolism is the predominant energy system engaged during a soccer 

game, anaerobic metabolism is likely to be taxed considerably during the many brief, 

high-intensity periods that occur during this form of exercise.   

 

The role of PCr in muscle metabolism during a soccer game has received little attention, 

however, Krustrup et al. (2006) demonstrated that muscle PCr levels were lower 

immediately after a game when compared to resting levels (88  2 c.f. 79  3 mmolkg-1 

dry weight) in 31 sub-elite soccer players. Furthermore, muscle PCr levels were lower 
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still following intense exercise periods (defined as periods involving fast running and 

sprinting over 18 and 25 kmh-1, respectively) in the first (76  3 mmolkg-1 dry 

weight) and second half (67  3 mmolkg-1 dry weight) of a game. Hence, it would 

appear that PCr is a significant contributor to energy provision during a soccer match, 

particularly during intense periods of play. However, in agreement with work 

conducted on repeated high or maximal intensity exercise, it seems unlikely that PCr is 

the predominant cause of fatigue associated with MSSs, as Krustrup et al. (2003) 

demonstrated that performance during intermittent running to exhaustion could be 

maintained with muscle PCr levels much lower (40  5 mmolkg-1 dry weight) than 

those reported at the end of a soccer game (Krustrup et al., 2006). 

 

Several studies have measured blood lactate levels during a soccer game in attempt to 

establish the levels of anaerobic metabolism due to lactate-producing glycolysis and 

the potential causes of fatigue. Mean blood lactate concentrations after a game of 2-10 

mmol∙l-1   have been observed, with individual values as high as 12-15 mmol∙l-1  

(Krustrup et al., 2006; Bangsbo, 1994; Ekblom, 1986), similar to those seen during 

intermittent exercise to exhaustion (Krustrup et al., 2003), and those reported in other 

MSSs (see Table 2.3). Interestingly, blood lactate concentrations are lower in the 

second half of a soccer game than the first. For instance, Bangsbo (1994) demonstrated 

that mean blood lactate concentrations were 4.9 (range 2.1-10.3) and 3.7 (range 1.8-

5.2) mmol∙l-1 for the first and second halves of a game, respectively, in Danish first and 

second division soccer players. The finding that blood lactate concentration is lower in 

the second half of a game is likely to be due to both the shorter distance covered and 

reduced high-intensity running performed in the second half (see section 2.2.2).  
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Table 2.3 Blood lactate responses to different MSSs 

Study Sport Blood Lactate (mmol∙L-1) 
  Average Maximum 
Deutsch et al. 
(1998) 

Rugby Union 6.6 8.5 

Docherty et al. 
(1988) 

Rugby Union 2.8  1.6 - 

McLean (1992) Rugby Union 5.4  0.6 5.9 
Coutts et al. (2003) Rugby League 5.9  2.5 8.4 
Ghosh et al. (1991) Hockey 5.6 - 
Rodriguez-Alonso 
et al. (2003)  

Basketball 5.0  2.3 - 

Matthew & 
Delaxtrat (2009) 

Basketball 5.2  2.7 10  

 

 

To date, only one study has directly measured muscle lactate concentrations during 

soccer matches. Krustrup et al. (2006) reported that mean muscle lactate 

concentrations were higher after soccer matches (13.0  0.8 mmolkg-1 dry weight) 

compared with pre-match values (4.2  0.5 mmolkg-1 dry weight), whilst muscle 

lactate values were higher again following intense periods during a game (15.9  1.9 

and 16.9  2.3 mmolkg-1 dry weight in the first and second halves respectively). In 

contrast to blood lactate concentrations, muscle lactate concentrations in the study of 

Krustrup et al. (2006) were considerably lower than those observed at exhaustion in 

intermittent exercise (48.9  6.1 mmolkg-1 dry weight; Krustrup et al., 2003). It is 

noteworthy that whereas during continuous exercise blood lactate suitably reflects 

lactate concentrations in the muscle (Bangsbo et al., 1993), Krustrup et al. (2006) 

observed no significant correlation between muscle and blood lactate concentrations 

sampled during a soccer game. The authors suggest that this difference is because of 

the lower clearance rates of lactate in the blood when compared to muscle (Bangsbo et 

al., 1995), and thus an accumulation of lactate may take place in the blood after several 



 

45 
 

high-intensity efforts. Consequently, it is possible that during a soccer game, blood 

lactate concentration may be high without a corresponding high lactate concentration 

in the muscle. Nevertheless, their findings of high blood and moderate muscle lactate 

concentrations in a game indicate that the rate of glycolysis is high, in particular during 

intense periods of movement.  

 

It is unlikely that high concentration of lactate, and associated H+ accumulation and 

reduced muscle pH, are the predominant cause of fatigue in MSSs. Krustrup et al. 

(2006) observed no significant correlation between muscle lactate, blood lactate or 

muscle pH and sprint performance at any point in a soccer game. Indeed muscle pH 

was only marginally decreased during the course of the match (from 7.2 to 6.8). 

Furthermore, a previous investigation has failed to demonstrate that an accumulation 

of lactate causes fatigue during MSS like exercise (Krustrup et al., 2003), and relatively 

little evidence exists to show that reduced muscle pH associated with increased H+ ion 

concentrations and muscle lactate causes fatigue in working muscle (Stackhouse et al., 

2001). 

 

2.2.3.2.3 Substrate utilisation 

During intermittent exercise designed to simulate the demands of MSSs, respiratory 

exchange ratios (RER) of 0.85, 0.87 and 0.91 have been observed at intensities 

corresponding to 55, 71 and 81% of VO2max respectively, (Bangsbo, 1994). Thus, based 

on the estimated average VO2 during a soccer match, Bangsbo (1994) estimated that 

the mean RER value during soccer is approximately 0.88, corresponding to a 
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contribution of 60% CHO and 40% fat to energy production. The exact contribution, if 

any, of protein to metabolism during a soccer match is not clear. However, based upon 

studies utilising continuous exercise protocols of a similar intensity and duration to 

soccer, it has been estimated that protein oxidation contributes up to 10% of total 

energy production (Tarnopolsky, 2004; Wagenmakers et al., 1990; Wagenmakers et al., 

1989). However, protein oxidation can increase with lowered energy (Chiang & Huang, 

1988) and CHO availability (Howarth et al., 2010; Riddell et al., 2003; Elwyn et al., 

1979), and dehydration (Berneis et al., 1999). Thus, amino acid oxidation may make a 

significant, albeit relatively small, contribution to energy provision during a soccer 

match. 

 

2.2.3.2.4 CHO metabolism  

CHO oxidation during a soccer match has been estimated to total approximately 205 g, 

equating to a CHO oxidation rate of approximately  2 g of CHO per minute (Bangsbo, 

1994b). Blood glucose concentration is typically marginally higher after (4.9 – 5.5 

mmoll-1), when compared to before, a soccer match (approximately 4.5 mmoll-1 

Bangsbo, 1994; Ekblom, 1986; Krustrup et al., 2006). Peak blood glucose values 

typically occur in the first half of a match (6.1  0.3 c.f. 5.3  0.3 mmol∙l-1), and at 30 min 

(approximately 7.5 mmol∙l-1) during simulated soccer performance (Nicholas et al., 

2000). Given that these values are not indicative of a hypoglycemic state, (~3.5 mmol∙l-

1), it appears that liver glycogen stores are sufficient to maintain normal blood glucose 

concentrations during the course of a soccer match. Thus, though previously implicated 

in the aetiology of fatigue (Coggan & Coyle, 1987; Coyle et al., 1986), hypoglycaemia is 

unlikely to be the predominant cause of fatigue in MSSs. 
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After a soccer match, whole muscle glycogen has been reported to be reduced to a 

concentration below which a maximal glycolytic rate can ensue (~ 200 mmol.kg-1 dry 

weight; Bangsbo et al., 1992), although this is not always the case (Jacobs et al., 1982). 

The importance of muscle glycogen as a substrate during soccer was originally 

demonstrated by Saltin (1973), who reported that the concentrations taken from the 

thigh muscle of five players were 96, 32 and 9 mmolkg-1 wet weight before, at half-

time and at the end of a non-competitive match, respectively. In the same study, four 

other players entered the game with lowered (45 mmolkg-1 wet weight) muscle 

glycogen levels due to intense physical exercise leading up to the game. For these 

players, muscle glycogen stores were almost completely depleted by half-time of the 

match. Other studies have reported reductions in muscle glycogen of between 20-90% 

following a soccer match (Krustrup et al., 2006; Leatt & Jacobs, 1989; Jacobs et al., 

1982), whilst exercise designed to simulate the demands of soccer results in an 

approximate 60% loss of muscle glycogen, with a greater rate of glycogen utilisation in 

type II versus type I fibres (Nicholas et al., 1999). Indeed, Krustrup et al. (2006) 

demonstrated that muscle glycogen depletion was not uniform across all muscle fibres 

following a non-competitive match. Whilst whole muscle glycogen stores were 

significantly depleted by 42  6% after the match, approximately 47% of all individual 

muscle fibres were almost or completely depleted, with type I fibres having the highest 

proportion of completely depleted fibres, despite a higher rate of glycogen utilisation in 

type II fibres. Consequently, it would appear that a significant proportion of muscle 

fibres are depleted of glycogen to a level that would result in impaired energy provision 

from glycolysis during a soccer match (Bangsbo et al., 1992). 
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Reviews into the aetiology of fatigue in MSSs have suggested that muscle glycogen 

depletion is likely to be the predominant cause of reduced work rates observed during 

the latter stages of competition (Bangsbo et al., 2006; Mohr et al., 2005; Reilly, 1997). 

The implications of such a depletion become clear when considering that studies 

utilising the stable isotope method have established that muscle glycogen utilisation 

increases with increasing exercise intensity, and that during continuous exercise at an 

exercise intensity similar to that of MSSs (~70% VO2max), it is the predominant 

substrate utilised for energy production (Van Loon et al., 2001; Romijn et al., 1993).  

 

Nearly 40 years ago, Saltin (1973) demonstrated the importance of muscle glycogen as 

a substrate for performance during MSSs, in reporting that when soccer players 

entered a match with low muscle glycogen concentration (~200 mmol∙kg-1 dry weight) 

induced by prior exercise, they covered 25% less distance than players entering the 

game with normal (~400 mmol∙kg-1 dry weight) concentrations. Those players with 

normal muscle glycogen concentrations also covered 27 and 24% of total distance 

walking and sprinting, respectively, whereas the corresponding values for individuals 

with lower concentrations were 50 and 15%. Importantly, there is strong recent 

evidence that increased CHO intake before and during exercise is associated with 

enhanced muscle glycogen concentrations and performance.  This is discussed in later 

sections of this review. 
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2.2.3.2.5 Fat metabolism  

Fat oxidation over the course of a soccer match is estimated to equal approximately 49 

g (Bangsbo, 1994b). In contrast to blood glucose, free fatty acid (FFA) concentrations in 

the blood progressively increase over the course of a soccer game (Krustrup et al., 

2006; Bangsbo, 1994b), thus the rate of lipolysis during a game appears to be relatively 

high. This is supported by the observation of an increase in glycerol concentration of 

approximately 100-200 moll-1 in the blood towards the end of a game (Krustrup et 

al., 2006). Whilst, the exact contribution of intramuscular triglycerides to energy 

provision during a soccer match has yet to be clearly established. Rico-Sanz et al. 

(1998) have reported that intramuscular triglyceride content of the soleus, medial 

gastrocnemius and tibialis muscles measured via magnetic resonance spectroscopy 

remained unaltered following 90 minutes of variable intensity running (45.3  12.7, 

34.8  10.1 and 25.2  7.3 mmol∙l-1, respectively) when compared to baseline measures 

(46.4  13.6, 35.0  12.1 and 23.1  4.8 mmol∙l-1, respectively). However, few rest 

periods were included in the intermittent protocol of Rico-Sanz et al. (1998), and 

intramuscular triglycerides have been suggested as a major source of the fat oxidised in 

periods of rest during intermittent exercise (McCartney et al., 1986; Essen et al., 1977). 

 

2.2.3.2.6 Endocrine response 

Changes in several circulating hormone concentrations have been monitored over the 

course of a soccer match. For instance, insulin, a peptide hormone secreted from the  

cells of the islets of Langerhans in the pancreas, has been shown to inhibit lipolysis 

(Knight & Iliffe, 1973), reduce hepatic glucose output (Matsuuraet al., 1975), increase 
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glycogen synthesis (Mandarino, 1989), reduce blood glucose (Cowell & Lein, 1963) and 

increase muscle amino acid uptake (Liu & Barrett, 2002). Insulin concentrations in the 

blood have been shown to decrease over the course of a soccer match (Bangsbo, 

1994b), and more specifically from baseline levels (15.2  2.0 moll-1) to 7.4  0.5 

moll-1 and 6.0  0.9 moll-1 in the first and second halves, respectively (Krustrup et 

al., 2006).  

 

In contrast, catecholamine (both epinephrine and norepinephrine) concentrations tend 

to increase over the course of a game (Bangsbo, 1994b). It is likely that the increased 

catecholamine levels and decreased insulin concentrations toward the end of MSSs can 

explain increases in FFA mobilisation, as lowered insulin concentrations have been 

shown to increase lipolysis during exercise (Wasserman et al., 1989), whilst whole 

body lipolytic rate is increased with increasing circulating catecholamines (Arner et al., 

1990). Both salivary and blood cortisol concentrations have also been shown to 

significantly increase at the end of a soccer game (Haneishi et al., 2007; Edwards et al., 

2006; Carli et al., 1986), which results in stimulated gluconeogenesis using amino acids 

as precursors. Indeed, increases in plasma ammonia (NH3), which is a bi-product of 

protein deamination required for protein metabolism, have been observed during a 

game (Krustrup et al., 2006).  Consequently, as alluded to earlier, protein may be an 

important substrate during MSSs. 
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2.2.3.2.7 Fluid Loss 

Fluid loss via sweating during a soccer match or training is reported to be in the region 

of 0.7 – 2.1 l∙h-1 (Maughan et al., 2005; Shirreffs et al., 2005), although this is likely to be 

influenced by factors such as individual sweating rate, environmental temperature and 

exercise intensity. Nevertheless, losses equivalent to 4-5 l or 3.1% of body mass have 

been reported in high ambient temperatures (Bangsbo, 1994b; Mustafa & Mahmoud, 

1979), and between 1 to 3% in temperate conditions (Krustrup et al., 2006; Bangsbo, 

1994b). Such fluid loss may contribute to the fatigue observed during MSSs, especially 

as dehydration equivalent to an approximate 2% body mass loss can impair prolonged 

continuous exercise performance (Armstrong et al., 1985; Maughan, 1985) and aerobic 

capacity (Pinchan et al., 1988), and is associated with an increased core temperature 

and cardiovascular strain (Sawka & Montain, 2000). Furthermore, dehydration has 

been shown to impair sprint performance (McGregor et al., 1999) and skill 

performance (McGregor et al., 1999; Edwards et al., 2007) during simulated MSS 

exercise. However, reduced sprint performance (Krustrup et al., 2006) has also been 

observed during a soccer match with only a relatively small amount of fluid loss (~1%), 

whilst Mohr et al., (2004) observed no change in core or muscle temperature 

throughout a soccer match. Thus, dehydration is unlikely to be the sole cause of fatigue 

in MSSs.  

 

2.3 CHO intake and fatigue 

In light of the well-documented link between CHO (from muscle and liver glycogen) 

and endurance performance, many studies have examined the potential for altered 
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CHO ingestion, whether it be through diet or acute supplementation, to preserve or 

increase glycogen stores and subsequently have an ergogenic effect. This may be of 

particular importance to MSSs, where muscle glycogen depletion is thought to be the 

main cause of fatigue. 

 

2.3.1 CHO loading in the days before exercise 

Bergstrom et al. (1967), in their classic ‘CHO loading’ study, demonstrated that a high 

muscle glycogen concentration can be achieved via a manipulated dietary CHO intake.  

In this study, participants initially performed an exhaustive work bout at 70% VO2max 

followed by 3 days of a high fat (1,300 kcal) high protein (1,300 kcal) diet. 

Subsequently, participants performed another exercise bout to exhaustion (in which 

muscle glycogen concentrations became significantly depleted) followed by 3 days of a 

high CHO diet (2,300 kcal). This regimen resulted in a ‘supercompensation’ of muscle 

glycogen stores, whereby muscle glycogen concentration was significantly higher than 

baseline, reaching values over 900 mmol∙kg-1 dry weight.  

 

Sherman et al. (1981) later demonstrated that muscle glycogen concentration could be 

increased to very high values through the use of a more moderate CHO loading 

regimen. In this study, participants gradually reduced their training load over a 6 day 

period (beginning with continuous running at 75% VO2max for 90 min and finishing 

with complete rest on the final day), and ingested either a mixed diet consisting of 50% 

CHO, 3 days of low CHO intake (25%) followed by 3 days of high CHO intake (70% - 

classic supercompensation regimen), or a mixed diet with 50% CHO for 3 days followed 
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by a high CHO intake (70%) for the following 3 days (moderate supercompensation 

protocol). Sherman et al. (1981) reported significant increases in muscle glycogen 

concentration from baseline in both the classic and moderate supercompensation 

protocols, with very little difference between regimens (950 c.f. 918 mmol∙kg-1 dry 

weight). Thus, it was concluded that a normal training taper in conjunction with a 

slightly increased CHO intake is sufficient to raise muscle glycogen levels. Indeed, 

subsequent studies have demonstrated that muscle glycogen levels (in type I, IIa and 

IIb) in trained athletes can be increased to maximal values (approximately 810 

mmol∙kg-1 dry weight) within 24 h when 10-12.5 g of CHO per kg body mass per day is 

provided with little or no physical training (Bussau et al., 2002; Coyle et al., 2001).  

 

In general, CHO loading (causing increased muscle glycogen stores) leads to an 

improvement in endurance exercise performance (Walker et al., 2000; Pitsiladis & 

Maughan, 1999; Bergstrom et al., 1997; Pizza et al., 1995; Rauch et al., 1995; 

Fallowfield & Williams, 1993; Williams et al., 1992; Brewer et al., 1988; Galbo et al., 

1979), although this is not always the case (Andrews et al., 2003; Burke et al., 2000).  In 

all instances, CHO loading results in an increased reliance on muscle glycogen during 

subsequent exercise (Andrews et al., 2003; Coyle et al., 2001; Bosch et al., 1993; Galbo 

et al., 1979). Discrepancies in performance effects between studies have previously 

been attributed to the use of capacity versus time trial tests of performance (elciting an 

approximately 20% c.f. 2-3% improvement in performance; Hawley et al., 1997), and 

the duration of the exercise test, such that longer protocols (> 90 min) have been 

associated with larger performance gains (Hargreaves et al., 2004; Sherman et al., 

1981). 
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The benefits of a high CHO diet (9 g·kg-1 body mass) on endurance performance appear 

to be negated when CHO is provided in sufficient quantities in the hours before and 

during exercise (Burke et al., 2000). In this study, muscle glycogen levels were 

significantly higher after CHO loading (572  107 c.f. 485  128 mmol·kg-1 dry weight 

during placebo), however, neither time taken to complete a 100 km cycling time trial, 

nor the time taken to complete a series of 1 or 4 km sprints during the trial, were 

improved. The authors suggested that the ingestion of both 2 g·kg-1 body mass before 

exercise and 1 g·kg-1 body mass per hour CHO during exercise was sufficient to 

maintain blood glucose levels even in the absence of CHO loading, and as such CHO 

availability was sufficient to sustain a required exercise intensity during prolonged 

exercise when CHO is consumed in the hours before, and during, prolonged exercise.  

 

Relatively few studies have examined the effects of increased CHO intake on prolonged 

intermittent exercise performance similar to that observed during MSSs. As discussed 

previously, Saltin (1973) originally observed a higher total distance and percentage 

distance covered sprinting during a soccer match in participants who consumed a high 

CHO diet than those who consumed a normal diet following a previous soccer match 

three days earlier. Similarly, when participants consumed 10 g of CHO per kg body 

mass in the 22 h after prolonged intermittent shuttle running (i.e. the LIST), they were 

able to run 1.1 km farther in a subsequent exercise bout than when consuming an 

isocaloric diet providing only 5.4 g of CHO per kg body mass (Nicholas et al., 1997).  

Bangsbo (1992) investigated the effects of providing a high CHO (15 g·kg-1 body mass) 

versus a control diet (9.2 g·kg-1 body mass, a value nearly twice as high as that 

habitually consumed in the sample) on prolonged intermittent exercise performance 
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consisting of 46 min of intermittent field running followed by intermittent treadmill 

running to exhaustion in seven full time professional soccer players. When consuming 

the high CHO diet, participants were able to cover 17. 1 km, which was 0.9 km longer 

than that covered when the control diet was consumed. However, it should be noted 

that the total distance covered in this study is greater than that typically observed 

during a soccer game, and as such the applicability of these findings to MSSs may be 

questioned. Interestingly, it appears that CHO ingestion during exercise in addition to a 

high CHO diet induces greater performance increases in MSS activity than a high CHO 

diet alone. Foskett et al. (2008) provided participants with 10 g CHO per kg body mass 

in the two days before performing the LIST to exhaustion, followed by either 

consumption of a CHO-electrolyte solution (~ 90 g of CHO per hour) or a sweetened 

placebo consumed during exercise. Participants were able to exercise for 

approximately 21% longer when they consumed the CHO-electrolyte beverage, with no 

difference observed in muscle glycogen utilisation between trials. Instead, it was 

suggested that CHO intake during exercise maintained plasma glucose concentrations 

towards the end of the LIST, and thus provided a greater amount of CHO for muscle 

metabolism and central nervous function, therefore delaying fatigue.  

 

2.3.2. CHO in the hours before exercise 

A CHO rich meal (approximately 100-300 g) consumed 3-4 h before exercise has been 

shown to increase markedly muscle glycogen levels (by up to 45%) and increase CHO 

oxidation during exercise compared to the fasted state (Chryssanthopoulos et al., 2004; 

Wright et al., 1991; Neufer et al., 1987; Coyle et al., 1985), and in most cases improve 

endurance performance, particularly when performance is measured via a capacity test 
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(see Table 2.4). Only one published study to date has reported the effects of a pre-

exercise CHO feeding in the hours before prolonged intermittent running performance. 

Little et al. (2010) provided participants with either a low or high glycemic index meal 

two hours before performing a 75 min high-intensity running protocol designed to 

simulate the demands of competitive soccer (Drust et al., 2000). Participants were then 

required to complete 15 min of repeated 1 min sprints in which they were instructed to 

go as fast as possible. It was reported that distance covered was higher during the 

repeated sprints when consuming either a low or high GI meal when compared to 

fasting for > 12 h (1,450 m cf. 1,500 m). CHO ingestion was also accompanied by higher 

muscle glycogen concentrations immediately before the repeated sprint test (350 cf. 

200 mmol∙kg-1 dry weight), with a tendency for reduced fat and increased CHO 

oxidation during exercise. The authors suggested that a CHO meal before prolonged 

MSS exercise provides greater exogenous CHO for energy provision during exercise, 

and thus spares muscle glycogen for use towards the end of performance.  
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Table 2.4. Effects of CHO feeding 3-4 h before endurance exercise 

Study Participants Feeding Effect 

Chyssanthopoulos et 

al. (2002) 

10 club level runners 

(male n = 10) 

2.5 g CHO per kg body 

weight 3 h before 

exercise 

9% increase in TTE at 

70% VO2max 

Little et al. (2010) 16 soccer players (male 

n = 16) 

1.5 g CHO per kg body 

weight 2 h before 

exercise 

Approximate 3% 

increase in distance 

covered during 

repeated 1 min sprints 

Neufer et al. (1987) 10 Cyclists (male n = 10) 200 g CHO 4 h before 

exercise 

22% increase in work 

output for 15 min after 

45 min at 77% VO2max 

Schabort et al. (1999) 7 moderately trained 

endurance cyclists (male 

n = 7) 

100 g CHO 3 h before 

exercise 

19% increase in cycle 

TTE at 70% VO2max 

Sherman et al. (1984) 10 recreational cyclists 

(male, n = 9, female n = 

1) 

315 g of CHO 4 h 

before exercise 

15% increase in 

cycling TT after 95 min 

at 70% VO2max 

Whitley et al. (1998) 8 well-trained cyclists 

(male n = 8) 

215 g CHO per 70 kg 

body weight 

No change in 10 km TT 

Williams & 

Chyssanthopoulos 

(1996) 

Trained runners  2 g CHO 4 h before 

exercise 

No difference in 30 km 

run TT 

Wright et al. (1991) 9 cyclists (male, n = 8, 

female, n = 1) 

5 g CHO per kg body 

weight 3 h before 

exercise 

44% increase in TTE at 

70% VO2max 

TT = Time Trial, TTE = Time to Exhaustion 

 

Whilst CHO ingestion 3-4 h before exercise appears to improve endurance 

performance, the addition of CHO ingestion during exercise seems have an additive 

effect. Chryssanthopoulos et al. (2002) reported that, whilst a CHO meal consisting of 2 

g of CHO per kg body mass consumed 3 h before exercise enhanced run time to 

exhaustion at 70% VO2max by 9% compared to exercising in the fasted state, the 

additional ingestion of a 6.9% CHO solution during exercise (providing approximately 
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71 g of CHO) enhanced performance by 22%. Similarly, Wright et al. (1991) reported a 

44% increase in endurance capacity when CHO was consumed before and during 

exercise, whilst CHO before or during exercise resulted in improvements of only 18 and 

32%, respectively. Furthermore, whilst the optimal amount of pre-exercise CHO 

ingestion is yet to be adequately established, the amount of CHO ingested in this period 

is likely to have important implications for performance. When participants were fed 

either 45, 156 or 312 g of CHO 4 h before exercise, performance in a 45 min cycling 

time trial was enhanced by 9% in the 312 g CHO feeding only (Sherman et al., 1989). 

This improvement in performance was accompanied by a significantly greater amount 

of CHO oxidation (51%), and a better maintenance of blood glucose.  

 

2.3.2.1 Glycemic index of the pre-exercise meal 

The glycemic index (GI) provides a system whereby foods can be ranked by the 

magnitude and rate of increase in blood glucose and insulin that they elicit over a 2 h 

period (Jenkins et al., 1981). The GI score is calculated by dividing the incremental area 

under the blood glucose concentration-time curve by the area under the curve of a 

reference food (usually glucose or white bread). A higher GI indicates rapid absorption 

and delivery of CHO into the circulation, and is usually accompanied by a rapid and 

short-lived increase in circulating insulin levels (Wolever et al., 1991).  

 

The effects of the glycemic index of meals consumed before exercise on subsequent 

performance are unclear, with some studies reporting improved endurance 

performance following the consumption of a low GI meal (Wong et al., 2008; Wu & 
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Williams, 2006), and others reporting no significant difference in performance 

following high or low GI CHO ingestion (Wong et al., 2009; Stevenson et al., 2005; 

Earnest et al., 2004). However, it does appear that the consumption of a low GI CHO 

meal results in increased fat oxidation compared to the ingestion of high GI meals 

(Wong et al., 2008; Stevenson et al., 2006; Wee et al., 2005), likely as a consequence of 

reduced plasma insulin concentrations (Stevenson et al., 2009). Still, whether this leads 

to altered substrate oxidation during subsequent exercise, particularly at a high 

intensity (> 70% VO2max), is unclear (Wong et al., 2009; Stevenson et al., 2006; 

Stevenson et al., 2005). Furthermore, when CHO meals of different GI have been 

provided before prolonged intermittent exercise simulating MSSs, there appears to be 

no effect on either performance or substrate oxidation (Little et al., 2010; Erith et al., 

2006). Nevertheless, there is some evidence that fat oxidation is increased during 

exercise following low GI CHO ingestion, with a subsequent sparing of muscle glycogen 

(Wong et al., 2008; Wee et al., 2005). Interestingly, the ingestion of CHO during exercise 

(~ 170 g) would appear to negate any metabolic or ergogenic effects of different 

glycemic index foods before performance (Wong et al., 2009; Burke et al., 1998).  

 

2.3.3 CHO immediately before exercise 

CHO ingested in the hour before exercise will often result in rapid hyperglycemia and 

hyperinsuliemia (Marmy-Conus et al., 1996), which is typically followed by a 

subsequent rapid decline in blood glucose concentration at the onset of exercise (Coyle 

et al., 1997; Marmy-Conus et al., 1996; Horowitz & Coyle, 1993). This ‘rebound 

hypoglycemia’ typically proceeds for 15-30 min (Febbraio et al., 2000b), and is 

independent of the quantity of CHO consumed (Jentjens et al., 2003). The fall in blood 
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glucose concentration in susceptible individuals is most likely to be due to a 

concomitant reduced liver glucose output in response to CHO ingestion-induced 

hyperglycaemia and hyperinsulinemia, and an increased muscle glucose uptake due to 

muscular contraction at the onset of exercise (Marmy-Conus et al., 1996). In addition, 

CHO feeding close to exercise has been shown to increase CHO oxidation (Febbraio et 

al., 2000b) and in some cases muscle glycogenolysis (Febbraio et al., 2000b), whilst 

lowering long chain fatty acid oxidation due to insulin-mediated reduced lipolysis and 

lipid oxidation during exercise (Horowitz et al., 2000; Coyle et al., 1997). However, the 

ingestion of CHO during exercise (~ 2g CHO per kg body mass) in conjunction with pre-

exercise CHO feeding appears to offset the transient hypoglycaemia often observed 

with CHO feeding before exercise alone, whilst maintaining higher CHO oxidation rates 

in the latter stages of exercise (Febbraio et al., 2000a). As such, it seems prudent to 

consume CHO during exercise if CHO is consumed immediately before exercise to 

prevent symptoms of hypoglycaemia. 

 

Despite the CHO-induced hypoglycaemia commonly observed following pre-exercise 

CHO ingestion, the majority of studies have reported either no (Jentjens & Jeukendrup, 

2003b; Jentjens et al., 2003; Febbraio et al., 2000a; Sparks et al., 1998; Febbraio & 

Stewart, 1996; Hargreaves et al., 1987) or an enhanced effect (Sherman et al., 1991; 

Gleeson et al., 1986) of pre-exercise CHO ingestion on endurance performance. 

Furthermore, as with CHO ingestion several hours before exercise, there appears to be 

an additive effect of consuming CHO during, as well as immediately before, exercise. 

For instance, when participants were fed both 150 g of CHO before and during 120 min 

of steady state cycling (at 63% of peak power output), subsequent time trial 
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performance was significantly improved when compared to CHO intake before exercise 

or no CHO ingestion at all (Febbraio et al., 2000a). Moreover, there was no difference in 

time trial performance between the ingestion of CHO during and before exercise 

compared to ingestion of CHO during exercise only, suggesting that CHO ingestion 

during exercise is likely to have an important impact on endurance performance.  

 

As with CHO ingestion 3-4 h before exercise, it appears that the glycemic index of CHOs 

ingested immediately before exercise has little or no influence on performance. 

Jentjens and Jeukendrup (2003b) provided participants with a 500 ml beverage 

containing 75 g of either glucose (high GI), trehalose (moderate GI) or galactose (low 

GI) 45 min before 20 min of steady-state exercise at 65% maximal power output 

followed by a 702 kJ time trial. Whilst both plasma glucose and insulin were 

significantly higher 15 min into the glucose trial, with four out of eight participants 

developing rebound hypoglycaemia, there was no significant difference in time trial 

performance between any of the three trials.  

 

2.3.4 CHO during exercise 

The early work of researchers in the late 1970s to 1980s initially demonstrated that 

CHO feedings during continuous exercise at 60-80% VO2max and lasting 1-3 h could 

delay fatigue by up to approximately 60 min (Mitchell et al., 1988; Coggan & Coyle, 

1987; Neufer et al., 1987; Coyle et al., 1986; Hargreaves et al., 1984; Coyle et al., 1983; 

Ivy et al., 1979). Over subsequent decades, the majority of studies have demonstrated 

that CHO ingestion improves both endurance capacity (Maughan et al., 1996; Tsintzas 
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et al., 1995; Wilber & Moffat, 1992; Wright, et al., 1991; Maughan et al., 1989) and time 

trial performance (Rollo & Williams, 2009; Angus et al., 2000; Tsintzas et al., 1993; 

Zachwieja et al., 1992; Mitchell et al., 1989) over a variety of exercise intensities lasting 

for > 45 min, such that the ergogenic effect of CHO ingested during exercise has become 

largely unquestioned (for a review, see Jeukendrup, 2004). However, whilst the 

continuous exercise intensity of these studies was often similar to that observed during 

MSSs (70 to 80% VO2max), their protocols do not replicate the more intermittent nature 

and movement patterns of such sports. 

 

2.3.4.1 CHO and prolonged intermittent exercise performance 

There is a significant body of research demonstrating that the ingestion of CHO during 

prolonged intermittent exercise has an ergogenic effect when compared to a placebo 

control. Coggan and Coyle (1988) were amongst the first to demonstrate such an effect. 

During an approximate 210 min intermittent cycle alternating between 60 and 85% 

VO2max, they provided seven participants with either 1 g∙kg-1 body weight CHO (85% 

glucose polymer and 15% sucrose) after 10 min with 0.6 g∙kg-1 body weight every 20 

min thereafter, or equal volumes of a sweetened placebo. Coggan and Coyle (1988) 

observed that participants were able to maintain a significantly higher exercise 

intensity during the third hour of exercise during the CHO trial (2.74 ± 0.13 c.f. 2.29 ± 

0.09 MJ), and participants were able to cycle for approximately 18% longer until 

fatigue and thus perform 19% more work in the trial. CHO feeding also resulted in an 

increased plasma glucose concentration (up to 6 mmol.l-1) and a maintained CHO 

oxidation rate of up to 2 g∙min-1. An improvement in late intermittent exercise 

performance with CHO ingestion was also confirmed in studies by Murray et al. (1987) 
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and Murray et al. (1989), who utilised intermittent cycling protocols with blocks of 15-

20 min cycling at 55 to 65% VO2max whilst ingesting CHO at 0.75 g∙kg-1 body weight 

every hour followed by a 400 and 1200 revolution time trial. It was observed that 

participants were able to complete the time trial 12 and 5% quicker, respectively, when 

compared to placebo. Yaspelkis et al. (1993) were also able to show that the ingestion 

of 18 g∙h-1 of CHO during 3.3 h of intermittent cycling at 45-80% VO2max enabled 

participants to cycle for approximately 10% longer during a subsequent 80% VO2max 

cycle to fatigue. As with previous observations, this study showed that CHO 

consumption produced a higher blood glucose concentration than a placebo condition 

(6.7 ± 0.7 c.f. 4.4 ± 0.1 mmol∙l-1), but additionally was the first to show that CHO 

provided in solid form (25 g∙h-1) resulted in a similar improvement in performance as 

the liquid supplement. CHO supplementation also resulted in a significantly higher 

muscle glycogen concentration after 3 h of exercise (79 ± 3.5 µmol·g-1 wet wt.) when 

compared to a placebo (58.5 ± 7.2 µmol·g-1 wet weight). The implications of the latter 

finding are clear, as muscle glycogen sparing and/or resynthesis has been implicated as 

a possible mechanism for enhanced performance with CHO supplementation during 

exercise.  

 

In contrast, Nassis et al. (1998) demonstrated that exercise capacity at 90% VO2max 

after 100 min running at speeds of 80, 85 and 90% VO2max interspersed with slow 

running at 45% VO2max was not improved with the ingestion of a 6.9% CHO-electrolyte 

solution. Whilst this finding was not explained, it is possible that the rate of ingestion of 

CHO in the study (35 g∙h-1) was too low to improve performance. Indeed, CHO ingestion 

rates of 60-70 g∙h-1 are recommended to elicit maximal exogenous CHO oxidation 
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(Jeukendrup & Jentjens, 2000). Furthermore, Nassis et al. (1998) failed to observe an 

increase blood glucose concentration or CHO oxidation rate during exercise, suggesting 

sub-optimal delivery of CHO following ingestion. However, as previously mentioned, an 

ingestion rate as low as 18 g∙h-1 has been shown to improve performance during 

intermittent exercise (Yaspelkis et al., 1993). Arguably, the use of a running protocol 

and high exercise intensities by Nassis et al. (1998) may have caused a slower rate of 

gastic emptying when compared to the cycling protocol of Yaspelkis et al. (1993), thus 

limiting CHO delivery (Brouns et al., 1987).  

 

Thus, laboratory-based studies on intermittent exercise appear to show that CHO can 

improve late-exercise performance and capacity, regardless of whether CHO is 

consumed in solid or liquid form. However, such studies have not fully resembled the 

less rigid structure and range of intensities (including sprints) common to MSSs and 

have often assessed performance via subsequent constant load exercise, which again 

does not replicate the movements associated with MSSs. 

 

2.3.4.2 CHO and MSS performance 

Studies examining the influence of CHO intake during exercise on performance during 

actual MSSs are scarce. Indeed, to this author’s knowledge, only one study has 

examined the influence of ingesting a CHO supplement during soccer match play.  Leatt 

and Jacobs (1989) provided CHO in the form of a 7.5% glucose polymer solution at a 

rate of 35 g∙h-1 during an outdoor friendly soccer match, and subsequently assessed 

blood glucose and muscle biopsy samples for glycogen content. It was demonstrated 
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that the ingestion of CHO resulted in a significantly lower change in muscle glycogen 

(111 ± 24 mmol∙kg-1 dry muscle) compared to a placebo (181 ± 24 mmol∙kg-1), whilst 

blood glucose was not different between conditions. However, this study did not 

include any measures of performance, and as such did not provide any indication of 

whether CHO ingestion was ergogenic. The study was also subject to several 

methodological flaws. An independent groups design was adopted, such that five 

participants consumed CHO whilst five consumed placebo. As such, there was potential 

for muscle glycogen content to be affected by the two groups working at different rates. 

To this end, it would have been useful to incorporate time-motion analysis of individual 

players during the game. The authors also state that muscle biopsy samples were 

obtained 25-40 min following the game. Such a delay and large time window of 

sampling may have provided an opportunity for rapid post-exercise resynthesis of 

muscle glycogen with CHO ingestion (Ivy et al., 1988).  

 

In a landmark study, Nicholas et al. (1995) examined the effects of consuming a 6.9% 

CHO-electrolyte solution on intermittent run time to fatigue (involving alternating 20 

m runs at 55 and 95% VO2max) following 75 min of running the LIST in 9 male MSS 

players. Consumption of the CHO-electrolyte solution resulted in participants being 

able to run for approximately 30% longer than when a sweetened placebo was 

consumed, although there was no effect on 15 m sprint performance throughout the 

LIST. There was a tendency for blood glucose values to be higher when CHO was 

consumed, thus potentially providing the working muscles with a greater supply of 

exogenous CHO for oxidation, whilst preserving muscle glycogen stores. Indeed, 

Nicholas et al. (2000) later demonstrated that the same CHO-electrolyte beverage 
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consumed during the LIST reduced muscle glycogen utilisation (in both type I and II 

fibres) by approximately 22%. Patterson and Gray (2007) have also observed that the 

ingestion of a CHO gel (providing 43 g∙h-1) extended run time to fatigue at the end of 

the LIST from 4.2  1.2 to 6.1  1.3 min, and was accompanied by a significantly higher 

blood glucose concentration throughout and at the end of the test compared to a 

placebo condition (6.1  1.1 c.f. 5.2  0.6 mmol.l-1). Two further studies, in which the 

primary aim was to examine the effects of CHO consumed with branched-chain amino 

acids (Davis et al., 1999) and chromium (Davis et al., 2000), have reported that time to 

exhaustion is enhanced by 52 and 32% respectively in part B of the LIST when CHO is 

consumed compared to placebo. Similarly, Foskett et al. (2008) reported that CHO-

electrolyte ingestion at a rate of 1 g∙kg-1 body weight every hour improved run time to 

fatigue at the end of the LIST by 17% compared to placebo, even when participants 

consumed a high CHO diet in the days before each condition. This improvement 

occurred in the presence of similar levels of muscle glycogen utilisation between trials, 

and thus enhanced performance was attributed to the higher plasma glucose 

concentrations observed when CHO was consumed during exercise. As with the 

Nicholas et al. (1995) study, sprint times were not different between trials.  

 

Simulations of sports other than soccer have also reported favourable effects of CHO 

ingestion. Welsh et al. (2002) examined the influence of a CHO-electrolyte or placebo 

beverage on 60 min of intermittent exercise designed to replicate the competitive 

movement patterns of basketball (consisting of four 15 min quarters including walking, 

sprinting and running at 120% VO2max) and a subsequent shuttle run to fatigue.  Here, 

the ingestion of approximately 128 g of CHO resulted in a significant 37% increase in 



 

67 
 

run time to fatigue and improved 20 m sprint performance in the final 15 min of 

exercise along with blood glucose levels that were significantly higher with than the 

placebo condition. In a similarly study, Winnick et al. (2005) utilised a modified LIST 

(designed to more closely replicate basketball) consisting of 4 x 15 min blocks of 

variable exercise, including running at speeds corresponding to 55% and 120% VO2max 

as well as sprinting, whilst consuming 41 g∙h-1 of a CHO-electrolyte solution. Though 

endurance performance was not measured, the authors did report that 20 m sprint 

time (~2%) and average jump height (~4%) were significantly better in the fourth 

exercise quarter of the CHO trial.  

 

In contrast, there has been a minority of studies which have reported that CHO 

ingestion during MSS exercise confers no benefit over a placebo. Morris et al. (2003) 

reported that ingestion of 0.26 g∙kg-1 body weight of CHO every 15 min of the LIST 

(lasting 60 min) failed to improve either sprint performance or subsequent run time to 

exhaustion (running at 100% VO2max for 60 s interspersed with 60 s rest). The lack of 

effect may be due to several reasons, not least that the exercise was performed in 30°C, 

and Morris et al. (2003) reported a significant trial order effect such that the distance 

covered after the LIST was 8,441 m in the final trial and only 6,839 m in the first trial. 

Thus, participants may have become acclimatised to performing in the heat 

(Sunderland et al., 2007), and as such any potential influence of CHO was masked. This 

may have been confounded further by a learning effect occurring with the time to 

exhaustion test, whose reliability was unknown. It is also possible that fatigue during 

the repeated high intensity (~100%VO2max) may have been influenced by 
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phosphocreatine depletion (Glaister, 2005; Bogdanis et al., 1995), and as such the effect 

of CHO ingestion would have been less pronounced.  

 

Abbey and Rankin (2009) also reported that CHO-electrolyte ingestion of 1 g∙kg-1 did 

not improve sprint performance or prolonged shuttle running capacity following 75 

min of intermittent running consisting of jogging at 55 and 120% VO2max and sprinting. 

However, Abbey and Rankin (2009) did not observe a decline in performance during 

the placebo condition, suggesting that the protocol was not sufficient to induce fatigue 

typically observed in MSSs. Furthermore, blood glucose concentrations in the study 

were not significantly different between trials, suggesting there was an inadequate CHO 

delivery with the CHO supplement. The authors attributed this to the feeding being 

provided at the start and 45 min of exercise, as opposed to the ingestion every 15 min 

typically used in other studies. This may have some merit, as repeated feeding 

accelerates the rate of gastric emptying and the subsequent delivery of CHO to the 

intestine (Noakes et al., 1991).  

 

In a study aiming to examine the effects of CHO and caffeine consumption on rugby 

union performance, Roberts et al. (2010a) also reported that the ingestion of 1.2 g∙kg-1 

body weight of CHO per hour did not result in improved performance in sustained 

high-intensity running or in 15 m sprint time recorded at 20 min intervals during 102 

min of exercise. It is unclear why CHO exhibited no ergogenic effect, but the study was 

distinct in that it was the first of its kind to incorporate elements such as high intensity 

movements including contacts with tackle pads and simulated rucks. As such, fatigue in 
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this form of exercise may be due to factors which are unlikely to be influenced by CHO 

ingestion, including contact-induced damage and trauma to skeletal muscle (Smart et 

al., 2007).  

 

In addition to enhanced endurance capacity, several studies have documented that CHO 

intake during exercise can enhance motor skills and mental function during MSS 

activity. In the study of Welsh et al. (2002), improvements in physical performance 

with CHO-electrolyte consumption were accompanied by significant improvements in 

the time taken to complete a whole body motor skill test (involving a pseudo hopscotch 

course in which participants were instructed to land on coloured/non-coloured 

squares with alternate feet) and the Stroop colour and word test (Golden, 1978) at the 

end of a simulated basketball match. More recently, Ali et al. (2007b) examined the 

influence of ingesting a 6.4% CHO-electrolyte solution on sprint, soccer shooting and 

passing performance (Ali et al., 2007a) following completion of the LIST. Participants 

were depleted of muscle glycogen stores in the evening before the LIST by completing a 

75 min cycle at 70% VO2max interspersed with five 50 s maximal sprints. Having 

consumed the CHO-electrolyte solution, they were better able to maintain shooting 

performance, whilst there was a non-significant (P = 0.13) trend for better 

maintenance of passing performance at the end of the LIST. Additionally, participants 

improved their 15 m sprint performance throughout the LIST when compared to the 

placebo condition. Currell et al. (2009) later reported that ingestion of a 7.5% 

maltodextrin solution enhanced dribbling, agility and shooting performance 

throughout a simulated soccer match relative to consuming a sweetened placebo. In 

contrast, Zeederberg et al. (1996) observed no benefit of ingesting a 6.9% CHO solution 
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on skill proficiency assessed via video analysis during actual soccer match play. 

However, it is likely that the extraneous variables associated with playing soccer in an 

open environment was a factor, as was the authors use of subjectivity in their 

assessment of the success of the skill performance indicators (unlike the validated skill 

tests developed by Ali et al. (2007a) whereby successful passes and shots were 

quantified according to reliable and valid criteria). 

 

2.3.5 Mechanisms for the ergogenic effect of CHO 

The precise mechanism(s) through which CHO ingestion improves exercise 

performance are not clear. However, theories have been posited, including the better 

maintenance of endogenous energy stores, enhanced blood glucose concentration and 

exogenous CHO oxidation and thus energy provision, and most recently, reductions in 

‘central’ fatigue.  

 

As previously alluded to, the ingestion of CHO during MSS exercise and the 

accompanying enhancement of performance have often coincided with a higher blood 

glucose concentration in the exercising participant than when water or placebo is 

consumed (Foskett et al., 2008; Patterson & Gray, 2007; Nicholas et al., 1995). Coyle et 

al. (1986) originally observed that CHO feeding during exercise at 70% VO2max 

prevented the drop in blood glucose that was observed when water was consumed. In 

their study, blood glucose concentrations dropped to levels well beyond hypoglycemia 

(~ 2.5 mmol∙l-1) at exhaustion following 3 h of exercise. Concurrently, CHO oxidation 

rates were maintained at approximately 2.2 g∙min-1 in the CHO trial whereas they 
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dropped to 1.2 g in the placebo trial.  These findings led to the proposal that CHO 

feeding resulted in greater CHO availability (via increased blood glucose) and improved 

CHO oxidation rates that would improve performance. This assertion was supported in 

a follow-up study, whereby participants exercised to fatigue at approximately 70% 

VO2max causing hypoglycemia (~3.1mmol∙l-1) (Coggan & Coyle, 1987). Participants were 

then required to resume exercise 20 min later following either glucose infusion or 

ingestion of a placebo or glucose drink. Both glucose infusion and ingestion raised 

blood glucose concentrations (11 and 5.1 mmol∙l-1 respectively) and improved time to 

fatigue when compared to placebo (43 and 26 min longer respectively). These early 

studies supported the idea that blood glucose was an important energy substrate 

during prolonged exercise. However, it is interesting to note that in the study of Coyle 

et al. (1988), participants who consumed CHO were still unable to continue exercise 

when blood glucose levels equalled 4.4 mmol∙l-1, and CHO oxidation rates (2 g∙min-1) 

were still relatively high, thus potentially challenging the hypothesis that CHO feeding 

improved performance via enhanced blood glucose concentrations. Indeed, subsequent 

studies have demonstrated that improved endurance performance is not associated 

with increased rates of CHO oxidation (Currell & Jeukendrup, 2008; Febbraio et al., 

2000a). As such, the traditional view that improved performance with CHO ingestion is 

predominantly due to enhanced exogenous CHO oxidation may now be challenged.  

 

Whilst blood glucose may be utilised for contracting skeletal muscle, it is also the 

predominant fuel source for the central nervous system (Dalsgaard & Secher, 2007). 

Accordingly, blood glucose concentrations may have important implications for the 

continued activation of skeletal muscle and perception of effort during exercise, and 
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indeed may explain the better maintenance of sprint performance and endurance 

capacity during MSS activity. Nybo (2003) demonstrated that the ingestion of a 6% 

glucose polymer solution providing approximately 70 g·h-1 of CHO enabled participants 

to maintain a significantly higher force (222 ± 20 N) during a 2 min MVC compared to 

the placebo condition (197 ± 21 N) following a 3 h cycle at 60% VO2max. Blood glucose 

was reduced to hypoglycemic concentrations in the placebo condition (~ 3 mmol∙l-1), 

whereas it was maintained when CHO was consumed during exercise. Interestingly, 

Nybo (2003) was able to ascertain the degree to which the observed decline in MVC 

could be attributed to reduced CNS activation by utilising the twitch interpolation 

technique, whereby an electrical stimulation was superimposed on to the participants’ 

MVC. In the placebo trial, reduced force output was associated with a significantly 

lower voluntary activation of skeletal muscle of approximately 15% compared to the 

CHO condition. Voluntary activation was not significantly different from baseline 

compared to 3 h after exercise when CHO was consumed, supporting the supposition 

that euglycemia is important to maintain CNS function. Nybo (2003) also observed a 

significantly lower rating of perceived exertion (RPE) in the last hour of cycling with 

CHO ingestion (13 ± 1) compared to the placebo trial (16 ± 1).  

 

In support of the Nybo’s (2003) findings, and more specific to MSSs, Winnick et al. 

(2005) demonstrated that physical and CNS function were maintained when 

participants were fed a 6% CHO solution at regular intervals during four 15 min 

quarters of shuttle running at variable intensities ranging from 30-120% VO2max. CNS 

function was assessed via the Stroop word test, Profile of Mood States, the 

measurement of force output during which participants were instructed to maintain 
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the sensation associated with 40% MVC, and performance in a motor-skills test 

requiring sprinting and changes of direction with specific foot placements throughout. 

CHO ingestion resulted in significantly reduced force sensations, enhanced motor skills 

and improved mood late in exercise compared to placebo, suggesting that CNS function 

was better maintained during MSS exercise with CHO supplementation. However, 

unlike Nybo (2003), Winnick et al. (2005) did not assess this directly, nor were 

measurements of blood glucose taken. Nevertheless, the potential for CHO to affect CNS 

function and perception of effort and subsequent MSS performance appears to be 

feasible. However, it should be noted that improvements both in sprint performance 

(Ali et al., 2007; Welsh et al., 2002) and endurance capacity (Patterson & Gray, 2007; 

Davis et al., 1999; Nicholas et al., 1995) during MSSs have often been reported when 

participants did not reach hypoglycaemia in the placebo trial.  Furthermore, other 

studies have failed to find a relationship between blood glucose concentration and 

exercise performance (Felig et al., 1982; Horowitz & Coyle, 1993). Consequently, the 

potential contribution of hypoglycaemia to fatigue is not clear, and CHO during MSSs 

may exert its effect via other mechanisms.  

 

In a follow-up study to their initial work demonstrating the ergogenic effect of CHO 

ingestion during the LIST (Nicholas et al., 1995), Nicholas et al. (1999) demonstrated 

that, compared to a placebo, consumption of a 6.9 % CHO-electrolyte reduced muscle 

glycogen utilisation by 22% when compared to placebo. The authors hypothesised that 

this was due to increased oxidation of exogenous CHO that spared muscle glycogen, 

hyperinsulinemia-induced increase of the pyruvate dehydrogenase complex and 

resynthesis of muscle glycogen during periods of low intensity exercise. Whilst 
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increased exogenous CHO oxidation may have contributed to the reduced muscle 

glycogen utilisation observed by Nicholas et al. (1999), it should be noted that only a 

small amount of ingested CHO (~ 15 g) is oxidised in the first hour of exercise 

(Jeukendrup et al., 1997), and thus endogenous CHO sparing is likely to be minimal 

until the latter stages of exercise. There is currently little evidence for CHO ingestion 

resulting in increased entry of pyruvate into the mitochondria, and the indirect 

evidence of a decreased lactate concentration observed during the LIST by Nicholas et 

al. (1999) has not been reported in similar studies (Patterson & Gray, 2007; Davis et al., 

1999). As such, it is plausible that the resynthesis of muscle glycogen due to elevated 

plasma glucose and insulin concentrations (Kuipers et al., 1989) may well have 

contributed to the observed preservation of glycogen stores, and may be of particular 

importance in MSSs involving large periods of low-intensity activity.  

 

The sparing and resynthesis of muscle glycogen with CHO ingestion may partially 

explain the observed increases in endurance capacity and sprint performance during 

MSS exercise (Philips et al., 2011). There is a well-established link between muscle 

glycogen availability at the onset of exercise and endurance capacity (Saltin, 1973), 

whilst muscle glycogen is the predominant fuel source during exercise > 70% VO2max 

(Romijn et al., 1993). Thus, it is reasonable to assume that increased muscle glycogen 

availability would enhance intermittent exercise capacity of a similar intensity to MSS 

exercise. It has been shown that short-duration maximal-intensity exercise 

performance can be impaired when muscle glycogen levels reach a critically low level 

of < 200 mmol∙kg-1 dry weight (Bangsbo et al., 1992a; Bangsbo et al., 1992b). Such 

values have been observed during simulated MSS exercise (Nicholas et al., 1999), and 
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in individual muscle fibres after a soccer match (Krustrup et al., 2006), and thus CHO 

supplementation and muscle glycogen sparing may offset reductions in performance 

owing to the level of glycogen depletion associated with this form of exercise.  

 

A further potential mechanism for an ergogenic effect of CHO is via a central effect. 

Several studies have observed improvements in performance during exercise of high 

intensity (> 70% VO2max) and lasting ~ 60 min when CHO is ingested (for a review, see 

Jeukendrup, 2004). This is surprising, as CHO availability was not thought to be a 

limiting factor for such exercise. In addition, there is a growing body of evidence that a 

CHO mouth-rinse can improve performance compared to a placebo (Jeukendrup & 

Chambers, 2010), suggesting that CHO does not only provide a metabolic advantage, 

but also a central affect which can modulate motor output. Whilst not yet fully 

understood, evidence is emerging that there are taste-independent oral CHO receptors 

that activate areas of the brain, such as the anterior cingulate cortex and ventral 

striatum, which may alter CNS function and improve exercise performance 

(Jeukendrup et al., 2008). To date, no study has examined the effects of a CHO mouth 

rinse on MSS performance, and the potential for a central effect of CHO on such exercise 

are unknown. 

 

2.3.6 Optimal CHO consumption 

Several factors have been suggested to influence exogenous CHO oxidation rates during 

exercise, including the type and amount of CHO consumed, feeding schedule and 

exercise intensity. These factors have previously been comprehensively reviewed 
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elsewhere (Jeukendrup & Jentjens, 2000), and more recently from a team sport 

perspective (Phillips et al., 2011). Accordingly, the key regulating factors for maximal 

CHO oxidation during exercise will briefly be highlighted here. 

 

2.3.6.1 Timing of CHO ingestion 

During continuous exercise, the timing of CHO ingestion appears to have little influence 

on rates of CHO oxidation. Indeed, when glucose is provided in a single dose of 100 g at 

the onset of exercise lasting approximately 90 min (Pirnay et al., 1977a; Pirnay et al., 

1977b), CHO oxidation rates (0.4-0.6 g.min-1) are similar to those reported when the 

same amount of CHO is provided with regular feedings (Moodley et al., 1992; 

Massicotte et al., 1989). This is in spite of evidence that regular CHO feedings accelerate 

gastric emptying and thus CHO delivery to the intestine (Noakes et al., 1991). Research 

demonstrating an ergogenic effect of CHO during MSS exercise has typically utilised 

regular CHO feedings at approximate 15 min intervals (Patterson & Gray, 2007; 

Nicholas et al., 1995), whilst Abbey and Rankin (2009) failed to show an effect on 

performance in the LIST when CHO was provided as a bolus at 45 min. In contrast, 

Clarke et al. (2008) reported that the metabolic responses to CHO provision at 15 min 

or 45 min intervals during the LIST were not significantly different, as evidenced by 

blood glucose and insulin concentrations and CHO and fat oxidation. Though, no 

performance measures were taken in this study, the authors did report a reduced 

sensation of gut fullness with regular CHO feedings. Therefore, frequent CHO intake 

during MSSs where possible may be considered prudent.  
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2.3.6.2 Amounts and types of CHO 

Jeukendrup et al. (1999) showed that CHO oxidation during exercise does not increase 

in a linear fashion with CHO intake. During cycling at 50% VO2max, participants 

consumed either a 4% or 22% glucose solution, providing 36 and 180 g∙min-1 

respectively. The CHO oxidation rate was approximately 0.6 g∙min-1 in the 4% trial, but 

did not increase further than 0.9 g∙min-1 in the 22% trial. Jeukendrup & Jentjens (2000) 

later composed a graph showing the relationship between CHO ingestion and CHO 

oxidation rate from numerous studies. Remarkably, it would seem that above an 

ingestion rate of approximately 1.2 g∙min-1, exogenous CHO oxidation does not increase 

beyond 1 g∙min-1. The authors suggested that CHO oxidation during exercise is likely to 

be limited by the rate of digestion, absorption and transport of glucose into the 

systemic circulation. Accordingly, recommendations for prolonged exercise are that 60-

70 g∙h-1 of CHO should be consumed. The optimal CHO ingestion rate during MSSs is yet 

to be established, however, studies reporting an ergogenic effect have typically used 

ingestion rates of 30-60 g∙h-1 (Ali et al., 2007; Patterson & Gray, 2007; Welsh et al., 

2007; Davis et al., 1999; Nicholas et al., 1995). 

  

Several types of CHO have been provided during exercise in an attempt to determine 

their ergogenic properties in comparison to glucose, including fructose, sucrose and 

galactose, the disaccharides maltose and lactose and glucose polymers or maltodextrin. 

Of these, glucose, maltose, sucrose and maltodextrin can be oxidised at the highest 

rates (~ 1 g∙min-1; Hawley et al., 1992), with sucrose and fructose are oxidised at a 

lower rate (~ 0.6 g∙min-1; Leijssen et al., 1995; Massicotte et al., 1994). Interestingly, 
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the ingestion of multiple types of CHO may enhance exogenous CHO oxidation above 

that observed with single CHO ingestion (Jentjens et al., 2004a; Jentjens et al., 2004b), 

with rates of 1.7 g∙min-1 reported for the combined ingestion of glucose and fructose 

(Jentjens & Jeukendrup, 2005). This has been attributed to the separate transport 

mechanisms across the intestinal luminal membrane for glucose and fructose (Shi et al., 

1995), and thus a greater amount of exogenous CHO is made available for oxidation 

following ingestion. To the author’s knowledge, there are no published studies 

examining whether such an increase in CHO oxidation can occur with the ingestion of 

multiple-CHOs during MSSs, or whether such supplementation is ergogenic.  

 

2.3.6.3 Solution composition 

Dehydration has been shown to impair sprint performance (McGregor et al., 1999) and 

skill performance (Edwards et al., 2007; McGregor et al., 1999) during MSS exercise, 

though this effect can be countered by fluid ingestion designed to limit or match the 

amount of fluid lost during exercise (McGregor et al., 1999). Consequently, it seems 

prudent that CHO feedings be provided in the form of a beverage during exercise, and 

that the composition of such beverages favours high fluid uptake and CHO oxidation. 

Euhydration can also be aided by the inclusion of electrolytes, and in particular sodium, 

in the beverage, which act to increase water absorption from the small intestine as well 

as the retention of fluid (Maughan & Murray, 2000; Nielsen et al., 1986). More specific 

recommendations on fluid intake are difficult, as factors such as body mass and 

composition, individual sweating rate and composition, environmental conditions and 

exercise intensity are likely to influence fluid requirements during exercise.  
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Earlier studies proposed that the osmolality of a CHO-electrolyte beverage was an 

important determinant of gastric emptying and subsequent fluid and CHO absorption 

(Coyle et al., 1978; Hunt & Pathak, 1960). However, it was subsequently demonstrated 

that when isocaloric CHO solutions with different osmolality are consumed, osmolality 

accounts for only a small proportion (~5%) of the variance in gastric emptying 

observed (Murray et al., 1994). As osmolality typically increases with increased CHO 

content, it is likely that CHO concentration is a more important mediator of gastric 

emptying. Indeed, it has been demonstrated that gastric emptying rates are similar 

when beverages of equal CHO content but different osmolality are consumed (Brouns 

et al., 1995). Indeed, there is an apparent negative correlation between CHO 

concentration and the rate of gastric emptying (Brouns et al., 1995; Calbet & MacLean, 

1997).  

 

Whilst not necessarily important for gastric emptying, osmolality and CHO type are 

thought to influence the rate of intestinal absorption of water and glucose, particularly 

when CHO concentration reaches > 8% (Gisolfi et al., 1992). Yet, the consumption of 

relatively high concentrations of glucose via glucose polymers such as maltodextrin, 

can increase glucose delivery as their osmotic load is typical low (Sole & Noakes, 1989). 

Nevertheless, the amount of CHO appears to be the most important mediator of 

exogenous CHO oxidation rate, as the consumption of equal CHO solutions with 

different osmolality and concentration does not influence exogenous CHO oxidation 

during steady-state exercise (Jandrain et al., 1989).  
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2.3.6.4 Exercise intensity 

Exogenous CHO oxidation has been shown to increase in a linear fashion with 

increased exercise intensity. However, this relationship levels off at approximately 

50% VO2max, with no further increase in exogenous CHO oxidation at intensities > 60% 

VO2max (Pirnay et al., 1982; Pimay et al., 1995). In addition, exercise above 80% VO2max 

appears to reduce gastric emptying and absorption of glucose and water due to a 

reduced blood flow to the gut (Brouns & Beckers, 1993). Whilst continuous exercise 

cannot be maintained for a long enough period to be limited by CHO and fluid delivery, 

it is relevant for MSSs as such exercise requires intermittent periods of work that will 

be above 80% VO2max. Indeed, Leiper et al. (2005) demonstrated that gastric emptying 

of a 6.4% CHO-electrolyte sports drink was significantly lower during 30 min of the 

LIST than during rest or steady state walking. This study raises the question of whether 

recommendations for maximal exogenous CHO oxidation are suitable for MSSs, and 

studies directly comparing different CHO-electrolyte fluid compositions for maximal 

CHO oxidation are warranted. 

 

2.4. CHO-P ingestion during endurance exercise 

Over the last decade, there has been much interest into the potential for a relatively 

small amount of protein (approximately 7-20 g∙h-1), added to a classic CHO supplement, 

to further enhance performance beyond that typically seen with CHO ingestion alone. 

In one of the first of these studies, Ivy et al. (2003) compared the effects of ingesting a 

200 ml bolus of 7.75% liquid CHO plus 1.94% protein supplement, providing 

approximately 47 g of CHO and 12 g of whey protein per hour, against a 7.75% CHO or 
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placebo solution during exercise. The nine cycle trained participants were required to 

cycle at varying exercise intensities of between 45 and 75% VO2max for 3 h, followed by 

a cycle at 85% VO2max until volitional fatigue. Ivy et al. (2003) reported that, whilst CHO 

ingestion significantly increased cycle time to fatigue when compared to placebo (19.7 

± 4.6 c.f. 12.7 ± 3.1 min), endurance capacity was a further 36% more with the addition 

of whey protein to the CHO supplement (26.9 ± 4.5 min). These findings were later 

supported by Saunders et al. (2004), who reported that the ingestion of a 7.3% CHO 

and 1.8% whey protein (providing 37 and 9 g of CHO and protein per hour, 

respectively) resulted in a significant 29% increase in cycle time to fatigue at 75% 

VO2max (106.3 ± 45.2 min) when compared to ingestion of a 7.3% CHO solution (82.3 ± 

32.6 min). 

 

Whilst the above studies appeared to demonstrate that protein consumed during 

exercise provided a clear and relatively large ergogenic effect above CHO alone, 

subsequent studies have failed to confirm such an advantage, and thus the evidence is 

currently equivocal (see Tables 2.5 and 2.6 below). It is likely that several 

methodological differences in these studies can explain the majority of differing effects 

observed in the CHO-P literature. Perhaps most importantly, it should be noted that the 

large and significant effects observed in the research of Ivy et al. (2003) and Saunders 

et al. (2004) occurred when drinks of different energy content were provided during 

exercise, and thus supplements were only matched for CHO content. This, in 

conjunction with supplements providing CHO at a rate below the 60-70 g∙h-1 

considered optimal for maximal exogenous CHO oxidation (Jeukendrup & Jentjens, 

2000), may have led to amino acids derived from the protein being directly oxidised to 
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provide energy for muscular contraction during exercise. Thus, there would be greater 

exogenous energy availability for performance when participants exercised with the 

CHO-P versus CHO beverage, and performance enhancement may not have been due to 

a protein specific mechanism. Indeed, when studies have matched beverages for energy 

and not CHO content, or provided optimal CHO ingestion rates, either a much smaller 

(2.4-12%) or no performance change has often been reported. However, such a finding 

is still of relevance, as it would seem that when exogenous CHO availability is sub-

optimal, protein ingestion can provide a suitable replacement whilst potentially 

providing several recovery benefits discussed later in the thesis (section 2.5.3). 
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Table 2.5 Studies examining the effects of CHO-P versus CHO matched supplement 

Reference Sample Protocol Ingestion 

Rates* 

%Improvement 

in Performance 

Significant 

Difference 

Breen et al. 
(2010) 

12 M cyclists 

120 min @ 
55% 

VO2maxfollowed 
by 1 h TT 

65 g∙h-1 CHO + 
19 g∙h-1 P 

0% 
CHO-P = 247 ± 

13 W, CHO = 247 
±11 W 

N 

      

Lee et al. 
(2008) 

8 M 
TTE @ 70% 

VO2max 
60 g∙h-1 CHO + 

33 g∙h-1 P 

-7.5% 
CHO-P = 102.8 

min, CHO = 110.6 
min 

N 

      

Osterberg et al. 
(2008) 

13 M cyclists 

120 min @ 5% 
below OBLA 

followed by 7 
Kj∙kg-1 TT 

75 g∙h-1 CHO + 
10 g∙h-1 P 

-4.4% 
CHO-P = 38.8 ± 
5.5 min, CHO = 
37.1 ± 3.8 min 

N 

      

Saunders et al. 
(2007) 

13 cyclists (8 
M, 5 F) 

TTE @ 75% 
VO2peak 

41 g∙h-1 CHO + 
10 g∙h-1 P 

13% 
CHO-P = 116.6 ± 
28.6 min, CHO = 
102.8 ±25 min 

Y 

      

Saunders et al. 
(2009) 

13 M cyclists 

60 km TT 
(performance 
measured in 

the last 5 km) 

60 g∙h-1 CHO + 
16 g∙h-1 P 

3% 
CHO-P = 16.5 ± 
0.6 min, CHO = 
16.9 ± 0.6 min 

Y 

      

Valentine et al. 
(2008) 

11 M 
TTE @ 75% 

VO2max 
77.5 g∙h-1 CHO 
+ 19.4 g∙h-1 P 

7.4% 
CHO-P = 124 ± 8 
s, CHO = 117 ± 6 

s 

N 

      

Van Essen & 
Gibala (2006) 

10 M cyclists 80 km TT 
60 g∙h-1 CHO + 

20 g∙h-1 P 

0% 
CHO-P = 135 ± 9 
min, CHO = 135 ± 

9 min 

N 

M = male, F = female. TT = time trial, TTE = time to exhaustion. CHO = CHO. P = protein. *CHO beverages 
in these studies contained the amount of CHO indicated without protein 
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Table 2.6 Studies examining the effects of CHO-P versus a calorie matched CHO 

supplement 

Reference Sample Protocol Ingestion 

Rates 

%Improvement in 

Performance 

Significant 

Martinez-

Lagunas et 

al. (2010) 

12 cyclists (7 M, 5 

F) 

150 min @ 

55-75% 

VO2max 

followed by 

TTE @ 80% 

VO2max 

34.5 g∙h-1 

CHO + 8.8 

g∙h-1 P c.f. 46 

g CHO 

12% 

CHO-P = 30.5 ± .9 

min, CHO = 26.9 ± 

6.1min 

N 

      

Romano-Ely 

et al. (2006) 

14 M cyclists TTE @ 70% 

VO2max 

45 g∙h-1 CHO 

+ 11.3 g∙h-1 

P c.f. 60 g 

CHO 

2.4% 

CHO-P = 98.1 ± 28.7 

min, CHO = 95.8 ± 

29.7 min 

N 

      

Toone & 

Betts (2010) 

12 M 

cyclists/triathletes 

45 min @ 60-

90% VO2max 

followed by 6 

km TT 

66 g∙h-1 CHO 

+ 24 g∙h-1 P 

c.f. 90 g CHO 

- 1.2% 

CHO-P = 438 ± 22 s, 

CHO = 433 ± 21 s 

N 

      

Valentine et 

al. (2008) 

11 M TTE @ 75% 

VO2max 

77.5 g∙h-1 

CHO + 19.4 

g∙h-1 P c.f. 

86.9 g CHO 

4% 

CHO-P = 124 ± 8 s, 

CHO = 120 ± 11 s 

N 

M = male, F = female. TT = time trial, TTE = time to exhaustion. CHO = CHO. P = protein.  

 

A further criticism of the early studies by Ivy et al. (2003) and Saunders et al. (2004) is 

the use of exercise capacity tests to assess the effects of CHO-P ingestion. That is, such 

tests are considered to possess poor ecological validity as participants do not regulate 

their own exercise intensity, whilst their reliability is relatively poor when compared to 

that of time trials (CV ~ 26.6 and 3.49% respectively, Jeukendrup et al., 1996). It is also 

worthy of note that to-date no studies have examined the potential for CHO-P ingestion 
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during exercise to enhance MSS-like activity. Considering the lack of clarity on the 

effects of CHO-P and endurance, and some evidence that CHO-P may improve 

performance late on during exercise (Saunders et al., 2009), such an investigation 

would appear warranted, particularly when it seems clear that performance declines in 

the latter stages of MSSs.  

 

2.4.1 Types and amounts of protein  

Unlike the current understanding of optimal types and amounts of CHO to be consumed 

during exercise, little is known on what the most ergogenic form and amount of protein 

is, or indeed whether the discrepancies in findings between different studies are due to 

the types of protein being used (see Tables 2.5, 2.6 and 2.7). Previous studies have 

utilised whole proteins, such as whey and casein, as well branched chain amino acids 

(BCAAs) or hydrolysed whole proteins. Whilst not the focus of this review, early work 

which provided BCAAs during exercise has typically reported that there is no ergogenic 

effect on performance (Watson et al., 2004; Madsen et al., 1996; Van Hall et al., 1995; 

Varnier et al., 1994). Furthermore, some studies have reported increased plasma 

ammonia (NH3) levels with BCAA supplementation (Watson et al., 2004; Madsen et al., 

1996; Van Hall et al., 1995), which has been implicated in the aetiology of fatigue 

during prolonged aerobic exercise (Banister & Cameron, 1990). This increase in NH3 is 

thought to be due to an increase in BCAA deamination during exercise for energy 

provision (MacLean et al., 1996). However, Colombani et al. (1999) reported that 

providing whole protein (milk protein hydrolysate) during a marathon run did not 

yield a significant rise in NH3, despite observing a significant rise in plasma BCAAs with 

the ingestion of a CHO-P beverage. The authors suggested that the ingestion of whole 



 

86 
 

proteins would be likely to be advantageous, as such a supplement would not only 

provide NH3 producing amino acids, but NH3 binding amino acids, such as glutamate, 

alanine and glutamine. Accordingly, improved performance has only been reported in 

studies utilising whole proteins (whey isolate and casein hydrolysate) when combined 

with CHO (Table 2.7).  

 

The precise type of protein most likely to elicit an ergogenic effect is unclear. Whey and 

casein, whilst both derived from milk, have been shown to have markedly different 

digestive properties. Whey is a soluble protein, whereas casein clots in the stomach, 

resulting in a slower rate of gastric emptying (Mahe et al., 1996). Consequently, it has 

been shown that whey ingestion elicits amino acid concentrations in the blood that are 

higher, but less prolonged, than when casein is ingested (Boirie et al., 1997). Due to this 

more rapid absorption of amino acids, whey has been the most popular form of protein 

used in endurance studies (see Table 2.7). However, studies have not reported a 

consistent benefit. More recently, Saunders et al. (2009) provided CHO with casein 

hydrolysate during endurance exercise, which is split into tri- and di-peptide bonds and 

thus results in a faster absorption of amino acids than intact protein and free amino 

acid ingestion (Grimble & Silk, 1989; Silk et al., 1985). Plasma amino acid 

concentrations were not reported in this study, although Saunders et al. (2009) did 

observe a significant 3% improvement in 60 km cycling time trial performance when 

the protein hydrolysate was consumed compared to CHO alone. However, recently 

Breen et al. (2010) reported no difference in 1 h time trial performance when 

hydrolysed whey was consumed with CHO, thus the effects of different forms of protein 
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ingestion are unclear. As such, studies which directly compare the use of different 

proteins during endurance exercise are warranted. 

 

The ingestion rate of protein during endurance exercise has varied from approximately 

8 – 33 g∙h-1, although this has been provided with varying amounts of CHO (see Tables 

2.5 and 2.6).  To date, no study has directly compared varying amounts of protein 

during endurance exercise, although significant effects have been typically observed 

with a protein ingestion rate of approximately 15 g∙h-1 (see Tables 2.5 and 2.6). As CHO 

is the predominant energy source during endurance exercise, and CHO oxidation seems 

to be limited up to an intake of approximately 60-70 g∙h-1, it would seem prudent to 

provide CHO and protein at rates of approximately 40-60 and 10-20 g∙h-1 respectively. 

However, the optimal rate of protein ingestion during endurance exercise is yet to be 

elucidated. 
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Table 2.7. Drink characteristics in CHO-P studies 

Reference Protein Source 
Significant 
Difference 

Breen et al. (2010) Whey Hydrolysate N 

Greer et al. (2011) BCAAs N 

Ivy et al. (2003) 
Whole Protein (not 

specified) 
Y 

Lee et al. (2008) Milk N 

Martinez-Lagunas et al. 
(2010) 

Whey N 

Osterberg et al. (2008) Whey N 

Romano-Ely et al. (2006) Whey N 

Saunders et al. (2004) Whey Y 

Saunders et al. (2007) Not specified Y 

Saunders et al. (2009) Casein Hydrolysate Y 

Toone & Betts (2010) Whey Isolate N 

Valentine et al. (2008) Whey Concentrate N 

Van Essen & Gibala 
(2006) 

Whey Isolate N 

N = no, Y = yes. 

 

2.4.2 Potential mechanisms for enhanced performance with CHO-P 

The limited understanding of a mechanism through which protein ingested during 

exercise exerts its effect exacerbates the lack of consensus on the effects of CHO-P 

ingestion. As previously alluded to, one potential mechanism is through the provision 

of energy via protein oxidation. Whilst protein oxidation during exercise is relatively 

small (approximately 5-10% of total substrate oxidation) when compared to CHO and 

fats, its oxidation rate is increased with increasing exercise intensity (Babij et al., 1983) 
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and in the glycogen depleted state (Wagenmakers et al., 1991), and thus it may provide 

an important energy substrate. Indeed, several studies have reported that CHO-P 

ingestion enhances protein oxidation rates during exercise. Koopman et al. (2004) 

examined protein balance during 6 h of running and cycling at 50% VO2max with either a 

CHO (0.7 g CHO∙kg-1∙h-1) or CHO-P solution (0.7 g CHO∙kg-1∙h-1 and 0.25 g P∙kg-1∙h-1). 

Whole body protein turnover was assessed via the infusion, and subsequent collection 

via breath and blood, of leucine, phenylalanine and urea tracers. It was reported that 

protein oxidation was 32% higher when CHO-P was consumed (25 ± 2 mg protein∙kg-

1∙h-1) when compared to CHO alone (17 ± 1 mg protein∙kg-1∙h-1). In agreement, 

Colombani et al. (1999) reported greater levels of plasma and urine metabolic by-

products of protein metabolism such as urea, nitrogen and 3-Methylhistidine when a 

CHO-P beverage was consumed during a marathon, compared to the ingestion of CHO. 

Similarly, plasma amino acid availability has been reported to increase and decrease 

during a run at 75% VO2max with CHO-P and CHO ingestion respectively (Miller et al., 

2002). Thus, it could be hypothesised that ingested protein during exercise provides a 

fuel that potentially acts to spare the body’s endogenous CHO stores (i.e. blood glucose 

and muscle glycogen), and that can be used to maintain a higher intensity during the 

latter stages of exercise. This being said, current evidence suggests that despite a 

potentially enhanced rate of protein oxidation, CHO-P ingestion does not alter the rate 

of either muscle glycogen utilisation (Cermak et al., 2009) or the maintenance of 

euglycemia (Toone & Betts, 2010; Cermak et al., 2009; Saunders et al., 2009; Valentine 

et al., 2008; Saunders et al., 2007; Van Essen & Gibala, 2006; Saunders et al., 2004). 
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A further possible explanation for improved performance with CHO-P ingestion is its 

elicitation of a greater insulin response during exercise, such as that sometimes 

observed with CHO-P intake during recovery (see section 2.5.3). If this were the case, it 

is possible that the increased circulating insulin would potentially act to improve CHO 

delivery across the muscle cell membrane via enhanced GLUT-4 translocation (Jentjens 

& Jeukendrup, 2003), which may subsequently provide more exogenous CHO for 

muscular contraction. Such an increased insulin release may be of particular 

importance during intermittent exercise such as MSSs, as it has been hypothesised that 

muscle glycogen resynthesis can occur during periods of low-intensity exercise and 

rest (Jeukendrup, 2004), thus providing extra substrate for muscular contraction. 

However, whilst amino acids are a potent stimulant for insulin release from the 

pancreatic beta-cells (Nuttall et al., 1984), and higher insulin values have been 

observed with CHO-P ingestion versus placebo (Saunders, 2007), most studies have 

failed to report a significant increase in serum insulin with CHO-P ingestion versus CHO 

alone during exercise (van Essen & Gibala, 2006; Ivy et al., 2003). That being said, van 

Loon et al., (2000) demonstrated that the composition of amino acids provided in a 

supplement can have a marked impact on the subsequent insulin response, and as such 

future studies investigating different types of protein supplement on exercise 

performance are justified.  

 

CHO-P ingestion may also enhance performance through an attenuation of central 

fatigue in accordance with the ‘central fatigue hypothesis’, as originally proposed by 

Newsholme et al. (1987). This hypothesis is built on the common observation that 

during exercise there is an increased free fatty acid mobilisation from adipose tissue 
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and subsequent appearance in the blood for use as fuel for exercising muscle (Havel et 

al., 1967). As the mobilisation of FFA in the blood is greater than its rate of utilisation, 

blood FFA concentration steadily increases during exercise (Spriet, 2002). As both FFA 

and the amino acid free tryptophan (f-TRP) compete to bind to albumin for 

transportation in the blood, the increased FFA concentration results in a concomitant 

increase in circulating f-TRP (Curzon & Knott, 1974). This in turn causes an alteration 

in the f-TRP:BCAA ratio (i.e. a greater concentration of tryptophan relative to BCAAs) 

and an increase in the transportation of f-TRP across the blood brain barrier. This is 

thought to occur as both f-TRP and the BCAAs compete for entry into the central 

nervous system via the large neutral amino acid transporter (Hargreaves & Pardridge, 

1988). In turn, it is predicted that f-TRP is converted to serotonin in the brain, a 

neurotransmitter that has been associated with increased feelings of tiredness and 

sleep and is an important determinant of mood and aggression (Meeusen et al., 2006; 

Cooper et al., 2003). Consequently, alterations in mood and perceived effort or fatigue 

may lead an athlete to lower their exercise intensity or stop exercise completely. 

 

A CHO-P supplement has the potential to alter the chain events described above in 

different ways. Firstly, as with the ingestion of CHO alone during exercise, CHO and 

protein will lower the rate of FFA mobilisation through insulin-mediated reductions in 

lipolysis (Horowitz et al., 2000), and thus a lowered blood concentration of FFAs 

ensues. In addition, ingested protein has been shown to increase the concentration of 

BCAAs in the blood (Miller et al., 2002), thus further reducing the f-TRP:BCAA ratio. 

However, whether this in turn leads to lowered serotonin concentrations in the central 

nervous system and lowered feelings of fatigue is unknown and such a supposition is 
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purely speculative. Nevertheless, there have been several studies which have reported 

a significantly lower rating of perceived exertion with the ingestion of CHO-P versus 

CHO alone, in particular in the latter stages of exercise. In the study of Valentine et al. 

(2008), a significantly lower mean RPE (6-20) of 15.0 ± 1.8 versus 16 ± 1.4 was 

reported during the last 30 min of a cycle test to exhaustion at 75% VO2max when CHO-P 

was consumed compared to CHO alone. Similarly, Martinez-Lagunas et al. (2010) 

reported that CHO-P ingestion resulted in a significantly lower average RPE (12.5 ± 0.4) 

when compared to CHO (12.8 ± 0.4) alone. Greer et al. (2011) also reported a 

significantly attenuated rise in RPE during a 90 min cycle at 55% VO2max when CHO 

with added BCAAs was consumed compared to a placebo, whilst there was no reported 

significant difference between an isocaloric CHO beverage and a placebo. 

 

Whether lowered RPE with CHO-P ingestion provides an indication of attenuated 

central fatigue is unclear, as a multitude of afferent inputs have been suggested to 

inform an individual’s perception of effort, including heart rate, ventilation, substrate 

depletion and the anticipation of the remaining exercise intensity (for reviews, see 

Marcora, 2009; Tucker, 2009; Hampson et al., 2006). Moreover, lowered RPE with 

CHO-P ingestion is not a universal finding, with Toone and Betts (2010) reporting a 

significantly higher RPE, attributed to greater sensations of gastrointestinal discomfort, 

when protein was added to a CHO supplement. At present there is little scientific 

support for the central fatigue-hypothesis, with only a few studies reporting a lowered 

perception of effort with BCAA ingestion (Greer et al., 2010; Crowe et al., 2006), and 

others reporting no effect (Watson et al., 2004). Furthermore, whilst van Hall et al. 

(1995) demonstrated that BCAA ingestion lowered brain tryptophan uptake by 
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approximately 10%, they failed to find any negative effect of tryptophan ingestion on 

time to exhaustion at 70% of maximal power output, despite a concomitant 7-fold 

increase in brain tryptophan uptake. However, no perceptual measures of fatigue were 

recorded in this study. 

 

Several authors have suggested that protein provided in a CHO beverage may provide 

amino acid precursors for anaplerotic reactions taking place in the Krebs cycle 

(Saunders, 2007; Ivy et al., 2004). Krebs cycle flux can increase more than 80-fold in 

the transition from rest to exercise, whilst a concomitant 5- to 10-fold increase in the 

concentration of Krebs cycle intermediates in skeletal muscle in humans has been 

observed (Wagenmakers, 1998). Thus, it is thought that an increase in Krebs cycle 

intermediates, and their synthesis via the conversion of carbon from amino acids such 

as glutamate (Wagenmakers, 1998), is necessary to maintain a high level of ATP 

resynthesis via mitochondrial respiration (Gibala et al., 1997). However, Cermak et al. 

(2009) recently reported that Krebs cycle intermediate (citrate and malate) expansion 

was not significantly different when CHO-P (223 ± 31 mmol∙kg-1 dry weight) or CHO 

(185 ± 38 mmol∙kg-1 dry weight) was consumed during a 90 min cycle at 70% VO2max. 

Thus, as of now there appears to be little evidence of such a mechanism being 

responsible for any observed improvement in performance with CHO-P ingestion. 

 

2.5 Recovery from MSSs 

The high rates of energy utilisation and muscular fatigue observed during MSSs not 

only have implications for acute performance, but the subsequent recovery of 
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performance, as many consequences of participating in MSSs will have an effect for 48 - 

72 h post-exercise. Considering the congested competitive and training schedules of 

many MSS athletes, who are often required to compete on consecutive days, the 

recovery of performance has become a key concern for applied sports scientists. 

Accordingly, the following section will discuss some of the key considerations for 

recovery following MSS competition. 

 

2.5.1 Exercise-induced muscle damage 

It is well documented that strenuous, unaccustomed exercise or exercise with an 

increased duration or intensity often results in ultrastructural damage to skeletal 

muscle (Byrne et al., 2004; Gleeson et al., 2003; Allen, 2001; Clarkson et al., 1992). The 

principle cause of this exercise-induced muscle damage (EIMD) is the eccentric muscle 

action (Clarkson et al., 1986) whereby the muscle is forcibly lengthened under tension 

with lower muscle unit activation than concentric contractions (Enoka, 1996). Indeed, 

EIMD has been shown to occur following activities with a high eccentric component or 

repeated stretch-shortening cycles such as plyometrics (Twist & Eston, 2005), 

resistance training (Byrne & Eston, 2002a; Paul et al., 1989) and distance running 

(Sherman et al., 1984). EIMD also occurs frequently in athletic populations, in 

particular during periods of overtraining or overreaching (Palazzetti et al., 2003; 

Eichner, 1995). However, of particular relevance to the current research is the now 

well-documented occurrence of symptoms of EIMD that occur following MSSs or 

exercise designed to simulate its physiological and movement demands (discussed in 

greater detail in section 2.5.1.3 below).  
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The symptoms of EIMD include the disruption of the intracellular muscle structure, 

sarcolemma and extracellular matrix, (Friden & Lieber, 2001a; Friden & Lieber, 1992; 

Hortobagyi et al., 1998), delayed-onset muscle soreness (DOMS; characterised by 

muscle pain and tenderness upon palpation which generally peaks at 24-48 hours and 

subsides within 96 hours; Friden, 2002; Cleak & Eston, 1992a; Cleak & Eston, 1992b), 

muscle swelling and a decreased range of motion, (Clarkson et al., 1992; Cleak & Eston, 

1992a), and a leakage of intramuscular proteins such as creatine kinase (CK), 

myoglobin (Mb) and lactate dehydrogenase (LDH) into the blood (van der Meulen, 

Kuipers & Drukker, 1991; Clarkson et al., 1986). However, perhaps of greatest 

importance to sports performers is the commonly observed long-lasting impairment of 

muscle function (i.e. reductions in strength and power) and the resulting changes in 

performance associated with EIMD. Furthermore, a review of the literature on markers 

of EIMD has identified that measures of muscle function provide the most effective 

means for evaluating the magnitude and time-course of damage (Warren, Lowe & 

Armstrong, 1999). 

 

2.5.1.1 Mechanisms and time course of EIMD 

The mechanisms by which EIMD impairs muscular function are not yet fully 

understood, and a full review is beyond the scope of this thesis (for reviews, see Proske 

& Morgan, 2001; Armstrong et al., 1991). As such, a brief overview of the key phases of 

EIMD will be presented. 
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EIMD is thought to be caused predominantly by mechanical stress on the muscle 

sarcomere and connective tissue, though metabolic stress has also been implicated in 

the aetiology of EIMD.  From a mechanical perspective, it is proposed that repeated 

eccentric actions results in non-uniform lengthening of sarcomeres when active muscle 

is stretched beyond its optimum length (i.e. during an eccentric contraction), with some 

sarcomeres rapidly over-extending beyond myofilament overlap and failing to re-

interdigitate upon relaxation (Proske & Morgan, 2001). This has been termed the 

‘popping-sarcomere hypothesis’. Biopsy samples from human muscle have indeed 

shown non-uniform registration of z-lines, termed ‘z-line’ streaming, following EIMD 

(Lieber & Friden, 2002; Friden & Lieber, 2001a). Thus, it appears that repeated 

eccentric actions result in permanently weakened or overstretched sarcomeres which 

alter the contractile properties of the muscle. Additionally, EIMD is associated with the 

early loss of cytoskeletal proteins that are responsible for sarcomere stability and the 

transmission of force both across a single fibre and from fibre to fibre. Indeed, 

researchers have reported losses in desmin (Lieber et al., 1996) and distrophin 

(Lovering & De Deyne, 2004) immediately after eccentric exercise associated with 

significant reductions in force generating capacity. 

 

Whilst the precise time-course is unclear, the initiation of EIMD is also associated with 

impairments in E-C coupling. E-C coupling is the physiological mechanism whereby an 

electrical discharge at the muscle initiates chemical events that ultimately cause muscle 

action, starting with the action potential along the plasmalemma and ending with the 

release of calcium from the sarcoplasmic reticulum (Ingalls et al., 1999). Support for a 

reduction in efficiency of the E-C coupling system in humans has been shown through 



 

97 
 

the observation of greater force loss when muscle is stimulated at low-frequencies 

(Allen, 2001; Jones, 1996), and maximally activated tetanic force when compared to 

caffeine activated (which induces Ca2+ release from the sarcoplasmic reticulum) force 

production (Ingalls et al., 1999). 

 

EIMD is also thought to be initiated by metabolic events which cause either metabolic 

deficiencies or by-products that directly damage the skeletal muscle tissue or make 

individual muscle fibres susceptible to damage. More specifically, prolonged endurance 

exercise may result in insufficient mitochondrial respiration (Tee et al., 2007), and 

ultimately lowered ATP in muscle fibres which may decrease the action of Ca2+-ATPase 

in the sarcoplasmic reticulum and compromises the removal of cytosolic Ca2+ (Duchen 

et al., 1990). This in turn would result in proteolysis and muscle fibre degeneration 

(Duncan, 1987). Such an effect may be exacerbated in the presence of depleted muscle 

glycogen stores which may limit ATP resynthesis. Indeed, Warhol et al. (1985) reported 

that damage was confined to fibres that were almost completely depleted of glycogen 

following a marathon. This has implications for MSSs, where it has been observed that 

competition results in 50% of individual muscle fibres being either completely or 

nearly depleted of glycogen (Krustrup et al., 2005). Free radical, or reactive oxygen 

species (ROS), production has been implicated in metabolically-induced EIMD. Elevated 

oxygen consumption for a prolonged period produces ROS (Knez, et al., 2007), which 

are molecules with an unpaired electron in their outer valence shell. These molecules 

are highly reactive, and may cause lipid peroxidation in the muscle cell membrane and 

subsequent impairments in Ca2+ handling in the sarcoplasmic reticulum and damage to 

many cellular components (Best et al., 1999).  
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Following the initial damaging event, skeletal muscle is thought to undergo an 

autogenic phase whereby calcium homeostasis is disturbed (Armstrong, 1990). 

Ultimately this is thought to result in calpain (a non-lysosomal protease) activation 

(Belcastro et al., 1998) and ensuing proteolysis of key contractile and structural 

proteins, such as titin and desmin, and thus sarcolemmal stability is further reduced 

(Verbeurg et al., 2005; Goll et al., 1991). This cycle in turn damages the muscle such 

that large muscular proteins leak into the blood. Subsequently, it is thought that 

apoptosis of the muscle fibre ensues and an inflammatory response and muscle tissue 

repair is initiated (Pyne, 1994). This stage involves the selective breakdown of 

muscular proteins and their subsequent resynthesis via inflammatory cells such as 

neutrophils and macrophages, ROS and finally satellite cells (Tidball, 2002). The 

process is thought to take approximately seven days, but is dependent on the severity 

of the damaging event (Clarkson & Hubal, 2000).  

 

2.5.1.2 Applied implications 

Studies utilising eccentric exercise such as plyometrics, downhill running and 

resistance exercise have shown that EIMD causes significant immediate and prolonged 

impairments in isometric (Larsen et al., 2005; Sayers & Clarkson, 2001; Child et al., 

1998; Clarkson et al., 1992; Cleak & Eston, 1992a) and isokinetic (Sherman et al., 2004; 

Michaut et al., 2002; Deschenes et al., 2000; Byrne et al., 2000; Eston et al., 1996; Gibala 

et al., 1995; Golden & Dudley, 1992; Friden et al., 1983) strength by approximately 

20%. Such impairments typically peak at 24-48 h, and last for up to one week. In turn, 

this alteration in muscle function has been shown to impair several performance 

measures in the days after exercise which have implications for MSS athletes, including 
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reduced vertical jump performance (Marginson et al., 2005; Byrne & Eston, 2002a; 

Komi, 2000; Avela et al., 1999; Horita et al., 1999; Chambers et al., 1998), power 

generating ability (Twist & Eston, 2005; Byrne & Eston 2002b), single and repeated 

sprint performance (Highton et al., 2009; Twist & Eston, 2005), agility (Highton et al., 

2009) and endurance capacity (Twist & Eston, 2009; Marcora & Bosio, 2007). However, 

EIMD response can be affected by the mode of damaging exercise (Tee et al., 2007; 

Vickers, 2001), and therefore it is important to examine the specific muscle damage 

response associated with MSS exercise. 

 

2.5.1.3 EIMD and MSSs 

Table 2.8 below provides a brief summary of the documented responses to MSS 

competition, including a variety of sports. These studies appear to demonstrate that 

such exercise consistently leads to EIMD which may persist for up to 72 h. This is not 

surprising considering the high aerobic demand of MSSs, and the repeated eccentric 

contractions that are likely to occur during sprints, changes of direction, jumping and 

accelerating/decelerating (Osgnach et al., 2010). However, it is interesting to note that 

the majority of studies have utilised CK as a marker of EIMD, despite its poor temporal 

relationship with skeletal muscle function (and therefore muscular damage) following 

eccentric exercise (Friden & Lieber, 2001b). This apart, several studies have reported 

alterations in muscle function, jump height and sprint performance of between 2 and 

18% following MSSs (McLellan et al., 2011; Fatouros et al., 2009; Rowsell et al., 2009; 

Magalhaes et al., 2009; Ascensao, et al., 2008), which are similar to those observed 

following eccentrically biased exercise detailed previously.  
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Table 2.8 Muscle damage response to MSS competition 

Study Sample Sport EIMD Notes 

Ascensao et al. (2008) 16 M Semi-elite Soccer match 

↑ Mb, CK, DOMS, 
↓ Isok strength 

(10%), 30 m 
sprint speed 

(7%) 

EIMD markers 
present until 72 
h post-exercise 

Cunniffe et al. (2002) 10 M Elite 
Rugby Union 

Match 
↑ CK 

EIMD markers 
present until 38 

h. T/C sig. 
lowered 14 h 
after exercise 

McLellan et al. (2011) 17 M Elite Rugby League 
↑ CK, ↓ PP 

during CMJ 
(18%) 

Up to 48 h 

Montgomery et al. 
(2008) 

29 M Elite 
3 d basketball 
tournament 

↑ Mb, CK, DOMS  

Rowsell et al. (2009) 20 M Junior Soccer 

↑ CK, LDH, Mb, ↓ 
12 x 20 m sprint 

speed (2%) & 
CMJ (7%) 

No effect of cold 
water immersion 

Smart et al. (2008) 23 M Elite Rugby Union ↑ CK 

CK sig correlated 
to game time and 

number of 
contacts 

Fatouros et al. (2009) 30 M Semi-elite Soccer 

↑ CK, DOMS, ↓ 
20 m sprint 

speed (2%) & 
CMJ (10%) 

 

Takarada (2003) 15 M Amateur Rugby Union ↑ CK, LDH, Mb 
Sig related to 

contacts 

Magalhaes et al. (2009) 16 M Semi-elite Soccer 

↑ CK, Mb, ↓ Isok 
strength (7%), 

20 m Sprint 
speed (10%) & 

CMJ (11%) 

 

McLellan et al. (2010) 17 M Elite Rugby League ↑ CK  
M = Male, d = day, CK = Creatine Kinase, Mb = Myoglobin, LDH = Lactate dehydrogenase, Isok = 
Isokinetic, Isom = Isometric, DOMS = delayed onset muscle soreness, CMJ = counter-movement jump, 
T/C = testosterone to cortisol ratio, PP = peak power. 

 

Several studies have also demonstrated that participation in the LIST results in EIMD 

similar to that observed after MSS competition. Thompson et al. (1999) reported a 

significant increase in the intensity of general muscle soreness among 16 habitually 

active males in the 72 hours following the LIST, peaking at 24-48 h. Peak increases in 

CK were also observed at 24 h post exercise. Interestingly, muscle soreness was most 
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frequently reported in the hamstring muscles. Thompson et al. (2001b) later observed 

significant decreases post-LIST in muscular function of the knee flexors (but not 

extensors) up to 48 h post-exercise in nine habitually active males. This was the case 

for both isometric and isokinetic contractions at 60 deg∙s-1. As with their earlier study 

(Thompson et al., 1999), both CK and muscle soreness were elevated for up to 72 hours 

following the LIST. Finally, Bailey et al. (2007) reported that muscle soreness, plasma 

CK activity and myoglobin concentration were significantly elevated up to 48 h 

following completion of the LIST in 20 healthy males. Significant reductions in 

isometric peak torque of the knee flexors (but not the knee extensors) and vertical 

jump performance of 18% and 6%, respectively, were also observed.  

 

To conclude, it would appear that participation in a MSS, or a protocol designed to 

simulate the demands of MSSs, produces the same symptoms of EIMD commonly 

observed following eccentric exercise. These symptoms last for up to 72 hours post 

exercise, with impairments of muscle function peaking at 48 h and being primarily 

located on the knee flexors. As such, a key consideration in the recovery of performance 

for coaches and athletes needs to incorporate the prevention and/or treatment of 

exercise-induced muscle damage. 

 

2.5.2 Muscle glycogen depletion and fluid loss 

Section 2.2.3.2 has highlighted the importance of muscle glycogen depletion and 

dehydration to fatigue during MSS exercise, and how CHO-electrolyte solutions may 

exert their ergogenic effect via an attenuation of such factors, respectively. However, 
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considering that muscle glycogen levels can be depleted by 40-90%, and fluid losses 

can total 4-5 l following MSS competition, the rapid restoration of each is considered an 

important recovery consideration to ensure optimal performance in a subsequent 

exercise bout. Indeed, the restoration of muscle glycogen may require particular 

attention as part of post-MSS recovery strategy, since EIMD has been shown to slow 

this process (Asp et al., 1997; Asp et al., 1995; Costill et al., 1990; Sherman et al., 1983). 

To this end, Bangsbo et al. (2006) demonstrated that muscle glycogen levels did not 

reach pre-exercise levels 42 h after a soccer match, even when participants were fed a 

high CHO (~600 g) diet. Similarly, Jacobs et al. (1982) reported that muscle glycogen 

concentrations were only 50% of baseline values 48 h following a competitive match. 

 

2.5.3 CHO and protein ingestion for recovery 

Acute CHO-P ingestion both during and after exercise has been proposed to attenuate 

EIMD, increase rates of muscle glycogen resynthesis and improve fluid balance. 

Consequently, such a supplement may be particularly valuable as a recovery aid 

following MSS competition. Accordingly, the following section will discuss the effects of 

CHO-P on post-exercise recovery. 

 

2.5.3.1 EIMD 

A multitude of different recovery strategies has been employed to try and attenuate 

EIMD, each with limited success (for a review, see Howatson & van Someren, 2008). 

These strategies, including antioxidants, cryotherapy, b-hydroxy-b-methylbutyrate 

supplementation, massage, compression garments, and non-steroidal ant-inflammatory 
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drugs, have sought predominantly to dampen the inflammatory response associated 

with EIMD, and have typically been utilised following resistance or eccentrically biased 

exercise. Indeed, a relative paucity of data on EIMD recovery strategies exists following 

MSS competition, often with conflicting results. Thompson et al. (2001b) reported that 

acute ingestion of the antioxidant vitamin C, proposed to counter the effects of ROS, had 

no effect on CK or muscle soreness in the days after completing the LIST. As with 

eccentrically biased exercise, Montgomery et al. (2008) demonstrated that neither 

compression garments nor cryotherapy via cold water immersion affected plasma CK 

or Mb in the days following a 3 day basketball tournament. In contrast, Gill, Beaven and 

Cook (2005) observed that CK activity was significantly higher in a group of players 

who performed passive recovery than groups who underwent contrast-water therapy 

or wore a compression garment in the days following a rugby union match. However, 

the usefulness of such findings are questionable considering the large variations 

observed in CK response to EIMD (Clarkson & Ebbeling, 1988), and lack of functional 

measures to assess recovery. Rowsell et al. (2009) demonstrated that cryotherapy had 

no effect on CK, counter-movement jump height and sprint performance 22 h after a 

soccer match, although perceived soreness was significantly lower when participants 

underwent cold-water immersion. Thus, cryotherapy may counter some of the negative 

perceptual responses associated with EIMD following MSSs. Indeed, Bailey et al. (2007) 

observed muscle soreness was significantly lower at 24 and 48 h, whilst plasma CK was 

not different, following the LIST when participants underwent cold water immersion.  
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2.5.3.1.1 CHO-P and EIMD 

Over recent years, the potential for the ingestion of a small amount of protein in 

combination with CHO to attenuate EIMD and accelerate recovery has received 

considerable interest. Table 2.9 provides a summary of the findings in this area. 

Table 2.9. Summary of studies examining the effects of CHO-P on markers of exercise-

induced muscle damage. 

Study Sample Exercise 
Protein 

amount  

Protein 

type 

Ingestion 

Time 
Effects 

Baty et al. 

(2007) 
34 M 

Whole body 

RE (3 x 8 8-

RM) 

13.5 g Milk-based 

Before, 

during & 

after 

↔ Strength 

↓ CK, Mb 

Betts et al. 

(2009) 
17 M 

90 min 

intermittent 

run 

0.4 g·kg·h-1 
Whey 

isolate 

During & 4 

h after 

↔ Isometric 

strength, CK, 

LDH, 

soreness 

Bird et al. 

(2006) 
32 M 

3 x 10 75%-

RM 
6 g EAAs During ↓ 3-MH 

Breen et al. 

(2010) 

12 M 

Cyclists 

120 min @ 

55% VO2max 

+ 1 h TT 

0.27 g·kg·h-1 
Whey 

Hydrolysate 
During 

↔ MVC, 

soreness, CK 

Cockburn et 

al. (2008) 
24 M 

6 x 10 

eccentric-

concentric 

contractions 

0.2 g·kg·h-1 Milk-based 2 h after 

↔ Soreness 

↓ CK, Mb 

↑ MVC 

Ferguson-

Stegall et al. 

(2010) 

8 M & 7 F 
3 h cycle @ 

45-70 VO2max 

Not 

specified 

Whey 

isolate 
During ↓ Mb 

Gilson et al. 

(2010) 
13 M 

4 day 

intensified 

training 

0.3 g·kg·h-1 Milk-based 1 h after 
↔ MVC 

↓ Mb, CK 

Green et al. 

(2008) 
18 F 

30 min 

downhill 

running 

0.3 g·kg·h-1 Whey 1 h after 
↔ MVC, 

soreness, CK 

Luden et al. 

(2007) 
23 M 

6-day cross-

country 

training 

0.365 g·kg·h-

1 
Whey During 

↓ Soreness, 

CK 
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Millard-

Stafford et al. 

(2005) 

8 M Runners 21 km run 0.2 g·kg·h-1 
Whey 

isolate 
During 

↓ Soreness 

↔ CK 

Pritchett et 

al. (2009) 

10 M 

Cyclists 

6 x 3 x 30 s 

WAnT 
0.25 g·kg·h-1 

Milk-based 

protein 
2 h after 

↔ Soreness, 

CK  

Romano-Ely 

et al. (2006) 

14 M 

Cyclists 

TTE @ 70% 

VO2peak 
0.39 g·kg·h-1 Whey 

During and 

15 min 

after 

↓ Soreness, 

CK, LDH 

Rowlands et 

al. (2007) 

10 M 

Cyclists 

150 min 

intermittent 

cycling 

0.3 g·kg·h-1 

Whey 

isolate, 

casein & soy 

4 h after 
↓ Soreness, 

CK 

Saunders et 

al. (2004) 

15 M 

Cyclists 

TTE @ 75% 

VO2peak 
0.18 g·kg·h-1 Whey 

During and 

30 min 

after 

↓ CK 

Saunders et 

al. (2007) 
8 M & 5 F 

TTE @ 

75%VO2peak 
0.18 g·kg·h-1 

Not 

specified 

During and 

1 h after 
↓ CK 

Saunders et 

al. (2009) 

13 M 

Cyclists 
60 km TT 0.25 g·kg·h-1 

Casein 

hydrolysate 

During and 

1 h after 

↓ Soreness, 

CK 

Seifert et al. 

(2005) 
9 M & 9 F Skiing 0.17 g·kg·h-1 

Not 

specified 
During  ↓ Mb, CK 

Skillen et al. 

(2008) 

12 M 

Cyclists 

TTE @ 

85%VO2peak 
0.07 g·kg·h-1 EAAs 

Before, 

during and 

15 min 

after 

↓ Soreness, 

CK  

↑ VJ 

Stock et al. 

(2010) 
17 M 

6 x 6 squats 

@ 75% 1-

RM 

0.025 g·kg·h-

1 
Leucine 

15 min 

after 

↔ LDH, CK, 

soreness 

Valentine et 

al. (2008) 

11 M 

Cyclists 

TTE @ 

70%VO2peak 
0.26 g·kg·h-1 

Whey 

concentrate 
During 

↓ Mb, CK 

↑ Reps @ 

70% 1-RM 

White et al. 

(2008) 
27 M 

50 Eccentric 

contractions 
0.28 g·kg·h-1 

Whey 

concentrate 
1 h after 

↔ MVC, CK, 

soreness 

Wojcik et al. 

(2001) 
27 M 

100 x 120% 

1-RM 

eccentric 

contractions 

0.17 g·kg·h-1 
Not 

specified 
2 h after 

↔ Isokinetic 

strength, 3-

MH 

M = males, F = females. TTE = time to exhaustion, TT = time trial, RE = resistance exercise, RM = 
repetition maximum. EAAs = essential amino acids. MVC = maximal voluntary contraction, PT = peak 
torque, CK = creatine kinase, LDH = lactate dehydrogenase, Mb = myoglobin, VJ = vertical jump height. 
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Table 2.9 shows that that the effects of CHO-P ingestion on EIMD are currently 

equivocal. Fifteen studies have reported attenuation in at least one marker of EIMD, 

however it is notable that only 10 studies have measured strength. Of these, only three 

have reported lower strength loss or enhanced recovery following the ingestion of 

CHO-P. The reasons for different findings between studies are difficult to elucidate, 

however it is likely that variations in the quantity, type and timing of ingested protein, 

matching of CHO-P supplements with an equal CHO or energy content for comparison, 

mode of damaging exercise and measurement method of EIMD have confounded 

findings in the area. These factors are discussed in greater detail in Chapter 4 of this 

thesis.  

 

Only one study has examined the effects of acute CHO-P ingestion following MSS 

exercise. Betts et al. (2009) reported that the ingestion of either 1.2 g∙kg∙h-1 of CHO or 

the same solution plus 0.4 g∙kg∙h-1 whey protein isolate in the 4 h after the LIST 

resulted in similar losses of peak isometric torque of the knee extensors (8%) and 

flexors (30%), and increases in serum CK, Mb and LDH. However, this study failed to 

match the drinks provided for energy content, and as such it is yet to be seen whether 

and iso-caloric volume of protein can replace CHO to attenuate markers of EIMD after 

MSS exercise. Furthermore, it would have been useful to see if measures of muscle 

function more closely related to athletic performance than isometric strength, such as 

sprint and jump performance, were affected by CHO-P ingestion compared to CHO 

alone. 
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The precise mechanism through which CHO-P ingestion may affect EIMD is currently 

not known, however it is hypothesised higher rates of muscle protein degradation than 

synthesis limit the functional restoration rate of skeletal muscle tissue following EIMD 

(Ingalls et al., 1998). CHO-P has the potential to increase muscle protein synthesis 

and/or reduce protein degradation after injury (Lowe et al., 1995). This may occur via 

two mechanisms. Firstly, both CHO and protein ingestion will increase circulating 

insulin as previously discussed. Indeed, several studies have reported a greater plasma 

insulin concentration with CHO-P ingestion compared to CHO alone after exercise 

(Betts et al., 2008; Betts et al., 2007; Betts et al., 2005; Jentjens et al., 2001; Zawadzki et 

al., 1992), although others have failed to report such an effect (Millard-Stafford et al., 

2005; Ivy et al., 2003; Ivy et al., 2002; Tarnopolsky et al., 1997). This discrepancy is 

thought to be due to the lower protein ingestion rates in the latter studies (~0.1 g∙kg∙h-

1), and as such an ingestion rate closer to that used in the former studies (~0.3 g∙kg∙h-1) 

protein has been recommended (Betts & Williams, 2010). Insulin has been shown to 

stimulate protein synthesis in vitro (Lawrence, 2001), although in vivo insulin 

concentrations within the normal physiological range reduce net muscle protein 

breakdown only (Wolfe, 2001). Nevertheless, hyperinsulinemia induced by CHO-P 

ingestion may enhance protein balance by reducing protein breakdown after exercise. 

 

Secondly, it is thought that CHO-P ingestion will provide amino acids, which serve as 

building blocks for muscle protein resynthesis, as well as activating several signalling 

pathways responsible for the up-regulation of protein synthesis (Koopman et al., 2007; 

Hawley et al., 2006). In fact, whilst CHO ingestion elicits an insulin response that 

reduces protein breakdown after exercise, net positive protein balance (greater rates of 
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protein synthesis than degradation) only ensues in the presence of an adequate supply 

of amino acids (Levenhagen et al., 2002). Furthermore, several studies have reported 

better protein balance when protein is co-ingested with CHO compared to CHO alone 

(Bird et al., 2006; Borsheim et al., 2004; Koopman et al., 2004; Miller et al., 2003). 

Interestingly, ingestion of protein immediately after exercise yields protein synthesis 

rates three-fold greater than those observed when it is ingested 3 h after exercise 

(Levenhagen et al., 2001), suggesting that it is important to commence feeding 

immediately after exercise to maintain protein balance.  

 

2.5.3.2 CHO-P and muscle glycogen 

2.5.3.2.1 CHO and glycogen resynthesis 

A high daily CHO intake can significantly increase muscle glycogen stores (see section 

2.3.1), and as such this strategy can be adopted to resynthesise muscle glycogen in the 

days after MSSs (Nicholas et al., 1997). However, the immediate hours after exercise 

appear to provide an opportunity for enhanced rates of muscle glycogen resynthesis 

due to increased insulin sensitivity to glucose uptake (Cartee et al., 1989). This is 

thought to be mediated by an increased GLUT-4 translocation to the muscle cell surface 

that can last for approximately 4 h (Hansen et al., 1998). Accordingly, muscle glycogen 

resynthesis rates during short term recovery are typically much higher with CHO 

ingestion (approximately 20-50 mmol∙kg-1 dry weight∙h-1) compared to when no CHO is 

consumed (7-12 mmol∙kg-1 dry weight∙h-1) (Jentjens & Jeukendrup, 2003). Indeed, 

Jeuekendrup and Jentjens (2003), and later Betts and Williams (2010), collated data 

from studies examining CHO ingestion and muscle glycogen resynthesis rates after 
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exercise, and demonstrated a linear relationship between the amount of CHO ingested 

and glycogen resynthesis, with maximal synthetic rates occurring at an ingestion rate 

of approximately 1.2 g∙kg∙h-1. 

 

As with protein ingestion, delaying CHO feeding by 2 h post-exercise can result in a 

50% decrease in muscle glycogen resynthesis rates compared to ingestion immediately 

after exercise (Ivy et al., 1988). Furthermore, as high GI CHOs elicit a larger insulin 

response and make glucose available in the blood quicker than low GI CHOs, their 

ingestion facilitate greater muscle glycogen storage in the hours after exercise (Kiens et 

al., 1990; Blom et al., 1987). Finally, the ingestion of CHO at regular intervals rather 

than as a large bolus has been suggested to enable higher glycogen synthesis rates in 

order to maintain a constantly elevated plasma insulin and glucose concentration (van 

Loon et al., 2000). However, to the author’s knowledge no study has directly tested this 

hypothesis. 

 

2.5.3.2.2 CHO-P and glycogen resynthesis 

In light of the relationship between insulin and muscle glycogen resynthesis, several 

researchers have sought to examine whether CHO-P ingestion can enhance further 

rates of muscle glycogen resynthesis, and subsequent endurance performance, in the 

hours after exercise. In the first study to examine this link, Williams et al. (2003) 

examined the effects of ingesting a CHO-P versus a 6% CHO-electrolyte sports beverage 

on glycogen restoration and time to exhaustion at 85% VO2max 4 h following glycogen 

depleting exercise in eight trained cyclists. They reported that the CHO-P beverage, in 
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comparison to the CHO-electrolyte beverage, increased time to exhaustion during the 

submaximal run by 55%, storage of muscle glycogen by 128%, insulin concentration by 

92%. This study corroborated the findings of others who showed that muscle glycogen 

synthesis rates are indeed greater when protein is ingested with CHO (Berardi et al., 

2006; Ivy et al., 2002; van Loon et al., 2000; Zawadzki et al., 1992), and subsequent 

performance is enhanced (Karp et al., 2006; Saunders et al., 2004), in the hours after 

exercise. However, a common aspect of these studies has been that they have either 

provided CHO in sub-optimal quantities (< 1 g∙kg∙h-1), or compared the supplement to 

another which has not been matched for energy content. Indeed, in the case of Williams 

et al. (2003), an approximate 368 extra calories was provided in the CHO-P supplement 

than the CHO drink over the four hour recovery period. 

 

van Loon et al. (2000) utilised a research design that compared the effects of a CHO-P 

drink providing 0.8 g∙kg∙h-1 CHO plus 0.4 g∙kg∙h-1 protein, and drinks providing 0.8 

g∙kg∙h-1 and 1.2 g∙kg∙h-1 CHO-only, and as such were matched for CHO and energy 

content respectively. Five hours following a glycogen depleting intermittent cycle, it 

was shown that muscle glycogen rates were in fact highest in the CHO condition 

providing 1.2 g∙kg∙h-1, despite a much higher insulin concentration (approximately 

40%) throughout the recovery period in the CHO-P trial. Thus, although insulin is likely 

to be important for muscle glycogen resynthesis after exercise, the availability of CHO 

is likely to limit synthetic rates at the upper end of ingestion rates. Indeed, studies 

which have compared CHO-P to an energy matched equivalent CHO drink, or CHO 

provided at an optimal rate (> 1 g∙kg∙h-1) have failed to show an improvement in the 

rate of muscle glycogen resynthesis (Howarth et al., 2009; Jentjens et al. 2001; 
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Carrithers et al., 2000; van Hall et al., 2000; van Loon et al., 2000), or subsequent 

endurance performance (Betts et al., 2007; Millard-Satfford et al., 2005). In agreement, 

data collated by Betts & Williams (2010) have demonstrated that glycogen synthesis 

rates are not enhanced when protein is consumed with adequate amounts of CHO (> 1 

g∙kg∙h-1).   

 

2.5.3.3 CHO-P and post-exercise fluid balance 

Current recommendations for the post-exercise restoration of fluid losses are that 1.5 l 

of fluid should be consumed for every 1 kg of body mass lost during exercise (Shirreffs 

et al., 1996). Plain water is considered a poor choice for post-exercise rehydration as 

large volumes are likely to reduce plasma sodium concentration and plasma osmolality, 

the results of which are increased urine output and decreased desire to drink (Nose et 

al., 1988). As such, electrolytes, and particularly sodium, included in a drink enable 

euhydration after exercise much more quickly than plain water alone (Shireffs & 

Maughan, 2000). Indeed, Shirreffs et al. (1996) demonstrated that, with adequate 

volumes of ingested fluid, fluid balance six hours after exercise was only achieved when 

sodium intake was greater than sodium losses during exercise. For MSSs, this is likely 

to necessitate a sodium intake of > 4 g, as Maughan et al. (2005) have demonstrated 

sweat sodium concentrations of 42.5 ± 13 mmol∙l-1 and salt losses of 4.3 ± 1.8 g during 

soccer training lasting for 90 min. CHO intake in a recovery beverage is also 

encouraged to replenish muscle glycogen stores after exercise, but small amounts may 

also aid fluid absorption in the gut (Rehrer et al., 1992). Over recent years some studies 

have demonstrated how CHO-P, in the form of milk ingestion, can result in greater fluid 

balance than CHO-electrolyte beverages. Shirreffs et al. (2007) reported that drinking a 
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volume ~150% of sweat losses of milk and milk with added sodium produced a lower 

urine output (611 and 550 ml respectively) than either water (1184 ml) or a CHO-

electrolyte drink (1,205 ml) in the 5 h after completing intermittent exercise inducing a 

1.8% body mass loss. This meant that a net positive fluid balance was maintained 

throughout the post-exercise recovery period with milk ingestion, with a negative fluid 

balance 1 h after drinking the other fluids. Watson et al. (2008) later confirmed these 

findings, showing that milk resulted in a markedly lower urine output and thus fluid 

balance was maintained in the 3 h after exercise. The mechanisms for greater fluid 

retention with CHO-P ingestion resulting in improved fluid balance are currently not 

known, however it has been proposed that increased sodium concentrations in milk, 

and slower gastric emptying of fluid with the ingestion of protein, lowers plasma 

osmolality, which prevents diuresis (Watson et al., 2008). This area of research is 

relatively new, and further studies examining the use of CHO-P as a post-exercise 

recovery aid are warranted. 

 

2.6 Conclusions 

This review has discussed several pertinent aspects of MSSs and acute CHO-P 

supplementation. Significant developments in time-motion analysis have allowed the 

accurate measurement of external load and movement demands associated with MSSs. 

Accordingly, it is now clear that athletes cover distances of between 6,000 to 11,000 m, 

predominantly at low movement speeds. Importantly, several studies have 

demonstrated that in the latter stages of competition there are reductions of up to 45 

and 31% in high-intensity running and sprinting, respectively. Consequently, MSSs 

seem to induce fatigue in their participants. The physiological responses to MSSs 
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suggest that these sports predominantly tax the aerobic energy systems and are 

performed at an average of 70% VO2max. However, rates of glycolysis are likely to be 

high as evidenced via increased muscle lactate concentrations. In addition, it is likely 

that causes of fatigue during MSSs are depletion of muscle glycogen stores and fluid 

loss.  

 

CHO supplementation both in the days before, 3-4 h before and during endurance 

exercise is likely to be ergogenic. There is also a large body of research demonstrating 

that CHO ingestion during simulated MSS exercise can improve endurance capacity and 

skill performance. The mechanisms for this improvement are not fully understood, but 

centre on increased exogenous energy availability, better maintenance of endogenous 

energy stores and potential central effects. However, there is a wealth of evidence on 

the optimal composition of a CHO supplement for endurance exercise. Maximal CHO 

oxidation can be achieved via CHO delivery of 60-70g∙h-1, whilst CHO oxidation may be 

further increased with consumption of multiple-transportable CHOs. CHO 

concentration appears to mediate gastric emptying, and as such concentrations > 8% 

during exercise should be avoided. 

 

The addition of protein to CHO has, in some instances, been shown to further enhance 

endurance performance. However, research on the effects of CHO-P and its 

mechanisms of action have thus far been equivocal, and little consensus exists among 

researchers. The optimal composition of a CHO-P supplement is unknown, but the 

current review suggests that the delivery of CHO and protein at rates of approximately 
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40-60 and 10-20 g∙h-1, respectively, is appropriate. However, to date, there is a dearth 

of knowledge on the effects of CHO-P during MSS activity. With regard to MSS recovery, 

it is likely that recovery from EIMD (and associated reductions in muscle strength and 

performance), muscle glycogen repletion and rehydration are significant concerns for 

athletes. Whilst it has been speculated that CHO-P may have additive effects to CHO for 

each of these aspects of recovery, again, much of the research in this area is unclear, 

and little information exists on the efficacy of CHO-P following MSSs. Accordingly, the 

aims of the current body of research are to document the effects of CHO-P on MSS 

recovery and performance.  
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Chapter 3 

The Reliability and Concurrent Validity of Non-Motorised Treadmill Sprint 

Performance 

 

3.1 Introduction 

Sprint running performance is considered to be a fundamental component of success in 

a variety of competitive MSSs (e.g. soccer, rugby, hockey). Time-motion analysis has 

shown that on average approximately 20-60 sprints, operationally defined as “maximal 

effort, a rapid motion” (Bloomfield et al., 2004), per player per game will take place 

(Spencer et al., 2005a), with many of these bouts occurring during ‘crucial’ patterns of 

play (i.e. chasing attacking players, counter-attacking, scoring tries, and chasing 

through-balls). Mean sprint times and distances in such sports are between 2-3 

seconds and 10-20 m respectively (Spencer et al., 2005a), with sprints rarely exceeding 

distances of 40 m (Bangsbo & Mohr, 2005; Meir et al., 2001a). Consequently, the 

physiological assessment of team sport players is often confined to their sprinting 

performances over distances of 5 to 40 m (Ellis et al., 2000), whether following training 

interventions (Spinks et al., 2007) or different periods of recovery (Highton et al., 2009; 

Magalhaes et al., 2009; Ascensao et al., 2008). 

 

Non-motorised treadmill (NMT) ergometry, as originally described by Lakomy (1987), 

provides a potentially useful tool for the assessment of maximal sprint running 

performance. Its use allows the benefits associated with testing in controlled 

laboratory conditions and the calculation of many performance measures (for example 
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time to peak running speed, step length and step frequency) which are potentially of 

interest to athletes, coaches and researchers. By utilising NMT ergometry, these sprint 

parameters can be measured continually, providing real-time information for coaching 

or research purposes.  

 

The importance of ensuring that measurements made as part of research or athlete 

support are both reliable and valid is widely recognised (Atkinson & Nevill, 1998). Such 

an approach allows researchers and sports scientists to detect ‘real’ changes in 

performance with confidence, and ensures that a test or instrument is measuring what 

it purports to. In recent years, several studies adopting appropriate statistical tests 

have documented the reliability of certain performance (Hopker et al., 2009; Sirotic & 

Coutts 2008; Lim & Chia 2007; Hughes et al., 2006; Tong et al., 2001) and physiological 

(Sirotic & Coutts 2008) variables obtained via NMT ergometry. Such variables include 

maximal force, maximal power, maximal running speed, heart rate and oxygen 

consumption; the reliability of which has generally been interpreted as favourable. 

However, there are several potentially beneficial performance measurements that can 

be obtained via NMT ergometry for which reliability has yet to be assessed, including 

mean speed, split times over multiple distances and step rate and length. In addition, 

the statistical agreement between measures obtained on the NMT over a variety of 

distances and those obtained over-ground remains to be elucidated, with only the early 

work of Lakomy (1987), and more recently Hopker et al. (2009), offering direct 

comparisons between performances in each. As such, the potential utility of the NMT 

for the assessment of sprint performance in team sport athletes, whether for research 

or in the applied setting, is yet to be fully explored. Accordingly, the purpose of this 
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study was to report on both the inter- and intra-day reliability and concurrent validity 

of a variety of sprint performance measures obtained on a commercially available NMT 

over distances commonly associated with MSS competition.  

 

3.2 Methods 

Participants and Experimental Design  

Twelve healthy male university level team sport (soccer, rugby union and rugby 

league) players (mean age: 22.3 ± 3.6 years; body mass: 80.3 ± 8.4 kg; stature: 1.80 ± 

0.10 m) volunteered to participate in the study. Prior to data collection all participants 

provided written informed consent and completed a pre-test health questionnaire to 

reveal if there were any contraindications to exercise. Ethical approval was granted by 

the Ethics Committee of the Department of Sport and Exercise Sciences, University of 

Chester.  

 

This study utilised a repeated measures design in which participants, following a 

period of familiarisation, were required to complete two laboratory trials on separate 

days involving the assessment of NMT sprint performance (to assess the inter-day 

reliability of measured variables) and one trial on an outdoor all-weather surface for 

the assessment of over-ground sprinting performance (see Figure 3.1). The order of 

sprint assessment was randomised for each participant, with each of the three trials 

separated by 24 h. On each testing occasion participants performed three maximal 

sprints, which in the case of the NMT were used to assess the intra-day reliability of 

values obtained. Participants were instructed to refrain from any strenuous physical 
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activity and maintain their normal diet during the period of testing to avoid any 

possible interference that this might have on their sprinting abilities. 

 

 

Figure 3.1. Schematic of the study design 

 

Procedures 

NMT Familiarisation 

The NMT (Woodway, Force 3.0, USA) utilised in this study was an updated version of 

the system originally presented by Lakomy (1984; 1987), and is similar to systems that 

have been described in detail in previous studies (e.g. Hopker et al., 2009; Sirotic & 

Coutts 2008; Lim & Chia 2007; Hughes et al., 2006; Tong et al., 2001). Approximately 

48-72 h prior to data collection, participants were familiarised with the NMT over three 

sessions within a 24 h period. These sessions provided detailed verbal instructions on 

the technique required to run on the NMT (which were then reinforced before each 

sprint performance session) and allowed participants to walk and then jog at a low 

intensity before completing 3 sprints for 30 m at gradually increasing speeds (i.e. from 

approximately 60 to 100% of the their perceived maximum speeds). The 

familiarisation session was terminated when participants indicated that they were 
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comfortable to sprint maximally and were achieving a consistent running speed (within 

1 m·s-1) at each maximal sprint.  

 

Assessment of NMT Sprint Performance 

NMT sprint performance variables were measured following a warm-up on the NMT 

consisting of three minutes continuous jogging interspersed with one maximal sprint 

for 6 s (Tong et al., 2001). This also served to ‘warm-up’ the treadmill rollers and thus 

minimise the resistance of the treadmill belt (Lakomy, 1987). During the sprints that 

followed, participants were connected to a mounted strain gauge via a non-elastic 

tether and harness which was attached around their waists (Figure 3.2). The height of 

the strain gauge was adjusted so that the tether was at an angle of 8˚ (measured via a 

goniometer) above horizontal for each participant (whilst standing) so as to maintain 

the horizontal position of the tether during the forward lean adopted when sprinting 

on the NMT (Lakomy, 1987). Participants were instructed to sprint maximally from a 

standing start on the researcher’s instruction and to maintain the effort until they had 

reached a distance of 30 m. Split times were also recorded at 10 and 20 m, with speed 

sampled at a rate of 100 Hz. For measurements of peak running speed, data were also 

averaged over 1 s to provide peak measurements, and are referred to as ‘peak 

averaged’ hereafter. This procedure was repeated twice more interspersed with 2 

minutes passive recovery.   



 

120 
 

 

Figure 3.2. A participant performing a maximal sprint on the NMT. 

 

Assessment of over-ground sprint running performance 

To assess the concurrent validity of sprint performance variables obtained on the NMT, 

participants performed three maximal 30 m sprints from a standing start on an 

outdoor all-weather surface, interspersed with two minutes passive recovery. Sprints 

were conducted in dry conditions, with the direction of the sprints being perpendicular 

to any prevailing wind direction (Gabbett 2006; Meir et al., 2001b). Sprint times were 

recorded using 6 electronic photo cells (Speedtrap II, Brower Timing Systems, Utah, 

USA) positioned at 10, 20 and 30 m from the start line. The initial gate at the start of the 

sprint was replaced by a switch activated by the participant’s foot leaving the ground, 

which served to reduce the degree of momentum developed before the start of the 

sprint and prevent extraneous movement influencing the recorded sprint times (Duthie 

et al., 2006). Sprint times to each of these distances were recorded to the nearest 0.01 s 

via telemetry to a hand-held system, with the lowest value (i.e. best performance) from 

the three sprints used for data analysis.  
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Statistical Analyses 

The measures obtained from the NMT included 10, 20 and 30 m sprint times (s), mean 

and peak (averaged and instantaneous) running speeds (m·s-1), time to peak running 

speed (s), step length (m· step-1) and step frequency (steps·s-1). Optimum values (best 

performances) from the three sprints were used in the analysis of concurrent validity 

against over-ground sprint performance and inter-day reliability. Data from trials 2-3 

on the same day (since these were typically where the fastest sprints occurred) were 

used to assess the intra-day reliability of the sprint variables. Following an examination 

of the distributions of the variables via the Shapiro-Wilk test of normality, descriptive 

statistics (mean ± standard deviation) were generated. Reliability was assessed via the 

coefficient of variation (CV) and the 95% limits of agreement (LoA; bias ± 1.96 x SDdiff) 

as originally described by Bland and Altman (1986). The ratio LoA (see Atkinson & 

Nevill (1998) for a review) were also calculated owing to the presence of 

heteroscedastic errors among certain residuals (Atkinson  & Nevill, 1998), which were 

reduced (and in some cases removed) by applying logarithmic (natural) 

transformations. The validity of the NMT measures against over-ground sprinting was 

examined via correlation analysis (Spearman’s rho; rs as the variables were not always 

normally distributed), and the 95% and ratio LoA statistics. Alpha was set at 0.05 and 

all statistical analyses were conducted using SPSS for Windows (Version 14.0, 2006). 

 

3.3 Results 

The inter-day reliability statistics of 11 variables measured on the NMT are presented 

in Table 3.1. Whilst there were no significant biases (P > 0.05) between the 
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measurements taken on separate days for any of these, the best levels of agreement 

(within 7%) between days were observed for the measurements of time to 30 m (1.02 

*/÷ 1.07), peak instantaneous (0.99 */÷ 1.07), peak averaged (1 */÷ 1.06), mean speeds 

(1 */÷ 1.06) and step frequency (1.01 */÷ 1.06). Time to peak speed exhibited the 

poorest agreement, with a difference of up to 47%. 

 

The intra-day reliability (Day 1) statistics on the NMT (Table 3.2) show no significant 

biases (P > 0.05) for any of the measures, and the best agreement (within 7%) occurred 

for the time to 20 (0.99 */÷ 1.07) and 30 m (0.99 */÷ 1.06), peak averaged (0.95 */÷ 

1.05), mean speed (1.01 */÷ 1.07) and step length (0.99 */÷ 1.07) and frequency (1.01 

*/÷ 1.05). As with measurements taken between days, it was time to peak speed which 

demonstrated the poorest agreement between trials (up to 33% difference). Similar 

results were observed for intra-day reliability on day 2 (Table 3.3). 



 
 

Table 3.1 Inter-day NMT descriptive (mean ± SD) and reliability statistics 

Performance Variable Day 1 Day 2 
Limits of 

Agreement 

Ratio Limits of 

Agreement 

Coefficient of 

Variation 

Time to 10 m (s) 2.39 ± 0.17 2.30 ± 0.22 0.09 ± 0.34 1.04 */÷ 1.16 4.2% 

Time to 20 m (s) 4.23 ± 0.26 4.13 ± 0.25 0.10 ± 0.37 1.02 */÷ 1.09 2.8% 

Time to 30 m (s) 6.10 ± 0.36 6.00 ± 0.3 0.11 ± 0.42 1.02 */÷ 1.07 2.2% 

10-20 m (s)  1.80 ± 0.11 1.82 ± 0.11 0.02 ± 0.14 1.01 */÷ 1.08 2.3% 

20-30 m (s) 1.83 ± 0.11 1.83 ± 0.14 -0.01 ± 0.19 0.99 */÷ 1.12 2.9% 

Peak Instantaneous Speed 

(m·s-1) 
5.62 ± 0.28 5.60 ± 0.26 -0.02 ± 0.35 1.00 */÷ 1.06 1.8% 

Peak Averaged Speed (m·s-1) 5.56 ± 0.28 5.54 ± 0.26 -0.02 ± 0.33 1.00 */÷ 1.06 1.8% 

Mean Speed (m·s-1) 4.94 ± 0.27 5.02 ± 0.25 -0.08 ± 0.33 0.99 */÷ 1.07 2.1% 

Time to Peak Speed (s) 3.41 ± 0.73 3.09 ± 0.65 0.32 ± 1.16 1.10 */÷ 1.47 10.8% 

Step Length (m· step-1) 1.16 ± 0.09 1.16 ± 0.99 -0.01 ± 0.09 0.99 */÷ 1.09 2.3% 

Step Frequency (steps·s-1) 4.43 ± 0.33 4.48 ± 0.33 0.06 ± 0.25 1.01 */÷ 1.06 1.6% 
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Table 3.2 Intra-day NMT descriptive (mean ± SD) and reliability statistics (Day 1) 

Performance Variable Trial 2 Trial 3 
Limits of 

Agreement 

Ratio Limits of 

Agreement 

Coefficient of 

Variation 

Time to 10 m (s) 2.48 ± 0.24 2.50 ± 0.24 -0.02 ± 0.33 0.99 */÷ 1.14 2.8% 

Time to 20 m (s) 4.28 ± 0.26 4.34 ± 0.34 -0.06 ± 0.31 0.99 */÷ 1.07 1.7% 

Time to 30 m (s) 6.16 ± 0.36 6.23 ± 0.42 -0.07 ± 0.39 0.99 */÷ 1.06 1.8% 

10-20 m (s) 1.80 ± 0.11 1.85 ± 0.14 -0.04 ± 0.16 1.02 */÷ 1.08 1.9% 

20-30 m (s) 1.88 ± 0.11 1.89 ± 0.13 -0.01 ± 0.22 0.99 */÷ 1.13 3% 

Peak Instantaneous Speed 

(m·s-1) 
5.58 ± 0.26 5.55 ± 0.33 0.03 ± 0.27 1.01 */÷ 1.07 1.2% 

Peak Averaged Speed (m·s-1) 5.52 ± 0.26 5.50 ± 0.33 -0.02 ± 0.26 0.95 */÷ 1.05 1.1% 

Mean Speed (m·s-1) 4.89 ± 0.26 4.81 ± 0.37 0.08 ± 0.52 1.02 */÷ 1.12 2.4% 

Time to Peak Speed (s) 3.78 ± 0.75 3.76 ± 0.98 0.02 ± 1.11 1.02 */÷ 1.33 8.1% 

Step Length (m· step-1) 1.14 ± 0.08 1.13 ± 0.07 -0.01 ± 0.08 0.99 */÷ 1.07 1.7% 

Step Frequency (steps·s-1) 4.37 ± 0.37 4.43 ± 0.33 0.04 ± 0.23 1.01 */÷ 1.05 1.4% 
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Table 3.3 Intra-day NMT descriptive (mean ± SD) and reliability statistics (Day 2) 

Performance Variable Trial 2  Trial 3 
Limits of 

Agreement 

Ratio Limits of 

Agreement 

Coefficient of 

Variation 

Time to 10 m (s) 2.51 ± 0.34 2.41 ± 0.16 0.10 ± 0.50 1.03 */÷ 1.20 5.1% 

Time to 20 m (s) 4.34 ± 0.39 4.24 ± 0.19 0.10 ± 0.52 1.02 */÷ 1.12 3.1% 

Time to 30 m (s) 6.20 ± 0.44 6.11 ± 0.26 0.09 ± 0.47 1.01 */÷ 1.07 2.1% 

10-20 m (s) 1.83 ± 0.09 1.83 ± 0.09 0.00 ± 0.05 1.00 */÷ 1.03 0.7% 

20-30 m (s) 1.85 ± 0.16 1.87 ± 0.11 -0.02 ± 0.16 0.99 */÷ 1.09 1.9% 

Peak Instantaneous Speed 

(m·s-1) 
5.53 ± 0.27 5.55 ± 0.26 -0.02 ± 0.24 1.00 */÷ 1.04 1.2% 

Peak Averaged Speed (m·s-1) 5.48 ± 0.27 5.50 ± 0.26 0.02 ± 0.21 1.00 */÷ 1.04 1.1% 

Mean Speed (m·s-1) 4.85 ± 0.35 4.92 ± 0.21 -0.08 ± 0.40 0.98 */÷ 1.08 2.3% 

Time to Peak Speed (s) 3.65 ± 0.98 3.52 ± 0.88 0.13 ± 1.58 1.03 */÷ 1.49 10.8% 

Step Length (m· step-1) 1.11 ± 0.08 1.14 ± 0.10 0.04 ± 0.1 1.03 */÷ 1.09 2.6% 

Step Frequency (steps·s-1) 4.41 ± 0.37 4.37 ± 0.38 -0.05 ± 0.25 0.99 */÷ 1.06 1.5% 

 



 
 

In terms of concurrent validity, all of the performance measures on the NMT were 

found to be significantly inferior (P < 0.05) to those obtained from over-ground 

sprinting on both days (Tables 3.4 and 3.5). For example, the 30 m split times were, on 

average, 1.88 (Day 1) and 1.77 s (Day 2) faster over-ground than on the NMT, and the 

mean speeds were 2.09 (Day 1) and 2.02 m·s-1 (Day 2) lower.  The correlations 

between NMT and over-ground variables were typically modest (0.44 – 0.67), though 

as high as 0.80 (time to 30 m, Day 2) and as low as 0.30 (10-20 m time, Day 2).  

 

 



 
 

Table 3.4 Concurrent validity statistics of the NMT variables (Day 1) 

Performance Variable NMT Over-ground 
Limits of 

Agreement 

Ratio Limits of 

Agreement 

Coefficient of 

Variation 
rs 

Time to 10m (s) 2.39 ± 0.17 1.70 ± 0.20 -0.68†† ± 0.45 0.71 */÷ 1.26 23.9% 0.43 

Time to 20m (s) 4.23 ± 0.26 3.01 ± 0.22 -1.22†† ± 0.51 0.71 */÷ 1.14 23.8% 0.54 

Time to 30m (s) 6.10± 0.36 4.23 ± 0.25 -1.88†† ± 0.60 0.69 */÷ 1.11 25.7% 0.58† 

10-20 m (s) 1.80 ± 0.11 1.30 ± 0.05 -0.50†† ± 0.19 0.72 */÷ 1.11 22.8% 0.50 

20-30 m (s) 1.83 ± 0.11 1.20 ± 0.06 -0.64†† ± 0.15 0.65 */÷ 1.08 29.7% 0.67† 

Mean Speed (m·s-1) 4.94 ± 0.27 7.02 ± 0.42 -2.09†† ± 0.71 0.70 */÷  1.12 25.5% 0.58† 

† P < 0.05; †† P < 0.05, reflecting the presence of a systematic bias between measurements. 
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Table 3.5 Concurrent validity statistics of the NMT variables (Day 2) 

Performance Variable NMT Over-ground 
Limits of 

Agreement 

Ratio Limits of 

Agreement 

Coefficient of 

Variation 
rs 

Time to 10m (s) 2.30 ± 0.22 1.70 ± 0.20 -0.60†† ± 0.48 0.74 */÷ 1.26 21.2% 0.44 

Time to 20m (s) 4.13 ± 0.25 3.01 ± 0.22 -1.12†† ± 0.45 0.73 */÷ 1.12 22.1% 0.66† 

Time to 30m (s) 6.00 ± 0.30 4.23 ± 0.25 -1.77†† ± 0.47 0.70 */÷ 1.09 24.5% 0.80† 

10-20 m (s) 1.82 ± 0.09 1.30 ± 0.05 -0.52†† ± 0.16 0.71 */÷ 1.11 23.7% 0.30 

20-30 m (s) 1.83 ± 0.14 1.20 ± 0.06 -0.63†† ± 0.15 0.65 */÷ 1.08 29.4% 0.48 

Mean Speed (m·s-1) 5.02 ± 0.25 7.02 ± 0.42 -2.01†† ± 0.71 0.71 */÷ 1.12 24.5% 0.60† 

† P < 0.05, †† P < 0.05 reflecting the presence of a systematic bias between measurements.  

 

 

 



 
 

3.4 Discussion 

The present study has demonstrated that particular measures of sprint performance 

can be generated reliably on the NMT. Specifically, for measurements obtained on the 

same day, times to 20 and 30 m, peak averaged and mean speed, and step length and 

frequency demonstrated the best levels of agreement. Similarly, for inter-day 

measurements, agreement was best for times to 30 m, peak instantaneous, peak 

averaged and mean speeds and step frequency. Whilst these findings are consistent 

with previous studies which have generally reported that NMT measurements of 

running speed and distance covered in a set time interval are reliable (Hopker et al., 

2009; Sirotic & Coutts 2008; Lim & Chia 2007; Hughes et al. 2006; Tong et al. 2001), 

they are unique in that no previous studies have identified step length and frequency 

measures to be the amongst the most reliable. The implication of this discovery is not 

trivial considering that the goal of many sprint training programmes is to improve 

either one or both of these kinematic parameters (Moir et al. 2007; Myer et al. 2007; 

Spinks et al. 2007; Zafeiridis et al. 2005). Step length and frequency are typically 

measured via video analysis, which is often time-consuming and will generally 

preclude the provision of real-time feedback. Based on these findings, it appears that 

NMT may offer a reliable and time-effective method of assessing sprint kinematics over 

30 m.  

 

The acceptability of the measurement error (reliability) observed for the majority of 

the measures of sprint performance is endorsed when one considers it in the context of 

whether a future study involving a ‘practical’ sample size could detect a genuine change 

in sprint performance (due to an intervention, for instance). The employment of such 
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an ‘analytical goal’ (Atkinson & Nevill, 1998) has seldom been done in studies of this 

kind, though it adds quality to the interpretation of the reliability data. Previous 

research has demonstrated that changes in sprint performance, either following 

training programmes or during periods of fatigue or recovery, are usually small, 

typically falling between 2 and 7% (Highton et al., 2009; Magalhaes et al., 2009; Harris 

et al., 2008; Markovich et al., 2007; Moir et al., 2007; Myer et al., 2007; Krustrup et al., 

2006; Zafereidis et al., 2005). Therefore, given the calculated ratio LoA for these 

measures, the nomogram of Atkinson et al. (1999) reveals that a sample size of 

approximately 10-30 participants would be required to detect a 5% change in each of 

these measures. Accordingly, we can posit that the measurement error associated with 

these is acceptable given that the practical sample size used in the current study would 

be sufficient to detect such a change. 

 

To the author’s knowledge, this study is one of the first of its type to present 

information on sprint performance over several different distances. Importantly, the 

data indicate that the reliability of sprint times recorded on the NMT improves as the 

distance increases, with 10 m sprint times, whilst still considered reliable based upon 

the sample size required to detect a meaningful change in this variable (approximately 

25 participants), demonstrating the poorest levels of agreement (both between trials 

on the same day and between days), in comparison to times for 20 and 30 m, and the 

10-20 and 20-30 m split times. A possible explanation for this finding is the relatively 

high degree of force required to overcome the inertia of the treadmill belt at the start of 

the sprint compared to running over-ground. This, combined with the high retarding 

forces which act on the participant throughout NMT running (Lakomy, 1987), provides 
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the scope for higher degrees of performance variability in general, and particularly at 

the outset. Moreover, the participant is likely to be more vulnerable to such effects 

when not habituated to NMT running, fatigued or lacking in motivation. 

 

Of all the variables reported in this study it was only time to peak running speed which 

demonstrated unacceptable levels of intra- and inter-day levels of agreement. For this 

variable, a sample size of up to 100 participants would be required to detect a genuine 

5% change in performance, whilst the intra- and inter-day variation was as high as 

47%, a value way beyond any expected change in sprint performance associated with 

either training or fatigue. In addition, the coefficient of variation was above 10% (a 

common, if arbitrary, cut-off point for the assessment of reliability, (Atkinson & Nevill, 

1998). 

 

Despite the potential utility of time to peak running speed as a marker of an 

individual’s acceleration, no study to date has examined its reliability. However, that 

the data demonstrated poor levels of both intra- and inter-day reliability, it would seem 

to be of little value to coaches and researchers, and likely reflects issues with NMT 

reliability during the early stages of a sprint. In an attempt to counteract this, and to 

provide a meaningful measure of acceleration, measurements of running speed at fixed 

time points which corresponded to average sprint durations during team sport activity 

(i.e. 1, 2 and 3 s) were analysed for reliability (Table 3.6). Measurements of running 

speed at both 2 and 3 seconds demonstrated high levels of intra- (1.02 */÷ 1.12 and 

1.00 */÷ 1.04, respectively) and inter-day (1.01 */÷ 1.06 and 1.01 */÷ 1.05, 
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respectively) agreement. However, as with time to 10 m, values obtained earlier on in 

the sprint (1 s) demonstrated poor levels of intra- and inter-day reliability (1.09 */÷ 

1.49 and 1.05 */÷ 1.22, respectively). As such, it is suggested that measurements of 

running speed at 2 and 3 seconds, and not time to peak running speed, may provide 

more valuable feedback on acceleration during maximal sprint running on the NMT.  

 

 

 

 



 
 

Table 3.6 Reliability of running speeds at 1, 2 and 3 seconds 

Variable (m·s-1)  Mean ± SD Mean ± SD 
Limits of 
agreement 

Ratio limits of 
agreement 

Between Trials: Day 1 Trial 1 Trial 2   

Speed at 1 s 4.06 ± 0.6 4.03 ± 0.6 -0.03 ± 0.93 0.99 */÷ 1.28 

Speed at 2 s 5.14 ± 0.4 5.2 ± 0.41 0.05 ± 0.41 1.01 */÷ 1.08 

Speed at 3 s 5.46 ± 0.29 5.42 ± 0.4 -0.03 ± 0.29 0.99 */÷ 1.06 

     

Between Trials: Day 2 Trial 1 Trial 2   

Speed at 1 s 3.93 ± 0.86 4.21 ± 0.44 0.28 ± 1.3 1.09 */÷ 1.49 

Speed at 2 s 5.16 ± 0.46 5.25 ± 0.28 0.09 ± 0.56 1.02 */÷ 1.12 

Speed at 3 s 5.47 ± 0.28 5.48 ± 0.28 0.01 ± 0.23 1.00 */÷ 1.04 

     

Between Days Day 1 Day 2   

Speed at 1 s 4.24 ± 0.39 4.45 ± 0.53 0.21 ± 0.85 1.05 */÷ 1.22 

Speed at 2 s 5.28 ± 0.29 5.23 ± 0.31 0.05 ± 0.34 1.01 */÷ 1.06 

Speed at 3 s 5.49 ± 0.3 5.52 ± 0.27 0.03 ± 0.29 1.01 */÷ 1.05 
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With respect to the concurrent validity of the NMT measures against over-ground 

running, the observation of the presence of systematic bias for times to 10, 20 and 30 m 

and mean running speed concur with the original study of Lakomy (1987). That is, the 

participants in this study were significantly slower on the NMT (25-30% c.f. 20%) than 

when sprinting over-ground. Similarly, in the only other study making a direct 

comparison between non-motorised treadmill and over-ground sprint performance, 

Hopker et al. (2009) reported that 20 m sprint time was higher by approximately 2.59 s 

on the NMT compared to running over-ground. As alluded to above, this attenuation of 

performance is probably a consequence of the participants having to overcome the high 

intrinsic resistance of the NMT belt. In addition, the participant does not reach the 

inertia characteristic of over-ground sprint running when maximal speed is reached on 

the NMT, but instead must constantly accelerate the treadmill belt between steps.  

 

The association between performance on the NMT and over-ground running was also 

generally moderate in this study, with only the correlations for time to 20 and 30 m and 

mean speed being significant and in excess of 0.58 (rs = 0.66, 0.8 and 0.6, respectively). 

Nonetheless, the trend for individuals who were faster on the NMT over distances of 20 

and 30 m to be faster over-ground could provide a useful measure of relative sprint 

performance. That is, based on the findings herein it is likely that individuals who are 

faster over-ground will, in most cases, be faster on the NMT, particularly over distances 

> 20 m. Thus, it may be possible to identify faster athletes utilising NMT ergometry. 

However, this may not always be the case, with factors such as body mass likely to 

influence NMT sprint performance irrespective of over-ground sprint ability. Indeed, 

Lakomy (1987) originally reported that individuals with larger body masses were at an 
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advantage on the NMT due to the force required to overcome the resistance of the NMT 

belt being relatively higher (per kilogram body mass) for lighter individuals. 

 

In conclusion, the present data offer support for NMT ergometry as a reliable tool for 

measuring particular sprint performance variables, namely time to 20 and 30 m, peak 

and mean running speeds and step length and frequency. This information can be used 

by sport and exercise practitioners not only to identify which measurements of sprint 

performance are reliable enough to be considered worthwhile, but also to detect what 

might be considered ‘real’ changes in performance. For example, for somebody who 

attained a 30 m sprint time of 6 seconds, when tested on another day they could attain 

anywhere between 5.69 and 6.53 seconds according to the 95% LoA (as a worst case 

scenario). Thus, in theory changes in sprint performance would have to be outside of 

these limits to be considered to be due solely to factors other than reliability. A further 

finding of the current study is that the NMT is likely to be able to detect changes of 5% in 

many of the sprint performance variables measured with a sample size of approximately 

10. Such information is useful for the design of future studies concerned with the NMT. 

 

In relation to over-ground sprinting, it would appear that, in absolute terms, individuals 

were consistently slower on the NMT by approximately 25-30%. In relative terms, 

however, superior performances over-ground over 30 m were reflected in superior NMT 

performances, and as such, faster sprinters over-ground are likely to be identifiable via 

NMT ergometry over this distance. It is concluded that the NMT is a useful tool for 

researchers and sports science practitioners wishing to examine changes in sprint 
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performance, in particular over longer distances associated with MSS activity. However, 

exercise practitioners should be cognisant that sprint times on the NMT might not 

always be representative of speed over-ground during competition and therefore, 

should not disregard over-ground running as being an appropriate method of assessing 

sprint ability, particularly as it does not require familiarisation (Glaister et al., 2007). 

Nonetheless, there is the potential for a future, larger-scale study to examine whether 

over-ground sprint performance can be predicted with an acceptable degree of accuracy 

from the NMT measurements. More broadly, there is scope to embark on a more 

comprehensive evaluation of the efficacy of NMT sprint performance in relation to over-

ground running by using force platform and video analysis systems.  
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Chapter 4 

The Effects of a CHO-P Beverage on Muscular Function and Maximal-Intensity 

Exercise Performance following Simulated Multiple-Sprint Sport Exercise 

 

4.1 Introduction 

Strenuous unaccustomed exercise often leads to a disruption of the ultrastructure of 

skeletal muscle. The primary cause of this exercise-induced muscle damage (EIMD) is 

eccentric muscle action, whereby the muscle is forcibly lengthened under tension by a 

mechanical stress per motor unit that is higher than encountered  during a  concentric 

muscle action (Enoka, 1996). In addition, the contribution of metabolic or ‘oxidative’ 

stress during prolonged aerobic exercise, including high muscle temperature, lowered 

pH, insufficient mitochondrial respiration and oxygen free radical production, has also 

been implicated in the initial aetiology of EIMD (Cleak & Eston, 1992b; Armstrong, 

1990). Thereafter, it is thought that skeletal muscle is subjected to autogenic processes 

and subsequent phagocytic and regenerative phases (Kendall & Eston, 2002; Armstrong, 

1990), which serve ultimately to repair and regenerate skeletal muscle proteins and 

tissue as part of an exercise-induced adaptive response.  

 

The period of EIMD is characterised by z-line streaming, the appearance of muscular 

proteins in the blood (possibly indicating a compromised muscle cell membrane 

stability), delayed onset muscle soreness, stiffness, swelling, and a decreased range of 

motion; the symptoms of which can last for up to one week, but which will typically peak 

24-48 h after exercise (Byrne et al., 2004; Friden & Lieber, 2001a; Clarkson et al., 1992; 
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Cleak & Eston, 1992a). However, perhaps of greatest importance to the exercising 

athlete is the immediate and prolonged impairment in neuromuscular function (i.e. 

reductions in strength and power) associated with EIMD (for a review, see Byrne et al., 

2004). Indeed, there is now a wealth of evidence demonstrating the negative 

consequences of EIMD on measures of athletic performance, several of which are likely 

to have implications for MSS performance and training, such as single and repeated 

sprint ability (Highton et al., 2009; Twist & Eston, 2005), vertical jump height (Twist & 

Eston, 2007; Marginson et al., 2005; Byrne & Eston, 2002a; Chambers et al., 1998), and 

agility (Highton et al., 2009).  

 

Considering the many actions involving repeated eccentric muscular contraction during 

MSS (e.g. acceleration, deceleration, jumping, jogging/sprinting, rapid changes of 

direction and kicking), and the high aerobic nature of these sports (Bangsbo et al., 

2006), it has been well documented that participation in this form of activity, and indeed 

protocols designed to simulate their demands, results in symptoms associated with 

EIMD in the days after exercise (Cunniffe et al., 2010; Mclellan et al., 2010; Magalhaes et 

al., 2009; Ascensao et al., 2008; Bailey et al., 2007; Takarada, 2003; Thompson et al., 

2001b; Thompson et al., 1999). In the main, these studies have reported only blood 

biochemical and endocrine (typically plasma CK) responses to exercise, despite the poor 

correlation these markers share, in terms of magnitude and time-course, with both 

muscular tissue injury (Komulainen et al., 1995), and impairment in muscular function 

(Friden & Lieber, 2001b; Margaritis et al., 1999). Whilst relatively few studies have 

investigated decrements in muscle function in the days after MSS exercise, those that 

have report reductions of approximately 10-15% in isometric or isokinetic peak torque, 
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generally peaking at 24 h (Magalhaes et al., 2009; Bailey et al., 2007; Thompson et al., 

2001a; Thompson et al., 2001b). As such, the congested competitive schedules of elite 

MSS athletes, combined with the potential influence of EIMD on muscular function, 

performance, and even injury risk (Brockett et al., 2004), would suggest that the 

consideration of EIMD as part of a recovery strategy is highly appropriate for MSS 

athletes. 

 

A strategy that has accumulated interest in recent years is that of the acute post-exercise 

ingestion of relatively small amounts of protein ( 100 g) added to a CHO beverage.  

Such a recovery strategy is appealing as it is likely to aid rehydration (Watson et al., 

2008), and may  accelerate muscle glycogen resynthesis following exercise (Berardi et 

al., 2006; Ivy et al., 2005; van Loon et al., 2000). Studies examining acute CHO-P 

ingestion have provided equivocal findings, with some authors reporting an attenuated 

response to EIMD markers (Cockburn et al., 2008; Green et al., 2008; Valentine et al., 

2008; Baty et al., 2007; Miles et al., 2007; Saunders et al., 2007; Millard-Stafford et al., 

2005; Seifert et al., 2005; Saunders et al., 2004), and others reporting no benefits  (Breen 

et al., 2010; Gilson et al., 2010; Betts et al., 2009; Green et al., 2008; White et al., 2008; 

Wojcik et al., 2001). Such discrepancies probably reflect methodological differences 

relating to amounts, type and timing the CHO-P, and the muscle damaging protocol and 

measures of EIMD utilised. For example, several studies have compared CHO-P 

supplements with other supplements not matched for energy or CHO content (Cockburn 

et al., 2008; Baty et al., 2007; Millard-Stafford et al., 2005; Seifert et al., 2005), thus 

making it difficult to establish whether attenuated markers of EIMD are due to a protein 

specific mechanism or the extra kilocalories available. Furthermore, relatively few 
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studies (Breen et al., 2010; Betts et al., 2009; Cockburn et al., 2008; Green et al., 2008; 

Valentine et al., 2008; White et al., 2008; Wojcik et al., 2001) have utilised 

measurements of muscle function to assess EIMD, despite this measure being thought to 

offer the most reliable and valid indication of the time-course and magnitude of EIMD 

(Warren et al., 1999). That being said, measurements of muscle function often do not 

closely resemble the more dynamic, multi-joint movements associated with athletic 

activity. Indeed, the velocity of leg flexion during sprinting can be up to 975 deg·s-1 

(Baltzopoulos & Gleeson, 2009), a value much higher than can be measured with 

isokinetic dynamometry.   

 

To date, the only study that has examined the influence of ingesting a CHO-P beverage 

on markers of EIMD (including muscle function) after MSS exercise (Betts et al., 2009), 

reported no significant effects. However, no ‘performance’ markers relevant to MSS 

players, such as sprinting and jumping, were examined in that study, and only isometric 

muscle function was reported, which bears little resemblance to such sporting 

movements. Thus, further research on this theme is warranted, especially with respect 

to the potential effects of CHO-P ingestion on markers of performance. It is also 

interesting to note that relatively few studies have provided CHO-P before and during 

exercise, as well as during post-exercise recovery. Such an approach may be beneficial 

due to enhanced protein synthesis rates and increased amino acid delivery (Tipton et al., 

2001) and a protective effect of amino acids on muscular disruption during exercise 

(White et al., 2008). Accordingly, the ingestion of a CHO-P solution before, during and 

after MSS exercise may be more likely to attenuate EIMD than ingestion after exercise 

alone. Therefore the aim of this study was to examine the effects of ingesting a CHO-P 
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beverage immediately before, during and after exercise, in comparison to CHO alone, on 

the recovery of muscle function and maximal-intensity exercise performance following 

simulated MSS activity. 

  

4.2 Methods 

Participants and Experimental Design 

Twenty-seven recreationally active university level team-sport athletes (males, n = 15; 

females, n = 12) volunteered to participate in the study (age = 22.4 ± 1.8 y, stature = 1.74 

± 8.4 m, body mass = 68.1 ± 11.3 kg, predicted VO2max = 48.9 ± 5.4 ml∙kg-1∙min-1). Prior to 

data collection, participants provided written informed consent and completed a pre-

test health questionnaire to check for any contraindications to exercise. Ethical approval 

for the study was granted by the University of Chester’s Faculty of Applied and Health 

Sciences Research Ethics Committee.   

 

The study incorporated an independent groups design in which the participants were 

randomly allocated to one of three supplement (beverage) groups (see Table 4.1). An 

independent groups design was adopted to avoid the potential influence of the repeated 

bout effect on any measured markers of EIMD and performance (McHugh et al., 1999). 

The beverages were prepared by an independent third party and administered in a 

double-blind manner. Participants visited the laboratory on five separate occasions over 

the course of 10 days. The dependent variables were measurements of muscle soreness, 

muscle function, vertical jump height and sprint speed. 
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Table 4.1. Participant characteristics.  

 CHO-P 
(n = 9) 

ISOCHO 
(n = 9) 

ISOEN 
(n = 9) 

Age (years) 

Males 

Females 

Stature (m) 

Males 

Females 

Body Mass (kg) 

Males 

Females 

MSSRT (stage) 

Males 

Females 

 ̇O2max (ml∙kg-1∙min-1) 

Males 

Females 

23.2 ± 2.2 

23.6 ± 3.0 

22.8 ± 0.9 

1.73 ± 0.1 

1.76 ± 0.1 

1.69 ± 0.1 

70.0 ± 7.6 

75.6 ± 4.5 

63.0 ± 3.1 

10.4 ± 1.7 

11.4 ± 1.5 

9.2 ± 1.1 

48.1 ± 5.7 

51.5 ± 4.9 

43.9 ± 3.5 

22.1 ± 1.5 

22.2 ± 1.8 

22.0 ± 1.2 

1.76 ± 0.1 

1.84 ± 0.1 

1.67 ± 0.1 

68.8 ± 14.6 

78.7 ± 9.1 

56.3 ± 9.1 

10.9 ± 1.6 

12.0 ± 0.9 

9.5 ± 1.2 

49.9 ± 5.5 

53.6 ± 3.1 

45.3 ± 3.9 

22.0 ± 1.6 

22.6 ±1.7 

21.3 ± 1.3 

1.71 ± 0.1 

1.76 ± 0.1 

1.67 ± 0.1 

65.6 ± 11.7 

73.6 ± 9.3 

55.5 ± 2.7 

10.5 ± 1.5 

11.4 ± 1.2 

9.4 ± 1.1 

48.7 ± 5.4 

51.8 ± 4.3 

44.8 ± 4.0 

CHO + P = Carbohydrate and Protein, ISOCHO = Carbohydrate-only matched for carbohydrate with the 
CHO + P group, ISOEN = Carbohydrate only matched for energy content with the CHO + P group, MSSRT = 
Multi-Stage Shuttle Run Test 
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Figure 4.1. Schematic of the study design 

Procedures 

Participants completed an initial laboratory visit where they were familiarised with 

running on the NMT and then performed the multi-stage shuttle run test to exhaustion. 

On the second visit, baseline measurements of perceived muscle soreness and peak 

isokinetic torque of the knee extensors and flexors, squat-, countermovement-, and 

drop-jump height and sprint performance over 10, 20 and 30 m on a NMT were 

recorded. Participants were then randomly allocated to one of three groups which in 

visit three and consumed either a 7.5% carbohydrate (ISOCHO), or a 10% CHO (ISOEN) 

or a 7.5% CHO plus 2.5% protein (CHO-P) beverage, both during and in the 4 h after 
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completing the Loughborough Intermittent Shuttle Test (LIST). The two remaining visits 

at 24 and 48 h post-LIST required participants to repeat the baseline measurements. For 

two days prior to, and during the days of testing, participants completed a food diary to 

enable the investigator to check for any foods that might confound the potential impact 

of the beverages. Dietary intake for each group was; CHO-P ~ 2014 kcal·d-1, 53% CHO, 

25 % fat, 18 % protein; ISOEN ~ 1960 kcal·d-1, 55% CHO, 23 % fat, 21 % protein; 

ISOCHO ~ 1965 kcal·d-1, 57% CHO, 26 % fat, 15 % protein. Participants were also 

instructed to refrain from any physical activity in the day before and during the period 

of data collection. 

 

The multi-stage shuttle run test 

Following a standardised warm up, participants completed the multi-stage shuttle run 

test (MSSRT) on an indoor wooden surface. Briefly, the test consisted of shuttle running 

between two markers placed 20 m apart at increasing running speeds (0.14 m∙s-1) until 

exhaustion (Leger & Gadoury, 1989). Maximal heart rate was recorded at the end of the 

test via a heart rate monitor (Polar Electro, Oy, Finland).  Maximal oxygen uptake 

(VO2max) was estimated from the level and stage reached using the table of Ramsbottom 

et al. (1988). From this, running speeds corresponding to 55 and 95% of VO2max were 

calculated for use with the LIST as speeds corresponding to ‘jog’ and ‘cruise’ 

respectively. 
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Assessment of perceived muscle soreness  

Perceived muscle soreness of the knee extensors and flexors was assessed using a visual 

analogue scale (VAS). The VAS is numbered from 1 to 10 (on the reverse side of a sliding 

scale unseen by the participant) with 0 indicating no muscle soreness and 10 indicating 

the muscles are too sore to move. Participants were instructed to squat down and adopt 

a knee angle of approximately 90° and then indicate the level of perceived soreness in 

each muscle group based upon the rating scale. This method has been used successfully 

in previous studies to indicate muscle soreness (Marginson et al., 2005; Twist & Eston, 

2005), and has been shown to correlate extremely well (r = 1.0, P < 0.05) with multi-

dimensional methods of assessing muscular pain (Cleather & Guthrie, 2007).  

 

Assessment of muscle function 

Measurements of peak isokinetic torque in the knee extensors and flexors of the 

dominant leg were measured at 60 deg·s-1 and 240 deg·s-1 using an isokinetic 

dynamometer (Biodex, Biodex Medical, New York, USA). Participants were tested in the 

seated position with the lateral femoral epicondyle aligned to the dynamometer’s axis of 

rotation. The upper body and active limb were secured with restraining straps to 

prevent extraneous movement (Baltzopolous & Gleeson, 2009), and the dynamometer 

lever arm length and the vertical, horizontal and seat positions were recorded for each 

participant to replicate testing positions at each time interval. The range of motion for 

each contraction was set prior to testing for each participant, and limb mass was 

assessed to enable a gravity correction of values (Gleeson & Mercer, 1996). Participants 

performed a familiarisation trial consisting of three submaximal and one maximal 
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practice repetitions, which also served as a warm-up at each angular velocity (Byrne et 

al., 2001). During testing, participants performed five maximal repetitions with a 60 s 

interval between sets of repetitions, with the highest peak torque achieved during the 

repetitions recorded. Participants performed the slower angular velocity first to 

enhance the reproducibility of results (Wilhite et al., 1992). Visual feedback displaying 

real time force was used to encourage maximal efforts (Gleeson & Mercer, 1996).  

 

Assessment of vertical jump height 

Vertical jump height was measured via an infra-red timing system (Optojump, Microgate 

S.r.l., Bolzano, Italy), which measures flight time and is triggered by participants 

removing their feet from the infra-red beam on takeoff and then breaking the beam 

again on landing. This flight time (tair) was then used to calculate vertical take-off 

velocity (v) as follows: 

v = 0.5(tair x g) 

where g is acceleration due to gravity (9.81 m∙s-2) .Subsequently, jump height was 

calculated as:  

Height =   v2 

                  2g 

according to procedures previously documented by Byrne & Eston (2002).  

 

Participants performed three different types of vertical jump; the squat- (SJ), 

countermovement- (CMJ) and drop-jump (DJ). The SJ involved participants bending the 
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knees to approximately 90 degrees for 3 s, and then on the instruction of the researcher 

jumping maximally for vertical height without any ‘dipping’ movement at the start of the 

jump. The CMJ required participants to adopt an upright position, and then on the 

instruction of the researcher participants flexed their knees to 90 degrees and then 

jumped vertically for maximal height. The DJ was performed from a 50 cm high platform 

(Horita et al., 1999) and required participants to step off the platform on the 

researcher’s instruction and then jump vertically for maximal height with minimal 

ground contact. Each jump was performed three times, with participants instructed to 

keep their hands on their hips at all times and maintain a fully extended leg position 

during the jump and on landing. The highest of the three jumps for each method was 

used for data analysis.  

 

Assessment of sprint performance on the non-motorised treadmill 

After familiarisation (for details, see Chapter 3), sprint performance variables (time to 

10, 20 and 30 m (s), and peak speed (m∙s-1) were measured on a NMT after a warm-up 

consisting of three minutes continuous jogging interspersed with one maximal sprint for 

six seconds (Tong et al., 2001). This also served to ‘warm-up’ the treadmill rollers and 

thus minimise the resistance of the treadmill belt (Lakomy, 1987). During the sprints 

that followed, participants were connected to a mounted strain gauge via a non-elastic 

tether and harness which was attached around the participant’s waist. The height of the 

strain gauge was adjusted so that the tether was at an angle of 8° above horizontal for 

each participant (whilst standing) so as to maintain the horizontal position of the tether 

during the forward lean adopted when sprinting on the NMT (Lakomy, 1987). 

Participants were instructed to sprint maximally from a standing start on the 
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researcher’s instruction and to maintain the effort until they had reached a distance of 

30 m. Split times were also recorded at 10 and 20 m, with speed sampled at a rate of 100 

Hz. This procedure was repeated a further six times interspersed with 2 min passive 

recovery. The fastest of the six sprints were used for data analysis. The dependent 

variables of 10, 20 and 30 m sprint time (s), peak sprint speed (m∙s-1) and step length 

(m·step-1) and frequency (steps·s-1) were used to assess sprint performance as they have 

been shown to be amongst the most reliable for NMT ergometry ( Chapter 3). 

 

MSS simulation 

MSS activity was simulated using the LIST (Figure 4.2), as previously described by 

Nicholas et al. (2000). This test has been shown to elicit a similar physiological response 

to that observed during a soccer match (Nicholas et al., 2000), and more importantly has 

been shown to yield  changes in systemic and functional markers of EIMD similar to 

those observed in the days after a soccer match (Magalhaes et al., 2009). The test was 

completed on a wooden floor over 20 m, identified by cones and floor markings. A set 

pattern of exercise was performed for 90 min, with running and walking speeds dictated 

by an audio CD throughout the test. Trials were conducted in temperatures of between 

18 and 22˚C. 
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Figure 4.2. Schematic of the Loughborough Intermittent Shuttle Test 

Beverage composition and ingestion schedule 

Participants arrived for the completion of the LIST protocol following a 12 h overnight 

fast, during which time only water was allowed. Thereafter, participants ingested one of 

three beverages during and in the four hours after completing the LIST. The make-up of 

each drink is presented in Table 4.2. The CHO-P beverage contained 7.5% CHO (in the 

form of dextrose and maltodextrin) via a commercially available CHO-electrolyte 

powder (Lucozade Sport, GlaxoSmithKline) and 2.5% whey protein isolate (Volactive 

UltraWhey 90 XP Instant), the amino acid profile of which is shown in Table 4.3. During 

the LIST, participants consumed approximately 5.6 ml∙kg-1 bw -1∙h-1 of their allocated 

test beverage, whilst a 200 ml bolus was provided one hour before exercise. In the 4 h of 

recovery, participants consumed this beverage at 15 min intervals at a rate of 0.9 g∙kg-1 

body mass for CHO and 0.3 g∙kg-1 body mass for protein. This rate of ingestion (i.e. 1.2 

g·kg-1 body mass·h-1) was selected in accordance with the guidelines for CHO 
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consumption for maximal post-exercise glycogen resynthesis (Betts & Williams, 2010; 

Jentjens & Jeukendrup, 2003b). The ISOCHO beverage was matched for CHO content 

with the CHO-P beverage and thus contained 7.5% CHO. Again, this was ingested at 15 

min intervals over the 4 h after the LIST, with a CHO ingestion rate of 0.9 g∙kg-1 bw-1. The 

ISOEN beverage was matched for energy content with the CHO-P beverage, with a 

concentration of 10% CHO, and yielded a CHO intake of 1.2 g∙kg-1 bw-1. Thus, drink 

concentrations were within the limits associated with enhanced performance without 

undue gastrointestinal distress (Coggan & Coyle, 1991). Accordingly, a hypothetical 70 

kg participant consumed either 252 g CHO, 336 g CHO, or 252 g CHO + 84 g protein in 

the ISOCHO, ISOEN and CHO-P groups respectively, during the post-LIST recovery 

period, whilst total fluid intake was ~ 3.4 l.  

 

Table 4.2 Selected nutrient content of supplement drinks per 100 ml 

Ingredient CHO-P ISOEN ISOCHO 
CHO (g) 7.5 10 7.5 
Protein (g) 2.5 0 0 
Fat (g) 0.025 0 0 
Sodium (g) 0.05 0.05 0.04 
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Table 4.3 Amino acid profile of the whey protein supplement 

Amino Acid % 
Alanine 
Arginine 
Aspartic acid 
Cystine 
Glutamic Acid 
Glycine 
Histidine 
Isoleucine* 
Leucine* 
Lysine 
Methionine 
Phenylalanine 
Proline 
Serine 
Threonine 
Tryptophan 
Tyrosine 
Valine* 

5.0 
2.1 
11.0 
2.2 
18.1 
1.4 
1.7 
6.4 
10.6 
9.6 
2.2 
.03 
5.5 
4.6 
6.7 
1.4 
2.6 
5.9 

* Branched Chain Amino Acid 

 

Statistical Analysis 

All descriptive statistics are presented as means ± standard deviation (SD). To assess 

changes in each of the dependent variables between groups, all variables (with the 

exception of muscle soreness and step length and frequency) are expressed as a 

percentage of the values attained at baseline. However, raw values (mean ± SD) are 

presented in Table 4.4 for reference. To assess changes in perceived muscle soreness, 

jump height and sprint performance, a two-way (group [3] x time [3]) mixed factorial 

analyses of variance (ANOVA) was performed for each variable. For muscle function 

(peak torque), a three-way ANOVA (group x angular velocity [2] x time) was applied. 

Homogeneity of variance was assessed via Levene’s test, whilst sphericity was assessed 

via Mauchly’s test of sphericity, with any violations accounted for via the Greenhouse-

Geisser adjustment to the degrees of freedom. Where any statistically significant F ratios 
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were found, post-hoc analysis consisting of Bonferroni adjusted (P = 0.025) paired 

sample t-tests were utilised to isolate where the differences lay. The alpha level for the 

ANOVAs was set at P = 0.05.  

 

4.3 Results 

The mean baseline values for all dependent variables were not significantly different (P 

> 0.05) between groups. Likewise, the mean energy, CHO, protein and fat intakes were 

not significantly (P < 0.05) different between groups over the period of testing. 

 

Perceived muscle soreness 

There was a significant main effect for time on perceived muscle soreness in both the 

knee extensors (F2, 48 = 31.93, P < 0.05) and flexors (F2, 46 = 86.38, P < 0.05) after 

completion of the LIST. There was no main effect for group or a group x time interaction 

(P > 0.05). Values for the knee extensors were significantly elevated (P < 0.025) at 24 (t26 

= -8.304) and 48 h (t26 = -3.84) in all groups (Figure 4.3), as were values for knee flexors 

(t26 = -11.834 and t26 = -7.986). 

 



 

153 
 

 

Figure 4.3 Changes in muscle soreness of the knee extensors following completion of 
the LIST. * Significantly different to baseline (P < 0.025). 

 

 

Figure 4.4 Changes in perceived muscle soreness of the knee flexors following 
completion of the LIST. * Significantly different to baseline (P < 0.025). 
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Isokinetic muscle function 

Whilst the effect of time on peak torque of the knee extensors was significant (F2, 48 = 

39.61, P < 0.05), the effects of group, group x time and group x time x angular velocity 

were not (P > 0.05). There was, however, a significant effect for both angular velocity (F1, 

2 = 38.43, P < 0.05) and angular velocity x time interaction (F2, 4 = 11.18, P < 0.05). Post-

hoc analysis showed that peak torque decrements overall were significantly (P < 0.025) 

higher at 60 than 240 deg·s-1, and that reductions at 60 deg·s-1 were evident at both 24 

(t26 = 8.29) and 48 h (t26 = 6.89, P < 0.025; Figure 4.5), but only at 24 h for the 240 deg·s-1 

velocity (t8 = 3.2, P < 0.025). 

 

 

Figure 4.5. Changes in peak isokinetic torque of the knee extensors after completion of 
the LIST. * Significantly different from baseline (P < 0.025). #Significantly different 
between speeds (P < 0.025). 
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Similarly, peak torque values for the knee flexors decreased over time (F2, 48 = 35.94, P < 

0.05), but did not differ between groups (P = 0.51) or due to the group x time interaction 

(P = 0.76). There was an effect of angular velocity (F2 = 37.65, P < 0.05), and an angular 

velocity x time interaction (F2, 4 = 14.2, P < 0.05). As for knee extension, post-hoc analysis 

showed that the peak torque decrements during knee flexion overall were significantly 

(P < 0.025) higher at 60 than 240 deg·s-1, and peak torque values were significantly (P < 

0.025) lower than baseline at both 24 (t26 = 11.25) and 48 h (t26 = 5.85) at 60 deg·s-1, but 

only at 24 h (t26 = 4.44) for the higher angular velocity (Figure 4.6). 

 

 

Figure 4.6. Changes in peak isokinetic torque of the knee flexors following completion 
of the LIST. * Significantly different from baseline (P < 0.025). #Significantly different 
between speeds (P < 0.025). 
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Vertical jump performance 

Significant main effects of time were observed on SJ (F2, 48 = 31.65, P < 0.05), CMJ (F(GG) 2, 

23.367 = 27.63, P < 0.05) and DJ (F2, 48 = 15.497, P < 0.05) heights. The main effects of 

group and the group x time interactions were not significant for any of the three jumps 

(P > 0.05). Post-hoc analysis revealed that the overall heights for each type of jump were 

significantly (P < 0.025) lower than baseline at both 24 and 48 h (Figures 4.7-4.9).  

 

 

Figure 4.7. Changes in SJ height after completion of the LIST. * Significantly different to 
baseline (P < 0.025) 
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Figure 4.8. Changes in CMJ height after completion of the LIST. * Significantly different 
to baseline (P < 0.025) 

 

 

Figure 4.9. Changes in DJ height after completion of the LIST. * Significantly different to 
baseline (P = 0.025) 
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and no time x group interaction for any of the distances (P > 0.05). Overall, 10 m sprint 

times were increased from baseline at 24 h (t26 = 5.85, P < 0.05), but not significantly at 

48 h (Figure 4.10). Sprint times over 20 and 30 m were significantly (P < 0.025) elevated 

at both 24 and 48 h. Similarly, peak NMT speed over 30 m was affected by time (F2, 48 = 

11.33, P < 0.05), but not by group, or by the interaction of group and time (P > 0.05) 

Post-hoc analysis identified that peak NMT speed was significantly slower than baseline 

at 24 h (P < 0.025), but not at 48 h. 

 

Figure 4.10. Changes in a) 10 b) 20 and c) 30 m sprint time and d) 30 m peak speed for 
CHO-P (), ISOEN () or ISOCHO( ). 
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of time (F2, 48 = 1.7, P > 0.05), group (F2, 24 = 0.4, P > 0.05), or group x time interaction (F4, 

48 = 0.1, P > 0.05) was evident (Figure 4.11). 

 

Figure 4.11. Changes in a) step frequency and b) step length after the LIST.
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Table 4.4. Means  standard deviation of isokinetic peak torque values (N∙m-1) before and after completing the LIST 

  Baseline    24 h    48 h  

 CHO-P ISOEN ISOCHO  CHO-P ISOEN ISOCHO  CHO-P ISOEN ISOCHO 

 

Extension   

60 deg·s-1  

 

190  47.5  

 

212.5  64.7 

 

208.5  75.5 

 
 

174.5  47.2 

 

194.5  64.9 

 

186  60 

 
 

175.5  48.8 

 

196.1  63.4 

 

190.9  77.2 

 

Flexion 

60 deg·s-1  

 

112  29.6 110.5  37.4 116.2  40.8 

 

100.4  29.6 96.4  34.9 100.6  35.2 

 

104.2  31.4 100.9  37.3 102.7  40.8 

Extension  

240 deg·s-1   

 

121  29.7 129  37.2 131.6  50.7 

 

117.3  32.1 123.2  36.1 125.4  48.1 

 

119.1  32.1 126  36.4 128.2  48.3 

Flexion  

240 deg·s-1   
81.5  19 75.3  26.4 79.1  31.6 

 
76.7  19.4 70.6  23.8 73.1  26.4 

 
80.6  20.5 74.2  26.4 76.4  28.9 
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Table 4.5. Means  standard deviation of jump heights and sprint speeds before and after completing the LIST 

  Baseline    24 h    48 h  

 CHO-P ISOEN ISOCHO  CHO-P ISOEN ISOCHO  CHO-P ISOEN ISOCHO 

Jumps            

SJ (cm) 27.6  5 32  5.6 29.2  8.1  25.8  5.5 29.4  5.5 26.7  7  26.8  4.4 30.2  5.3 26.9  7 

CMJ (cm) 30.1  6.7 34.4  6 33.2  9.8  28.0  6.3 31.8  6.3 30  8.3  28.2  7.1 31.6  6.9 29.7  8.7 

DJ (cm) 30.4  6.9 33.7  5.7 31.9  10.4  28.2  6.1 31.4  5.5 28.9  8.4  29.4  7 32.8  6.8 29.9  8.1 

Sprints    
 

 
 

 
 

 
   

10 m (s) 2.62  0.4 2.75  0.3 2.62  0.4  2.70  0.4 2.87  0.3 2.72  0.4  2.66  0.4 2.81  0.4 2.67  0.39 

20 m (s) 4.70  0.7 4.90  0.6 4.70  0.7  4.89  0.87 5.12  0.8 4.89  0.8  4.77  0.7 5.03  0.7 4.79  0.7 

30 m (s) 6.82  1.1 7.10  1 6.89  1.1  7.07  1.3 7.40  1.1 7.11  1.5  6.91  1.1 7.28  1.1 6.97  1.1 

Peak Speed 
(m∙s-1) 

5.08  0.8 4.84  0.7 5.12  0.9 
 

4.96  0.8 4.71  0.8 4.98  0.9 
 

5.01  0.8 4.77  0.8 5.02  0.8 
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4.4 Discussion 

The observed changes in perceived muscle soreness, isokinetic peak torque, jump height 

and sprint times in the current study provide indirect evidence that EIMD was present in 

the days after completion of the LIST. Perceived muscle soreness in the knee extensors 

and flexors was increased, peaking at 24 h, and remaining elevated at 48 h. However, it is 

noteworthy that perceptions were not influenced by the type of beverage consumed, 

though they were consistently lower in the knee extensors and flexors in the CHO-P group 

(by approximately 17%) than the ISOEN and ISOCHO groups. Similarly, vertical jump 

performances and peak torque values were diminished 24 h after the LIST, and generally 

remained lower than baseline values at 48 h, as did NMT peak speed and sprint 

performances over 10, 20 and 30 m. However, unlike perceived muscle soreness, there 

were no discernable trends with respect to the type of beverage consumed. 

 

Previously, Millard-Stafford et al. (2005) reported that muscle soreness of the legs 24 h 

after a 21 km run was approximately 50% lower when participants were provided with a 

CHO-P supplement 2 h post-exercise than when they consumed a CHO beverage matched 

for energy content. Similar reductions in muscle soreness have been reported elsewhere 

(Saunders et al., 2009; Skillen et al., 2008; Luden et al., 2007; Romano-Ely et al., 2006). 

However in the studies of Luden et al., (2007) and Romano-Ely et al. (2006), antioxidants 

were also provided in the CHO-P supplement, which have been shown to attenuate muscle 

soreness in some cases (Thompson et al., 2001a).  Whilst muscle soreness is thought to 

relate poorly with the magnitude and time-course of EIMD (Nosaka et al., 2002), there is 

evidence that increases in muscle soreness can alter an individual’s perception of effort 

during subsequent exercise (Proske et al., 2004), and potentially cause neuromuscular 
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inhibition of maximal muscle activation and subsequently reduced force output (Horita et 

al., 1999). Whilst effort perceptions were not recorded in the current study, such 

implications are important as it is thought they inform pacing strategies during endurance 

exercise (St Clair Gibson et al., 2006), whilst many sporting movements require high 

degrees of muscle force, including actions common in MSS such as sprinting and jumping 

(Rampinini et al., 2011; Mohr et al., 2003). Thus, a supplement which can reduce perceived 

muscle soreness may have benefits for subsequent athletic performance in the days 

following MSS exercise.  

 

Soreness associated with EIMD is thought to originate from activation of unmyelinated 

group IV afferent fibres in response to an accumulation of chemical and noxious stimuli 

associated with inflammation and degradation of muscle proteins (Byrnes & Clarkson, 

1986; Armstrong, 1984). Therefore, if acute protein ingestion could prevent muscle 

protein degradation and subsequent inflammation, it is reasonable to assume that there 

would be a concomitant reduction in perceived muscle soreness. However, the current 

data showing no effect of CHO-P ingestion on muscle function, or indeed jump and sprint 

performance, suggests that muscle soreness was not reduced via an attenuation in EIMD. 

As such, the differences in soreness in the present study may have been due to inter-

subject variations in perception of pain (Ebbeling & Clarkson, 1989). To this end, and in 

agreement with the current findings, several other studies have reported that acute CHO-P 

ingestion does not significantly alter perceived muscle soreness when compared to either 

CHO (Breen et al., 2010; Betts et al., 2009; Cockburn et al., 2008; Green et al., 2008) or 

water/placebo (Cockburn et al., 2008; Green et al., 2008).   
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The present study indicates that participation in the LIST results in a significant reduction 

in muscle function 24 and 48 h post-exercise. This was evidenced by reductions in 

isokinetic peak torque of the knee extensors and flexors, regardless of CHO-P, ISOEN, or 

ISOCHO ingestion. Such decrements (CHO-P ~ 8.4 and 10.9%, ISOEN ~ 9.4 and 13%, 

ISOCHO ~ 9.5 and 12.9%, respectively) are within the range (10-20%) previously reported 

following a soccer match (Magalhaes et al., 2009) and the LIST (Magalhaes et al., 2009; 

Bailey et al., 2007; Thompson et al. 2001a), but lower than values of ~40% after high-load 

eccentric isokinetic contractions (Byrne et al., 2004). Moreover, the greater change in 

force, and indeed muscle soreness, in the knee flexors compared to the extensors following 

the LIST is consistent with previous studies (Bailey et al., 2007), and likely reflects their 

susceptibility to EIMD following MSS activity due to their smaller muscle mass (Byrne et 

al., 2004). Interestingly, it was notable that the decrements in muscle function were more 

pronounced at a slower angular velocity of movement. These findings support previous 

observations that strength loss following eccentric exercise is greater at lower angular 

velocities of movement (Michaut et al., 2002; Deschenes et al., 2000; Gibala et al., 1995), 

and may be due to a possible force-related mechanism leading to an inverse relationship 

between activation failure and the velocity of movement (Michaut et al., 2002). 

Furthermore, slower movement velocities, which demonstrate a greater capacity to 

generate force, might be regulated by the intensity of volitional activation against 

resistance and not ultimately by the velocity of movement (Deschenes et al., 2000), whilst 

neural inhibition might also be more pronounced in such actions in an attempt to prevent 

further damage (Westing et al., 1991). 
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Given that measurements of muscle function are thought to provide the most suitable 

gauge of the time-course and magnitude of EIMD (Warren et al., 1999), this study indicates 

that the ingestion of a CHO-P supplement before, during and after the LIST does not 

attenuate EIMD. This concurs with studies that have reported no change in systemic 

markers of EIMD following CHO-P ingestion (Stock et al., 2010; Betts et al., 2009; Breen et 

al., 2009; Pritchett et al., 2009; Saunders et al., 2009; Green et al., 2008; White et al., 2008; 

Millard-Stafford et al., 2005; Wojcik et al., 2001), but is in contrast to several studies that 

have reported lowered systemic markers of EIMD following CHO-P ingestion, including CK 

(Pritchett et al., 2009; Romano-Ely et al., 2008; Cockburn et al., 2008; Skillen et al., 2008; 

Valentine et al., 2008; Baty et al., 2007; Luden et al., 2007; Rowlands et al., 2007; Saunders 

et al., 2007; Seifert et al., 2005; Saunders et al., 2004), lactate dehydrogenase (Romano-Ely 

et al., 2006), and myoglobin (Ferguson-Stegall et al., 2010; Cockburn et al., 2008; Valentine 

et al., 2008; Baty et al., 2007; Seifert et al., 2005).  

 

To the author’s knowledge, there are only two published studies that have reported 

alterations in post-exercise muscle function with CHO-P ingestion versus CHO alone. 

Cockburn et al. (2008) reported that isokinetic peak torque of the knee flexors was 

significantly higher at 48 h following 6 x 10 eccentric contractions in a group that 

consumed a CHO-P milkshake (approximately 125 N·m-1) versus CHO-only (approximately 

80 N∙m-1) or water (approximately 85 N·m-1). Similarly, Valentine et al. (2008) reported 

that the consumption of a CHO (7.8%) and protein (1.94%) solution resulted in an 

improvement in the maximal amount of repetitions participants were able to perform at 

70% of their 1-repetition maximum 24 h following a cycle to exhaustion at 70% VO2max. 

However, the precise mechanism through which ingestion of CHO and protein can reduce 
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EIMD is unclear and not well understood. It is known though that muscle protein synthesis 

is depressed for several hours after injury (Lowe et al., 1995), whilst protein degradation 

is elevated for several days post-injury (Ingalls et al., 1998; Lowe et al., 1995), both of 

which are likely to impair the functional restoration rate of the muscle. It is also thought 

that the combination of an increased availability of amino acids, in conjunction with an 

increase in pancreatic insulin release associated with CHO-P ingestion (van Loon et al., 

2000), results in an anabolic environment favouring increased rates of protein synthesis 

and decreased rates of protein degradation (Bird et al., 2006; Borsheim et al., 2004; Miller 

et al., 2003; Levenhagen et al., 2002; Roy et al., 2000). This positive protein balance, in 

turn, may attenuate the contractile protein loss and myofibrillar disruption following 

exercise (Bird et al., 2006). Whilst this chain of events provides a plausible explanation for 

the observed lessening of markers of EIMD in previous studies, it should be noted that a 

further five studies have reported no effect of CHO-P ingestion on muscle function 

following EIMD (Breen et al., 2010; Betts et al., 2009; Green et al., 2008; White et al., 2008; 

Wojcik et al., 2001). Of particular note are the findings of Betts et al. (2009), who, as with 

the current study, observed no differences in muscle function, albeit assessed 

isometrically, in the two days following the LIST between the ingestion of CHO-P and an 

CHO-only beverage. The current study has shown this to be the case even when compared 

to what is considered to be a sub-optimal, in terms of the recommendations for maximal 

muscle-glycogen resynthesis (Betts & Williams, 2010; Jentjens & Jeukendrup, 2003), 

amount of CHO (i.e. 0.8 g∙kg-1 bw-1) is consumed post-exercise.  

 

The discrepancies in the findings of the above studies are, in part, likely due to 

methodological inconsistencies between studies reporting a positive or no effect. For 
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example, several different types of protein have been administered for post-exercise 

recovery, including whole proteins such as whey isolate (Ferguson-Stegall et al., 2010; 

Betts et al., 2009; Green et al., 2008; Valentine et al., 2008; Luden et al., 2007; Millard-

Stafford et al., 2005), whey hydrolysate (Breen et al., 2010) and casein (Gilson et al., 2010; 

Saunders et al., 2009; Cockburn et al., 2008; Pritchett et al., 2008; Baty et al., 2007). 

Additionally, some studies have provided individual branched chain or essential amino 

acids (BCAAs and EAAs respectively; Stock et al., 2010; Skillen et al., 2008; Bird et al., 

2006). It is well-established that different proteins will elicit a markedly different insulin 

response (van Loon et al., 2000), and will release amino acids into the blood at different 

rates (Dangin et al., 2001; Boirie et al., 1997), whilst long term casein supplementation can 

induce greater protein synthesis and muscle hypertrophy than whey (Boirie et al., 1997). 

However, on the basis that several studies have reported attenuations in EIMD with whey 

(Gilson et al., 2010; Saunders et al., 2009; Valentine et al., 2008; Luden et al., 2007; 

Saunders et al., 2007; Romano-Ely et al., 2006; Millard-Stafford et al., 2005; Saunders et al., 

2004), casein (Cockburn et al., 2008; Baty et al., 2007) and EAAs (Skillen et al., 2008; Bird 

et al., 2006) whilst others have not (Breen et al., 2010; Gilson et al., 2010; Stock et al., 

2010; Betts et al., 2009; Green et al., 2008; Pritchett et al., 2008; White et al., 2008), there 

appears to be no pattern based on protein type. Furthermore, the amounts of protein 

provided in studies have varied, ranging from 0.17 to 0.4 g·kg·h-1. Although the optimal 

amount of protein in a post-exercise supplement is currently unknown, effects have been 

observed with as little as 0.18 g·kg·h-1 (Saunders et al., 2004), whilst no effect has been 

observed with 0.4 g·kg·h-1 (Betts et al., 2009). As such, different protein amounts do not 

appear to account for the differences in EIMD response in CHO-P studies.  
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As previously alluded to, the timing of a protein supplement has the potential to affect 

EIMD response. A supplement provided before and during exercise may elicit increased 

amino acid delivery (Tipton et al., 2001) and a protective effect of amino acids on muscle 

disruption during exercise (White et al., 2008), whilst CHO-P intake immediately after 

exercise will increase amino acid uptake compared to 3 h later (Levenhagen et al., 2001). 

Furthermore, CHO-P supplementation during long-duration endurance exercise has been 

shown to enhance protein balance via both reduced protein degradation and increased 

protein synthesis (Koopman et al., 2004). However, White et al. (2008) have reported that 

the time-course and magnitude of EIMD is not different when CHO-P is consumed either 

during or after exercise, albeit after resistance exercise. As the current study has revealed 

no benefit of CHO-P consumed before, during and after exercise, the potential for timing of 

the beverage to affect EIMD response is unclear.  

 

One further potential cause of the equivocal findings is the magnitude of the decrement in 

muscle function associated with EIMD.  Cockburn et al. (2008) reported decrement of 

~40% (compared to the 8 – 13% in the current study), implies that a greater disruption to 

myofibrillar proteins is required to elicit a benefit of CHO-P ingestion. Yet, other studies 

have reported similarly large decrements in muscle function with little effect of CHO-P 

supplementation (White et al., 2008; Wojcik et al., 2001). Nonetheless, this study would 

suggest that acute CHO-P ingestion confers little benefit with regard to muscle function or 

EIMD post-MSS exercise. 

 



 

169 
 

A further extension on the work of Betts et al. (2009), and indeed previous studies 

examining the effects of CHO-P and EIMD, is the observation that decrements in selected 

measures of performance following the LIST are not affected by CHO-P ingestion, 

compared to CHO alone. Whilst measurements of muscle function may be considered 

appropriate for the assessment of EIMD, they bear little resemblance to the more dynamic, 

multi-joint movements associated with athletic performance. In the current study SJ and 

CMJ height were significantly reduced at both 24 (SJ = 6.9, 8 and 8.2%; CMJ = 7, 7.7 and 

9.2%) and 48 h (SJ = 2.8, 3.2 and 7.1%; CMJ = 6.7, 8.3, 10.1%) in the CHO-P, ISOEN, and 

ISOCHO groups respectively. Similarly, DJ height was significantly reduced at 24 h and 48 

h (7-9%). These decrements are similar to those previously reported after the LIST and a 

soccer match (Magalhaes et al., 2009). Ostensibly, the present data suggest that the LIST 

induces similar decrements in jump performance that regardless of whether the stretch 

shortening cycle (SSC) is used or not, which is surprising as Byrne & Eston (2002) have 

previously reported that the SJ (which does not utilize the SSC) is more susceptible to 

reductions due to EIMD. However, a factor might be the mode of muscle damaging 

exercise, as Byrne & Eston (2002) employed 100 leg squats that induced a 20% reduction 

in leg strength, much greater than that observed in the current study (10%).  

 

Finally, the current study demonstrated reductions in sprint performance from 10-30 m, 

as well as peak speed attained over 30 m, which did not vary due to the ingestion of CHO-

P, ISOEN and ISOCHO. These reductions (2-4%) are consistent with the 5% reduction in 

short-distance over-ground sprint performance associated with EIMD following soccer 

(Magalhaes et al., 2009; Ascensao et al., 2008; Krustrup et al., 2006) and the LIST 

(Magalhaes et al., 2009) previously reported. It is interesting that the observed 
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decrements are similar to those reported during over ground running considering the 

apparent lack of validity of the NMT, whereby participants were observed to attain a speed 

that, on average, was 30% lower than they did over ground (Chapter 3). However, this 

data may support the previous assertion that the NMT possesses ‘relative’ validity, 

whereby those who are faster over ground are typically faster on the NMT (Chapter 3). As 

such, the participants’ sprint times in the current study were probably lower than they 

would have attained over ground, but the effect of EIMD would have been similar. In 

addition, the observed decrements in the current 20 and 30 m sprint performances only at 

48 h is likely due to the 10 m distance being the least reliable of the three performed 

(Chapter 3).  

 

The reduction in sprint performance associated with EIMD is thought to be due to several 

potential mechanisms, including reduced muscle force output and reduced reflex 

sensitivity, due to muscle soreness and thereby a decline in the ability to utilise the SSC, 

and fluctuations in stride length and frequency that are associated with muscle stiffness 

and a reduced range of motion (Highton et al., 2009). In the present study, no significant 

difference was observed between step length and step frequency over time, although 

mean values were reduced at each visit. These differences amounted to an approximate 

1% change in performance, which according to data from Chapter 4, would have required 

a sample size of approximately 80 (Atkinson et al., 1999) to detect a significant difference. 

Thus, the lack of significant change in step length and frequency in the present study was 

probably due to insufficient sample size. The absence of a performance effect between 

supplement groups in the current study is likely to be a direct consequence of the lack of 

an effect of CHO-P on EIMD and thus muscle function. Given the importance of short-
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distance sprint performance to MSS competition, nutritional supplements which can aid 

the recovery of muscle function and sprint performance are likely to be worthwhile. 

However, it would appear that acute CHO-P ingestion has no effect on sprint recovery 

following MSS exercise. 

 

In conclusion, this study indicates that participation in simulated MSS causes EIMD and 

significant impairments in muscle function and maximal intensity exercise performance, 

such as jumping and sprinting. However, it would appear that acute CHO-P ingestion 

before, during and after this form of exercise confers little benefit in selected markers of 

EIMD and performance in the following days when compared to CHO consumption alone, 

even when CHO consumption is considered sub-optimal. These findings may endorse 

previous views on nutrition and muscle glycogen repletion, whereby immediate post-

exercise nutrient intake is considered relatively unimportant when recovery time longer 

than 24 h between exercise bouts is available (Burke et al., 2004). The current findings 

reaffirm that either CHO or CHO with protein can be used as a post-exercise nutritional aid 

for MSS athletes. Nevertheless, athletes may still consider immediate post-exercise 

consumption of protein prudent, as delayed protein feeding by as little as 2 hours can 

reduce whole body and leg protein accretion (Levenhagen et al., 2001). Furthermore, such 

a beverage is likely to aid rehydration, and may promote muscle glycogen repletion 

(Berardi et al., 2006). 
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Chapter 5 

The Effects of a CHO-P Beverage on Simulated Multiple-Sprint Sport Exercise 

 

5.1 Introduction 

MSSs are prolonged in nature (60-90 min), and are characterised by periods of high-

intensity movement (i.e. sprinting and fast-running or ‘cruising’) interspersed with 

periods of low-intensity movement and rest. The average intensity of such sports is 

approximately 70% VO2max (Bangsbo et al., 2007; Bangsbo et  al., 2006; Esposito et al., 

2004), with players typically covering distances between 6 and 12 km (Waldron et al., 

2011; Bradley et al., 2009; Gabbett et al., 2008; Roberts et al., 2008; Rampinini et al., 2007; 

Randers et al., 2007; Scott & Drust, 2004), and as such they place a high demand on the 

aerobic capacity of their players. In addition to this high aerobic activity, players will 

perform approximately 20-40 sprints (Spencer et al., 2005a) and (in soccer) 

approximately 150-200 brief intense actions, such as jumping, tackling and kicking (Mohr 

et al., 2003), all of which will place a high demand on the anaerobic energy systems at 

certain times in a game.  

 

A consequence of the above physiological/movement profile is that fatigue typically 

develops during MSSs. Several studies have reported that the total distance covered, and 

the time spent performing high-intensity work (>15 km·h-1), is lower in the second half of 

a MSS than in the first (Sykes et al., 2011; Waldron et al., 2011; Sirotic et al., 2009; Bangsbo 

et al., 2007; Burgess et al., 2006; Reilly & Thomas, 1976). More specifically, Mohr et al. 

(2003) reported that the distance covered both at high-intensity and sprinting is 
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significantly reduced in the last 15 min of a soccer game, similar to rugby league (Sykes et 

al., 2011; Waldron et al., 2011), Australian Rules football (Burgess et al., 2006) and 

basketball (Abdelkrim, et al., 2006). 

 

Whilst the exact cause of such fatigue is unclear, it is known that the predominant fuel 

source during exercise at >70% VO2max, muscle glycogen, can be depleted by 40-90% 

during the course of a soccer match (Krustrup et al., 2006; Leatt & Jacobs, 1989; Jacobs et 

al., 1982), and that significant proportions of type I (55%) and II (45%) fibres are almost 

completely or fully depleted of glycogen at the end of a game. Furthermore, Saltin (1973) 

reported that players covered a greater distance and spent more time sprinting when they 

entered a game with high-levels of muscle glycogen compared to a glycogen depleted state, 

and Krustrup et al. (2006) established that reduced muscle glycogen was associated with 

impaired 30 m sprint performance after a soccer match. Thus, muscle glycogen depletion 

is likely to be implicated in the aetiology of fatigue during MSSs. 

 

The development of fatigue in MSSs could also be explained by exercise-induced fluid 

losses and subsequent dehydration. Soccer matches induce fluid losses up to 3-5 l 

depending on environmental conditions (Bangsbo, 1994), whilst a fluid loss of as little as 

2% body mass has been shown to impair performance in the YO-YO intermittent recovery 

test immediately after 45 min of soccer match play (Edwards et al., 2007). Indeed, 

McGregor et al. (1999) have reported that 15 m sprint time in the last 15 min of a soccer 

simulation protocol was slower by approximately 4% when participants consumed no 

fluid compared to when they consumed 8 ml·kg·h-1 of a sugar-free cordial. Other potential, 
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if speculative, mechanisms of fatigue during prolonged aerobic exercise and MSSs include 

central fatigue and reduced central drive, hypoglycemia, excitation-contraction coupling 

impairment, damage to skeletal muscle contractile proteins and  ATP and PCr degradation 

(for reviews, see Abbiss & Laursen, 2005 and Bangsbo, 2006). 

 

Importantly, it is now well established that the consumption of CHO during exercise of 

moderate to high-intensity (60-80% VO2max) lasting > 1 h has the potential to delay fatigue 

and improve performance (Jeukendrup, 2004). Although the mechanism for such an effect 

is poorly understood, maintenance of euglycemia, muscle glycogen sparing and/or re-

synthesis during low intensity activity, reduced central fatigue and increased central drive 

have all been implicated (Karelis et al., 2010). It should also be noted that, when consumed 

in beverage form in conjunction with electrolytes (such as sodium and potassium), a CHO 

supplement may serve to further aid hydration status (Brouns et al., 1992). Clear evidence 

demonstrates that consumption of a CHO-electrolyte solution enhances performance 

during exercise designed to simulate the demands of MSSs. Previously reported benefits 

include up to a 50% increase in prolonged intermittent shuttle running capacity (Foskett 

et al., 2008; Patterson & Gray, 2007; Welsh et al., 2002; Nicholas et al., 1995) as well as 

better maintenance of 15 m sprint (Ali et al., 2007), agility (Currell et al., 2009) and soccer 

skill performance (Currell et al., 2009; Ali et al., 2007). Over recent years, there has been a 

growing interest in the ergogenic potential of adding a relatively small amount of protein 

(<20 g·h-1) to a CHO solution, on the basis that it might enhance the stimulation of insulin 

release and protein oxidation, causing CHO sparing, reduced central fatigue and better 

maintenance of tricarboxylic acid intermediates (Saunders, 2007). However, empirical 

findings in this area have been equivocal, with studies reporting either enhanced exercise 
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capacity with the addition of protein (Saunders et al., 2009; Saunders et al., 2007; Ivy et al., 

2004; Saunders et al., 2004) or no difference (Breen et al., 2010; Toone & Betts, 2010; Lee 

et al., 2008; van Essen & Gibala, 2006) when compared to CHO alone. These 

inconsistencies can probably be explained by methodological differences, not least with 

respect to the provision of optimal, or calorie-matched, amounts of CHO in beverages used 

for comparison. Nevertheless, to-date no study has examined the potential for CHO-P 

ingestion to enhance performance in MSS. Consequently, the aim of the current study was 

to examine the effects of a CHO-P beverage, in comparison to CHO alone, matched for both 

energy content and CHO content, on selected performance, physiological and perceptual 

measures during exercise simulating the typical physiological demands of MSSs. 

 

5.2 Methods 

Participants and Experimental Design 

After the attainment of written informed-consent and the completion of a pre-test health 

questionnaire to check for any contraindications to exercise, 10 (males, n = 6, females n = 

4) healthy university-level team-sport athletes (soccer, rugby and netball) participated in 

the study. It should be noted that endurance performance effects with CHO-P ingestion do 

not differ between males and females (Saunders et al., 2007). Participant characteristics 

are shown in Table 5.1. Ethical approval for the study was granted by the University of 

Chester Department of Sport and Exercise Sciences Ethics Committee. 
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Table 5.1 Participant characteristics. 

Variable Overall Males (n = 6) Females (n = 4) 

Age (years) 21.7 ± 2.1 22.7 ± 1.8 20.3 ± 1.9 

Stature (m) 1.77 ± 0.1 1.80 ± 0.1 1.73 ± 0.1 

Body mass (kg) 72.0 ± 13 78.2 ± 12 62.7 ± 9.9 

MSSRT score 11.3 ± 2.2 12.7 ± 1.4 9.2 ± 1.1 

VO2max (ml·kg-1·min-1)* 51 .0 ± 7.6 55.9 ± 4.9 43.7 ± 3.8 

MSSRT = Multi-Stage Shuttle Run Test. * Estimated from the Tables of Ramsbottom et al. (1988).  

 

The current study adopted a repeated-measures, double-blind, randomised cross-over 

design, where participants were required to attend testing sessions on four separate 

occasions. A full schematic of the study design is presented in Figure 5.1. In brief, 

participants performed a multi-stage shuttle run test (MSSRT; Leger & Gadoury, 1989; 

Leger & Lambert, 1982) followed by a 15 min familiarisation with the Loughborough 

Intermittent Shuttle Test (LIST; Nicholas et al., 2000) on the initial visit. They then 

completed the LIST on three separate days one week apart, where they consumed either a 

6% CHO plus 2% whey protein (CHO-P), an 8% (ISOEN) or a 6% (ISOCHO) CHO-only 

beverage during each trial in a random order. Participants were instructed to refrain from 

any strenuous physical activity in the 48 h before any testing session, and to complete a 48 

h food diary in the 48 h before the first LIST, which they were informed should be 

replicated in the 48 h preceding each subsequent trial. Daily dietary intake was 2127 ± 

390 kcal, 311.3 ± 79 g CHO, 53.5 ± 12.2 g fat and 100.3 ± 23 g protein. 
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Figure 5.1. Schematic of the study design 

 

Procedures 

Multi-Stage Shuttle Run Test 

The MSSRT for the estimation of aerobic capacity and running speeds for the LIST was 

completed in accordance with the procedures previously described in Chapter 4.2. Each 

participant’s VO2max was estimated using the Table of Ramsbottom et al. (1988) based on 

the end-stage achieved on the test.   

 

The Loughborough Intermittent Shuttle Test 

After a 12 h overnight fast, participants completed the LIST as previously described by 

Nicholas et al. (2000), and similar to that described in Chapter 4 of the thesis (Figure 5.2). 

However, a key difference to that used in Chapter 4 was the inclusion of Part B of the LIST, 

during which participants were required to run at alternating running speeds of 55% and 

95% VO2max until volitional exhaustion to provide a measure of prolonged, intermittent 

shuttle running capacity. Part A of the LIST consisted of 5 x 15 min periods of exercise 
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interspersed with 3 min passive recovery. The tests were conducted on an indoor wooden 

surface, in ambient temperatures of between 19 and 23°C. 

 

Figure 5.2 The Loughborough Intermittent Shuttle Test including a time to exhaustion 
test (Part B). 

 

Nude body mass was recorded immediately before and after the LIST via balance beam 

scales (Seca, 712, Hamburg, Germany) to estimate fluid loss induced via exercise. Heart 

rate was recorded throughout the protocol via heart rate telemetry (Polar Electro, Oy, 

Finland), whilst measurements of gastrointestinal discomfort due to gut fullness 

(measured on a scale of 1-10 ranging from completely empty [1] to completely full [10]) 

and rating of perceived exertion (RPE) on a scale of 6-20 (Borg, 1970) were recorded 

during the 3 min intervals following each 15 min period of running. Sprint times over 15 m 

during each cycle of the LIST were also recorded using infra-red timing gates positioned at 

the start line and 15 m from the start line (Speedtrap II, Brower Timing Systems, Utah, 

USA). 
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Drink Composition and Ingestion Schedule 

During each LIST participants consumed a 6% CHO plus 2% protein (CHO-P), or an 8% 

CHO (ISOEN), or a 6% CHO solution (ISOCHO). Participants consumed 5 ml∙kg-1 of the 

solution 30 min before exercise, and then consumed 2.5 ml∙kg-1 every 15 min during 

exercise. This resulted in a mean ingestion rate of 0.83 ±0.02 g∙min-1 CHO plus 0.27 ± 0.06 

g∙min-1 protein in the CHO-P condition, 1.10 ± 0.19 g∙min-1 CHO in the ISOEN condition and 

0.87 ± 0.14 g∙min-1 CHO in the ISOCHO condition, whilst mean fluid intake was 1,260.5 ± 

230.2 ml over the course of the trial. A hypothetical 70 kg participant would have 

consumed 65.3 g∙h-1 CHO during exercise in the ISOEN trial, and as such would have met 

the upper limit of CHO ingestion for maximal exogenous CHO oxidation (60-70 g∙h-1, 

Jeukendrup & Jentjens, 2000), whilst the CHO-P (49 g∙h-1 CHO and 16.5 g∙h-1 protein) and 

ISOCHO (49 g∙h-1 CHO) trials were designed to deliver CHO at a rate considered sub-

optimal. As such, the potential for any observed effects to be due to extra energy 

availability could be determined. Protein was provided in the form of whey protein isolate 

(Volactive UltraWhey 90 XP Instant), the amino acid profile of which has already been 

presented in Chapter 4. CHO, in the form of maltodextrin and dextrose, was provided via a 

commercially available sports drink (Lucozade Sport, GlaxoSmithKline). The pertinent 

details of each drink composition are presented in Table 5.2.  
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Table 5.2.  The macronutrient and electrolyte concentration of beverages consumed 

during each trial (expressed per 100 ml of fluid). 

Ingredient CHO-P ISOEN ISOCHO 

CHO (g) 6 8 6 

Protein (g) 2 0 0 

Fat (g) 0.025 0 0 

Sodium (g) 0.05 0.05 0.04 

 

Statistical Analysis 

Descriptive statistics (mean ± standard deviation) were calculated for all dependent 

variables. The mean values over the 15 min blocks of the LIST for both heart rate and 

sprint performance were used for all analyses. To assess for differences in heart rate, 15 m 

sprint time, gut fullness and RPE between trials, two-way (beverage condition [3] x time 

[5]) separate repeated measures analysis of variance (ANOVA) were performed. Further 

two-way ANOVAs were performed to assess changes in body mass from pre- to post-LIST 

(beverage condition [3] x time [2]) and one-way separate repeated measures ANOVAs 

were utilised to examine any potential differences between trials for time to exhaustion, 

heart rate and RPE at exhaustion. Sphericity was assessed via Mauchly’s test, with any 

violations accounted for via the Greenhouse-Geisser statistic (GG). In the presence of a 

statistically significant F ratio, a series of post-hoc Bonferroni adjusted paired t-tests were 

conducted to see where the differences lay. The alpha level was set at P< 0.05 for all 

ANOVAs, whilst the Bonferroni adjusted P value was set at P = 0.017 for the time to 

exhaustion and RPE and heart rate at exhaustion. The alpha level was set at P = 0.005 for 

all other dependent variables. In addition, the mean effect size and accompanying 95% 

confidence interval of the difference was calculated for RPE (as there was a significant 

difference between beverage conditions observed here) and time to exhaustion, as 
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suggested by Batterham and Hopkins (2006). Effect sizes were calculated as the difference 

between the means divided by the pooled standard deviation, with the following 

quantitative criteria for effect sizes used to explain the practical significance of the 

findings: trivial <0.2, small 0.2-0.6, moderate 0.6-1.2, large 1.2-2.0, and very large >2.0 

(Hopkins, 2006).  

 

5.3 Results 

No significant (P > 0.05) trial order effects were observed for any of the measured 

variables.  

Body mass and fluid loss 

ANOVA revealed that there was a significant (F1, 9= 82, P < 0.0001) reduction in body mass 

over time (corrected for ingested fluid) from pre- to post-LIST in the CHO-P (Pre = 72.03 

±13.35 kg, Post = 70.18 ± 12.98, %Body mass loss = 2.56 ± 0.67%), ISOEN (Pre = 72.09 ± 

13.35 kg, Post = 70.24 ± 12.83 kg, %Body mass loss = 2.53 ± 0.62%) and ISOCHO (Pre = 

72.07 ± 13.36 kg, Post = 70.17 ± 12.28 kg, %Body mass loss = 2.6 ± 0.82%) conditions, 

with no main effect for beverage condition (F2, 18 = 0.112, P = 0.895) or beverage by time 

interaction (F2, 18 = 0.16, P = 0.85).  

 

Heart Rate, Gut Fullness and RPE 

ANOVA showed a significant (F4, 36 = 17.1, P < 0.0001) effect for time on HR, but a non-

significant effect for beverage condition (F2, 18 = 0.53, P = 0.476) or beverage condition x 
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time interaction (F8, 72 = 0.11, P = 0.43). Post-hoc analysis revealed that heart rate 

increased from 15 to 30 min (t9= -3.825, P = 0.004) (Figure 5.3).  

 

 

Figure 5.3 Average heart rate over each 15 min block of the LIST. *Significantly higher 
than 15 min. 

 

ANOVA on gut fullness demonstrated a main effect for time (F(GG)2.1, 19.3 = 46.9, P < 0.0001), 

but no effect for beverage condition (F(GG)1.3, 13.7 = 1.29, P = 0.3) or beverage x time 

interaction (F8, 72 = 0.51, P = 0.84). Post-hoc analysis revealed that gut fullness increased at 

30 min from the measurement taken at 15 min in all conditions (P < 0.005), whilst 

increasing further from 30 min onward (Figure 5.4).  
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Figure 5.4. Changes in sensations of gut fullness during the LIST.* Significantly (P < 0.005) 
higher than 15 min. #Significantly higher than 30 min. 

 

There was a main effect for time with RPE (F4, 36 = 43.9, P < 0.0001), increasing 

significantly from the measurement taken at 15 min at all time points in all conditions (P < 

0.0001, Figure 5.5). RPE was also significantly higher than 30 min at 60 and 75 min in all 

beverage conditions (P < 0.0001). There was a significant main effect for beverage 

condition (F2, 18 = 4.3, P = 0.024), with post-hoc analysis showing that RPE was lower in the 

CHO-P trial when compared to the ISOEN (t9 = 6, P = 0.004) and ISOCHO (t9 = 3.857, P < 

0.0001) trials. However, no significant beverage x time interaction (F8, 72 = 1.679, P = 

0.118) was observed, although differences between mean values appeared to be largest in 

the final 15 min of exercise (Figure 5.5). Effect sizes and qualitative interpretations for 

RPE are presented in Table 5.4.  
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Figure 5.5 Changes in RPE measure at the end of each 15 min block of part A of the LIST. 
*Significantly higher than 15 min. #Significantly higher than 30 min. †Significantly lower 
than ISOEN and ISOCHO. 

 

Sprint Performance 

There was a significant increase in average time to sprint 15 m over the course of the LIST 

(F(GG)1.6, 14.7 = 21.93, P < 0.0001). Average sprint time was higher at 45-60 min (CHO-P = 

2.79 ± 0.37 s, ISOEN = 2.78 ± 0.38 s, ISOCHO = 2.79 ± 0.37 s, P < 0.005), and 60-75 min 

(CHO-P = 2.82 ± 0.37 s, ISOEN = 2.82 ± 0.37 s, ISOCHO = 2.83 ± 0.37 s, P < 0.005) when 

compared to 0-15 min (CHO-P = 2.65 ± 0.33 s, ISOEN = 2.66 ± 0.32 s, ISOCHO = 2.66 ± 0.35 

s), and also higher at 60-75 min than 15-30 min, (CHO-P = 2.69 ± 0.35 s, ISOEN = 2.7 ± 0.34 

s, ISOCHO = 2.7 ± 0.32 s, P < 0.005). There was no main effect for beverage condition (F2, 18 

= 0.45, P = 0.644) or group x beverage interaction (F8, 72 = 0.2, P = 0.99), and as such no 
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difference in sprint time between different beverage conditions was observed at any time 

point (Figure 5.6). 

 

 

Figure 5.6 Average 15 m sprint time during each 15 min block of the LIST. * Significantly 
(P < 0.005) different to 0-15 min, #Significantly (P < 0.005) different to15-30 min. 

 

Time to Exhaustion 

Time to exhaustion for each trial, along with measurements taken upon volitional 

exhaustion, is presented in Table 5.3, whilst participants’ individual time to exhaustion 

scores are shown in Figure 5.7. ANOVA revealed no significant difference in the time to 

exhaustion between different beverages (F2, 18 = 1.3, P = 0.29), nor were there any 

differences in HR (F2, 18 = 0.61, P = 0.553), RPE (F2, 18 = 0.73, P = 0.496) or gut fullness (F2, 18 

= 0.153, P = 0.86) at exhaustion. Effect sizes for time to exhaustion are shown in Table 5.4. 
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Table 5.3 Time to exhaustion and heart rate, RPE and gut fullness (mean ± standard 

deviation) at the end of part B of the LIST. 

 CHO-P ISOEN ISOCHO 
TTE (s) 468.3 ± 268.5 446.2 ± 282.1 443.4 ± 286.3 

Heart Rate (b·min-

1) 
186 ± 8 186 ± 7 185 ± 7 

RPE (6-20) 19.5 ± 0.5 19.6 ± 0.5 19.4 ± 0.7 

Gut Fullness (1-10) 7 ± 1.3 6.9 ± 1.8 6.8 ± 2.3 

TTE = Time to Exhaustion.  

 

 

Table 5.4 Mean differences (95% confidence intervals) for TTE and RPE in the CHO-P and 

ISOEN and ISOCHO conditions in part B of the LIST. Values are accompanied by effect sizes 

and qualitative interpretations, which are presented directly below in italics. 

 Mean difference and Effect Size  
 CHO-P ISOEN ISOCHO 

TTE (s) - 
-22.1 (-166 – 175) 

-0.08 
Trivial ↓ 

-24.9 (-166 - 178) 
-0.09 

Trivial ↓ 
  

RPE - 
0.8 (0.49 – 1.1) 

0.63 
Moderate ↑ 

0.9 (0.37 – 1.43) 
0.7 

Moderate↑ 
Effect sizes are calculated as the difference between the means divided by the pooled standard deviation. 
Qualitative interpretations of effect sizes are based on those of Hopkins (2006): trivial <0.2, small 0.2-0.6, 
moderate 0.6-1.2, large 1.2-2.0, and very large >2.0. ↑ = increase, ↓ = decrease. TTE = Time to Exhaustion.  
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Figure 5.7. Individual time to exhaustion scores for each trial in part B of the LIST 

 

5.4 Discussion 

To the author’s knowledge, this is the first study to document the effects of a CHO-P 

supplement, in comparison to CHO alone, consumed during exercise designed to simulate 

the demands of MSS performance. The key findings were that: a) CHO-P appears to confer 

little advantage over CHO alone with regard to the maintenance of sprint performance 

over the course of such exercise; b) CHO-P may lower participants’ perception of effort 

during simulated MSS exercise; and c) alterations in perception of effort with CHO-P did 

not translate into a significant improvement in individuals’ endurance capacity measured 

via time to exhaustion. 

 

0

100

200

300

400

500

600

700

800

900

1000

CHO-P  ISOEN  ISOCHO

T
im

e
 t

o
 E

x
h

a
u

st
io

n
 (

s)
 

Participant 1 Participant 2 Participant 3 Participant 4

Participant 5 Participant 6 Participant 7 Participant 8

Participant 9 Participant 10



 

188 
 

These results show that there are very few differences in the physiological, performance 

and perceptual measures obtained from participants when consuming a 6% CHO plus 2% 

protein supplement compared to CHO alone, whether it be matched for energy or CHO 

content. The current protocol induced an approximate fluid loss of 1.8 – 1.9 l, equivalent to 

2.5% loss of body mass and a sweat rate of 1,260 ml·h-1, comparable to those seen in elite 

soccer competition and training (Krustrup et al., 2006; Maughan et al., 2005; Rehrer & 

Burke, 1996; Bangsbo, 1994). In the present study, changes in body mass, used as an 

indirect marker of hydration status, were not different in any of the three beverage 

conditions. There now appears to be some compelling evidence that additional protein 

serves to increase fluid retention in the hours after exercise (James et al., 2011; Watson et 

al., 2008; Shireffs et al., 2007), potentially due to a slowed rate of fluid entering the 

circulation and a concomitant reduction in the rise in vasopressin seen after the ingestion 

of large volumes of fluid (Mitchell et al., 1994). However, little is known about the 

hydrating properties of a CHO-P beverage consumed during exercise. Whilst there was no 

difference in fluid losses in the current study, a more detailed analysis of hydration status 

during, and fluid retention after, MSS exercise would appear warranted.  

 

An unexpected finding of the present study was that, whilst RPE increased over the course 

of part A of the LIST, this increase was ameliorated by the ingestion of CHO-P when 

compared to CHO alone. Whilst there was no interaction effect, it appeared that this was 

most pronounced in the latter stages (~75 min) of exercise. This is a finding which has 

been reported elsewhere, but which is not a consistent result in previous CHO-P studies. 

Valentine et al. (2008) reported RPE to be significantly lower (15.0 ± 1.8 versus 16 ± 1.4) 

during the last 30 min of a cycle to exhaustion at 70% VO2max with CHO-P ingestion, 
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whilst Martinez-Lagunas et al. (2010) reported that CHO-P ingestion resulted in a 

significantly lower average RPE (12.5 ± 0.4) when compared to CHO (12.8 ± 0.4) alone 

during intermittent cycling to fatigue. In similar findings to this study, Greer et al. (2011) 

also reported an attenuated rise in RPE at 75 min during a 90 min cycle at 55% VO2max 

when CHO with BCAA was consumed. In addition, other studies have shown improved 

performance with CHO-P ingestion compared to CHO with no difference in RPE, suggesting 

that participants perceive more intense or longer exercise to require the same effort 

(Saunders et al., 2009; Saunders et al., 2007; Saunders et al., 2004; Ivy et al., 2003). 

 

In contrast, several studies have failed to show an altered RPE with CHO-P ingestion 

(Breen et al., 2010; Lee et al., 2008; Osterberg et al., 2008; Romano-Ely et al., 2006; van 

Essen & Gibala, 2006). Indeed, Toone and Betts (2010) even reported that RPE was 

marginally higher during 45 min of variable-intensity cycling and a 6 km time trial when 

CHO-P was consumed compared to an isocaloric CHO beverage. This finding was 

attributed to a greater sensation of gastrointestinal discomfort in the CHO-P trial, a finding 

which was not observed in the current study. That being said, measurements of gut 

fullness were relatively high during the LIST in all trials. This may be due to the slower 

rates of gastric emptying associated with intermittent activity (Leiper et al., 2005), and 

also the up and down movements associated with running compared to cycling (Brouns, 

1991). Nevertheless, sensations of gut fullness were the same between trials, and so were 

likely to influence RPE equally in the present study. 
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The attenuated rise in RPE observed in the current study can potentially be explained by 

the ‘central fatigue hypothesis’ (Newsholme et al., 1987). Indeed, this is one mechanism 

that has previously been put forward to explain CHO-P’s ergogenic effect (Saunders et al., 

2007), and has been described in section 2.4.2. Put briefly, this hypothesis states that 

exercise-induced lipolysis initiates a chain of events that ultimately lead to increased 

serotonin production, a neurotransmitter associated with feelings of tiredness (Cooper et 

al., 2003), and thus fatigue and/or altered effort perception ensues. It is possible that CHO-

P can affect this hypothesis in several ways. Firstly, CHO and protein are known to 

stimulate insulin release from the pancreatic beta-cells (Nutall et al., 1984), an effect of 

which is to reduce lipolysis during exercise (Horowitz et al., 2000; Coyle et al., 1997). Thus, 

consumption of a CHO-P beverage may reduce circulating FFA acid concentrations and 

thus a greater amount of albumin is available to bind to f-TRP and prevent its conversion 

to serotonin. Indeed, CHO ingestion alone has been shown to lower RPE during prolonged 

running (Utter et al., 2004). Secondly, protein increases amino acid availability in the 

blood following its ingestion (Miller et al., 2002), which has the potential to reduce the 

BCAA:f-TRP ratio, and prevent the increase of f-TRP uptake in the brain. Whether these 

events occurred in the current study is unknown. However, we would acknowledge that 

there is currently little support for the central fatigue hypothesis, as a reduced RPE with 

BCAA ingestion has not always been observed (Watson et al., 2004). Furthermore, 

ingestion of tryptophan has been shown to have no negative effect on performance (van 

Hall et al., 1995). 

 

A number of factors are thought to inform an individual’s RPE, including inputs such as 

knowledge of the task end point and past experience, as well as afferent inputs to the 
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central nervous system including heart rate, ventilatory rate, muscle pH, temperature, 

muscle strain perception and energy reserves such as muscle glycogen (for reviews see 

Marcora, 2009 and Hampson et al., 2001). Interestingly, CHO-P ingestion has been 

suggested to work via an increase in circulating insulin concentration and therefore the 

use of exogenous rather than endogenous CHO stores and better maintenance of muscle 

glycogen stores during exercise (Saunders, 2007). Furthermore, there is evidence that the 

rate of muscle glycogen restoration after exercise is significantly enhanced with the 

ingestion of a CHO-P mixture compared to CHO alone (Berardi et al., 2005). This may be of 

particular importance during intermittent exercise, whereby CHO ingestion may result in 

muscle glycogen resynthesis during periods of low-intensity activity (Jeukendrup, 2004). 

Accordingly, better maintenance or replenishment of endogenous energy stores could 

have been responsible for the lowered RPE with CHO-P ingestion in the current study. 

 

In spite of the observed lowered RPE with CHO-P ingestion during the LIST in the current 

study, subsequent time to exhaustion was not different between any of the three beverage 

conditions, with effect sizes calculated as being trivial. Thus, the present findings are in 

agreement with those that have reported no significant effect of adding protein to a CHO 

beverage on endurance performance (Breen et al., 2010; Martinez-Lagunas et al. 2010; 

Toone and Betts, 2010; Lee et al., 2008; Osterberg et al., 2008; Valentine et al., 2008; 

Romano-Ely et al., 2006; van Essen & Gibala, 2006). However, in this study this is 

surprising, as RPE is thought to heavily influence an individual’s pacing strategy (St Clair 

Gibson, 2006). Indeed, RPE possesses scalar qualities, such that RPE will increase in a 

linear fashion proportional to time left until exhaustion (Trent et al., 2008; Noakes et al., 

2004). Thus, it would be expected that a lower RPE at the onset of the time to exhaustion 
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test would lead to a greater exercise time. Indeed, a moderate negative correlation 

between RPE at the onset of the time to exhaustion test and subsequent exercise capacity 

was observed in the current study, such that a lower RPE often meant better performance. 

However, performance was not affected according to beverage condition, which might 

suggest that fatigue during this form of exercise was due more to peripheral factors such 

as substrate depletion and dehydration. That being said, it should be noted that the mean 

score for the time to exhaustion was approximately 4% higher than the CHO conditions, 

whilst six of the participants had a greater time to exhaustion in the CHO-P trial than 

either CHO trial. As such, the lack of effect in the current study may be due to the relative 

heterogeneity of the sample (i.e. the large range of time to exhaustion) and associated 

large standard deviations. Furthermore, it is acknowledged that the time to exhaustion 

test is not performed at self-regulated exercise intensity, and as such does not replicate the 

type of exercise performed during MSSs. Considering RPE may inform pacing strategy, an 

investigation into the effects of CHO-P on self-regulated exercise intensity during MSS like 

activity would appear warranted.  

 

Finally, no difference was observed between either of the CHO conditions for any of the 

measured variables in the current study, despite the ISOCHO condition providing CHO at a 

rate that is considered sub-optimal for maximal CHO oxidation during steady state 

exercise. Gastric emptying is slower during intermittent activity (Leiper et al., 2005), and, 

along with intestinal absorption, may be a regulating factor of exogenous CHO oxidation 

rates during exercise (Jeukendrup & Jentjens, 2000). As such, CHO ingestion rates of 60 

g∙h-1 could be too high during intermittent MSS activity, as similar benefits may be 

observed with a lower CHO ingestion rate (Nicholas et al., 1995). Accordingly, the optimal 
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amount of CHO to consume during this form of exercise without undue gastrointestinal 

distress is currently unknown, and warrants future investigation. 

 

In conclusion, the present study offers an insight into the effects of a CHO-P beverage on 

exercise designed to simulate the demands of MSSs. We observed no statistically effect on 

either sprint performance or time to exhaustion during this form of exercise, although 

CHO-P did appear to lower RPE in the latter stages of exercise. Future investigations 

should examine whether this effect translates into performance improvements during self-

regulated exercise intensities which more closely replicate the demands of MSSs. 
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Chapter 6 

The Effects of a CHO-P Beverage on Self-Regulated Simulated Multiple-Sprint Sport 

Exercise 

 

6.1 Introduction 

The previous chapter of this thesis demonstrated that the addition of a small amount of 

protein to a typical CHO sports drink lowered the perception of effort in the latter stages of 

simulated MSS exercise. However, this reduction in RPE was not associated with a 

significant improvement in endurance capacity assessed via ‘Part B’ of the LIST.  This 

component of the LIST, or variations incorporating time to exhaustion, has been used 

extensively in studies aiming to examine the effects of various interventions on MSS 

performance (Foskett et al., 2008; Patterson & Gray, 2007; Erith et al., 2006; Kingsley et al., 

2005; Sunderland & Nevill, 2005; Morris et al., 2003; Welsh et al., 2002; Nicholas et al., 

1997; Nicholas et al., 1995). The justification for such an approach has often been that this 

time to exhaustion provides an indication of an individual’s capacity to perform high-

intensity work in the latter stages of this form of exercise (Phillips et al., 2011).  

 

Despite the popularity of measuring time to exhaustion in Part B of the LIST, it is 

questionable whether performance of an exercise capacity test at a prescribed intensity, 

where the goal is to run for as long as possible, adequately replicates the requirements of 

MSSs (Drust et al., 2007). More specifically, as opposed to exercising at a regulated 

exercise intensity for an indefinite period of time, MSS players are required to self-regulate 

their exercise intensity for a set period of time (typically 60 – 90 min), much like a time 
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trial.  Thus, when assessing the potential for supplementation to alter the fatigue 

associated with the latter stages of MSSs, it seems prudent that a simulation protocol 

should allow participants to self-pace their exercise intensity in that time. In particular, 

this is relevant for supplements that can influence central fatigue and perception of 

exertion such as CHO-P (Saunders, 2007). Perception of exertion, whether informed via 

afferent feedback from a variety of physiological systems (St Clair Gibson et al., 2006), or 

via efferent signals increasing ‘corollary discharge’ in response to a progressive reduction 

in neuromuscular responsiveness (Marcora, 2008), is thought to inform strongly an 

athlete’s pacing strategy during self-paced exercise (Tucker, 2009). Therefore, a lower RPE 

for a given workload with CHO-P ingestion, as observed in Chapter 6 of this thesis, may 

have important implications for self-selected exercise intensity. Indeed, supplements such 

as caffeine (see Doherty & Smith, 2005) and CHO mouth rinsing (Rollo et al., 2010; Rollo et 

al., 2008) have been associated with an attenuated RPE during improved time trial 

performance where athletes are required to self-pace their exercise intensity.  

 

Several researchers have recently suggested that decrements in high-intensity running in 

the latter stages of MSSs (i.e. the last 15 min) are indicative of athletes pacing their efforts 

in order to be able to complete the exercise task (Aughey, 2010; Edwards & Noakes, 2009). 

Moreover, and in opposition to, the more traditionally held view that peripheral fatigue 

ensues owing to muscle glycogen depletion and dehydration (Bangsbo et al., 2006; 

Krustrup et al., 2006; Nicholas et al., 1999) directly compromising skeletal muscle 

contractile capacity, Edwards and Noakes (2009) have proposed that MSS athletes down-

regulate their exercise intensity based on a variety of factors to reach the exercise end-

point without causing severe damage to peripheral physiological systems. Such factors 
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may well include levels of substrate depletion and thermal stress, but may also include 

health status, quality of the opposition, crowd support and match score (St Clair Gibson et 

al., 2006). It is proposed that these variables provide feedback to the athlete, who will 

attempt to conclude the match having exercised vigorously throughout whilst maintaining 

an acceptable level of physical discomfort or perceived exertion. How athletes pace in 

MSSs is unclear, although, Rampinini et al. (2011) recently demonstrated that fatigue 

observed in soccer was likely to be due, in part, to central factors (i.e. incomplete muscle 

activation) as evidenced by alterations in muscle function (reduced strength and sprint 

speed immediately after a match) assessed via twitch interpolation. Furthermore, it is now 

generally accepted that sensations of fatigue and/or exertion, whether as a response to 

(Psychobiological Model) or in anticipation of (Central Governor Model) alterations in 

physiological homeostasis, will result in a down-regulation of exercise intensity (Ament & 

Verkerke, 2009; Marcora, 2008; Noakes et al., 2004). If the model of Edwards & Noakes 

(2009) is correct, then the importance of perceived exertion to MSS performance cannot 

be underestimated.  

 

Given the potential significance of pacing to MSSs, a protocol that allows participants to 

self-regulate or pace their exercise intensity may provide valuable information on the 

ergogenic potential of certain supplements during such activity. To the author’s 

knowledge, there are relatively few MSS simulation protocols that involve self-regulated 

periods of exercise intensity. Ali et al. (2009) developed a modification of the original LIST 

(Nicholas et al., 2000), whereby for the final 30 min of the total 90 min exercise time, 

participants no longer received an audio signal to regulate their exercise intensity. Instead, 

the audio signal was removed, and participants are instructed to maintain their exercise 
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intensity from the previous 60 min as best they could, thus allowing them to self-regulate 

or pace their exercise intensity. Ali et al. (2009) reported favourable test-retest reliability 

for both running speed and distance covered (see procedures of this Chapter), making it a 

potentially useful tool to assess MSS performance. Accordingly, the aim of the current 

study was to assess the effect of a CHO-P beverage, compared to CHO, to alter self-

regulated exercise intensity during simulated MSS exercise. More specifically, it was 

hypothesised that CHO-P ingestion would result in participants adopting a higher self-

selected running speed in the latter stages of a modified LIST. 

 

6.2 Methods 

Participants and Experimental Design 

After receiving institutional ethical approval, nine male university-level team-sport 

athletes participated in the study (age 23.4 ± 1.8 years, stature 177.5 ± 9.3 cm, body mass 

75.3 ± 12 kg; VO2max of 52.5 ± 3.8 ml·kg-1·min-1). All participants provided written 

informed consent and a pre-test health questionnaire to check for any contraindications to 

exercise.  

 

The study adopted a double-blind, randomised crossover design, whereby participants 

completed three testing sessions on separate days (Figure 6.1). On the first occasion, they 

completed the MSSRT and 15 min familiarisation with a modified LIST detailed in the 

procedures section. Thereafter, participants completed two modified LISTs separated by 

approximately one week, during which they either consumed a 6% CHO plus 2% whey 

protein isolate beverage (CHO-P) or an isoenergetic 8% CHO-only beverage (CHO). Trials 



 

198 
 

were completed in a random order, with four participants completing the CHO-P trial first. 

Participants completed a food diary in the 48 h preceding the first modified LIST, and were 

asked to repeat the same dietary intake in the 48 h before completing the second LIST. 

Daily dietary intake was 2086 ± 279 kcal, 282.5 ± 67 g CHO, 55.3 ± 17 g fat and 114.8 ± 32 

g protein. Participants were also asked to refrain from any strenuous physical activity 

during the 48 h before each LIST. 

 

 

Figure 6.1 Schematic of the study design. 

 

Procedures 

Multi-Stage Shuttle Run Test 

The MSSRT for the estimation of aerobic capacity and running speeds for the LIST was 

completed in accordance with the procedures previously described in Chapter 4.2.  
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The Modified Loughborough Intermittent Shuttle Test 

Following a 12 h overnight fast, participants completed a modified LIST (Ali et al., 2009) 

adapted from that previously described by Nicholas et al. (2000) (see Figure 6.2). The 

modified LIST involved two distinct segments; part A lasting for 60 min with an exercise 

intensity regulated via an audio CD, and part B lasting for 30 min during which no audio 

cue was provided and participants were asked to match the cycle of activity in part A as 

best they could. Thus, part B of the LIST required participants to self-regulate their 

exercise intensity to match that which they had previously achieved in part A. This 

protocol has previously been shown to possess a CV of 1.7 and 5.4% for distance covered 

and sprint performance respectively (Ali et al., 2009).  

 

During each LIST participants wore the same portable 5 Hz global positioning system 

(GPS; SPI-Pro, GPSports, Canberra, Australia) to measure distance covered and running 

speed throughout the protocol. The GPS model utilised in this investigation has previously 

been shown to have a CV ranging from 1.84 to 2.06% for measurements of distance and 

speed over 10-30 m (Waldron et al., 2011). Participants were fitted with a custom-made 

vest positioning the GPS monitor between the scapulae, whilst a compatible heart rate 

monitor (Polar Electro Oy, Kempele, Finland) was placed around their chests for the 

measurement of HR during exercise. Satellite availability ranged from 8 to 11 for all 

testing sessions.  All data were downloaded using SPI Ezy v.2.1 (GPSports, Canberra, 

Australia) and analysed using Team AMS v. 2.1 (GPSports, Canberra, Australia). The 

variables taken from the GPS included peak and average running speed (km·h-1), distance 

covered (m) over each 15 min block, and peak speed (km·h-1) for each 20 m shuttle 

completed in the last self-regulated exercise block of the modified LIST. 



 

200 
 

 

The use of GPS precluded the LIST being completed indoors. Consequently, participants 

completed the LIST on an outdoor grass pitch whilst wearing studded boots. Testing was 

not conducted if it was raining or if the grass was wet. Average temperature and humidity 

were not significantly different between trials (CHO-P ~ 10.9 ± 2°C; CHO ~ 10.9 ± 1.9°C; P 

> 0.05). Nude body mass (Seca, 712, Hamburg, Germany) was measured immediately 

before and after completion of the LIST to determine fluid losses during exercise, whilst 

RPE (Borg, 1982) and gut fullness were recorded at 15 min intervals throughout the 

protocol (see Figure 6.2). 

 

 

Figure 6.2 Trial schematic showing the modified Loughborough Intermittent Shuttle Test 
including two x 15 minute self-regulated exercise blocks (Ali et al., 2009). 
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Urine and blood sampling and analysis 

Urine samples were collected in the hour before, at 60 min during (if necessary) and 

immediately after completion of the modified LIST. Urine volume was measured for the 

samples taken during and after the LIST, and urine osmolality was assessed for all samples 

via freeze-point depression (Advanced Instruments, 3300 Micro Osmometer, 

Massachusetts, USA). Venous blood samples (20 ml) were taken 30 min before, at 60 min 

during and immediately after the LIST from the veins of the antecubital fossa. Of the whole 

blood sample, 5 ml was dispensed into an anti-coagulant coated tube (ethylene diamine 

tetra-acetic acid, EDTA) for the assessment of haematocrit (Haematospin 1400, Hawkley, 

W Sussex, UK) and haemoglobin (b-haemoglobin photometer, Hemocue AB, Angelholm, 

Sweden). Subsequent calculations of changes in plasma volume throughout the trials were 

made in accordance with the equations of Dill and Costill (1974). Blood glucose and urea 

concentrations were also measured from 30 μl whole-blood samples immediately after 

collection using reflectance photometry (Reflotron, Type 4, Boehringer Mannheim, 

Germany). The remaining whole blood sample was stored at room temperature for 1 h in a 

non-anti-coagulant tube. Samples were then centrifuged at 2000 g for 10 min at 4°C before 

the serum fraction was collected and stored at -80°C for later analysis of insulin 

concentration. Insulin analysis took place in duplicate via a commercially available human 

iso-insulin instant enzyme-linked immunosorbent assay (ELISA, eBioscience, Bender 

MedSystems, Vienna). CV of the assay ranged from 1.1 to 6.3% for a range of standards, 

whilst the CV for measured samples was 2.8%.  
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Drink Composition and Ingestion Schedule 

During each LIST trial participants consumed either a 6% CHO plus 2% protein (CHO-P) or 

an 8% CHO (CHO) solution. Participants consumed 5 ml∙kg-1 body mass of the solution 30 

min before exercise, and then consumed 2.5 ml∙kg-1 every 15 min during exercise. This 

resulted in a mean ingestion rate of 52.7 ± 8.35 g∙h-1 CHO plus 17.6 ± 2.8 g∙h-1 protein in the 

CHO-P condition, and 70.24 ± 11.1 g∙min-1 CHO in the CHO trial, whilst mean fluid intake 

was 1.3 ± 0.21 l over the course of the protocol. A hypothetical 70 kg participant would 

have consumed 65.3 g∙h-1 CHO during exercise in the CHO trial, and as such would have 

met the upper limit of CHO ingestion for maximal exogenous CHO oxidation (60-70 g∙h-1, 

Jeukendrup & Jentjens, 2000), whilst the CHO-P (49 g∙h-1 CHO and 16.5 g∙h-1 protein) trial 

was designed to deliver CHO at a rate considered sub-optimal (Jeukendrup & Jentjens, 

2000). As such, the potential for any observed effects to be due to extra energy availability 

could be discounted. Protein was provided in the form of whey protein isolate (Volactive 

UltraWhey 90 XP Instant), the amino acid profile of which has already been presented in 

Chapter 5. CHO, in the form of maltodextrin and dextrose, was provided via a 

commercially available sports drink (Lucozade Sport, GlaxoSmithKline). Pertinent details 

of each drink composition are presented in Table 6.2 in the previous Chapter of this thesis.  

 

Statistical Analysis 

All data are presented as mean ± standard deviation. The mean heart rate values over 15 

min blocks of the LIST were used for all analyses. Two-way (beverage condition [2] x time 

[6]) fully repeated measures ANOVAs were performed to assess the variability of mean 

HR, peak and average running speed, distance covered, gut fullness and RPE. Further two-
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way ANOVAs were performed to assess changes in body mass from pre- to post-LIST and 

changes in plasma volume (beverage condition [2] x time [2]), as well as serum insulin 

concentration, blood glucose and urea (beverage condition [2] x time [3]).  Paired samples 

t-tests were utilised to assess differences in post-exercise urine volume and urine 

osmolality before starting the LIST. Sphericity was assessed via Mauchly’s test of 

sphericity, with any violations accounted for via the Greenhouse-Geisser statistic (GG). In 

the presence of a statistically significant F ratio, a series of post-hoc Bonferroni adjusted 

paired t-tests were conducted to see where the differences lay. Paired t-tests were also 

used to examine differences in the speed of individual movement categories (i.e. walk, jog, 

cruise and sprint speed) in the final self-regulated block of the LIST. The alpha level was 

set at P < 0.05 for ANOVA, whilst the Bonferoni adjusted P value was set at P = 0.008 for 

distance covered, average and maximum speed, gut fullness, RPE and heart rate. The alpha 

level was set at P = 0.017 for serum insulin, blood glucose and urea and P = 0.025 for 

plasma volume and body weight. Mean effect sizes, as suggested by Batterham and 

Hopkins (2006), were also calculated for GPS variables in the final 15 min of the modified 

LIST as these were considered key performance variables. These were calculated as 

previously described in Chapter 5. 

 

6.3 Results 

No significant (P > 0.05) trial order effects were observed for any of the measured 

variables.  
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Modified LIST Performance 

There was a significant main effect of time (F5, 40 = 7.5, P < 0.0001) for distance covered in 

each 15 min segment of the LIST, with no main effect for beverage condition (F1, 8 = 0.93, P 

= 0.362) or time x beverage condition interaction (F5, 40 = 1.8, P = 0.143). Post-hoc analysis 

revealed that distance covered was significantly lower in the final 15 min of exercise than 

in the first 15 min (t17 = 3.9, P = 0.001, Figure 6.3). Similarly, the maximal speed attained in 

a single sprint for each 15 min block changed over time (F5, 40 = 18.2, P < 0.0001), but not 

due to beverage condition (F1, 8 = 0.01, P = 0.931) or time x beverage condition interaction 

(F5, 40 = 7.5, 0.86, P = 0.517). Dependent t-tests showed that maximal speed was lower than 

the first 15 min from 30-45 min onwards (P < 0.008, Figure 6.4). However, ANOVA 

revealed a significant effect for both time (F5, 40 = 11.0, P < 0.0001) and a time x beverage 

condition interaction (F5, 40 = 4.3, P = 0.003) for the average speed attained over each 15 

min block of the LIST. Post-hoc analysis showed that average speed at 75-90 min was 

significantly lower than 0-15 min (t9 = 0.47, P = 0.002) in the CHO trial only (Figure 6.6). 
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Figure 6.3.  Distance covered during each 15 min block of the modified LIST. *Significantly 
(P < 0.008) different to 0-15 min. Values are mean ± SD. 

 

Figure 6.4. Maximum speed during each 15 min block of the modified LIST. *Significantly 

(P < 0.008) different to 0-15 min. Values are mean ± SD. 
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Figure 6.5.  Average running speed during each 15 min block of the modified LIST. 

†Significantly (P < 0.008) different to 0-15 min in CHO trial. Values are mean ± SD. 

 

Further analysis of the final block of the modified LIST (self-regulated block number 2 at 

75-90 min) failed to show a significant difference between individual average walking (t8 = 

0.49, P = 0.637), jogging (t8 = 0.43, P = 0.676), cruising (t8 = -1.6, P = 0.146) and sprinting 

speed (t8 = -2.1, P = 0.073) in the CHO and CHO-P trials (see Figure 6.6).  
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Figure 6.6.  Average running speed for different movement intensities in the final (75-90 
min) self-regulated block of the modified LIST. Values are mean ± SD. 

 

Effect sizes calculated for performance variables in the final 15 min of exercise are 

presented in Table 6.1. Whilst not significant, a moderate increase in distance covered, and 

small increase in average cruise and sprint speed in the CHO-P trial was apparent. In 

agreement with ANOVA above, there was also a small increase in average running speed in 

the CHO-P condition.  
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Table 6.1. Mean differences (95% confidence intervals) between CHO and CHO-P for 

selected variables in the final block of the modified LIST. Values are accompanied by effect 

sizes and qualitative interpretations presented in italics 

 Mean difference  Effect size Interpretation 
Distance covered (m) 50.2 (-39.3-61.3) 

 
0.67 
 

Moderate ↑ 

    
Maximum speed (km·h-1) 0.30 (-0.85-1.29) 

 
0.19 
 

Trivial ↑ 

    
Average speed (km·h-1) 0.18 (0.25-0.78) 

 
0.46 
 

Small ↑ 

    
Walk speed (km·h-1) -0.05 (-0.35-0.00) 

 
-0.2 
 

Trivial ↓ 

    
Jog speed (km·h-1) -0.14 (-0.62-0.56) 

 
-0.16 
 

Trivial ↓ 

    
Cruise speed (km·h-1) 0.40 (-0.17-1.26) 

 
0.48 
 

Small ↑ 

    
Sprint speed (km·h-1) 0.60 (-0.7-1.7) 

 
0.34 
 

Small ↑ 

Effects sizes are calculated as the differences between the means divided by the pooled standard deviation. 
Qualitative interpretations are based on those of Hopkins (2006): trivial <0.2, small 0.21-0.6, moderate 0.61-
1.2, large 1.21-2.0, and very large >2.0. ↑ increase, ↓ decrease. 

 

 

Hydration Indices 

Pre-exercise urine osmolality did not differ (t7 = 1.1, P = 0.32) in the CHO-P trial (808 ± 

194 mOsmol∙kg-1) to the CHO trial (839 ± 181 mOsmol∙kg-1). Body mass, corrected for fluid 

intake, decreased (F1, 8 = 28.1, P = 0.001) from pre- to post-LIST by 2 ± 0.5 and 2.1 ± 0.5 kg 

in the CHO-P and CHO trials respectively, with no effect of beverage condition (F1, 8 = 0.26, 

P = 0.63) or time x beverage condition interaction (F1, 8 = 0.57, P = 0.47). This amounted to 

an approximate 2.7% reduction in body mass in the CHO-P trial and a 2.9% reduction the 
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CHO trial. Plasma volume changes at 60 (t8 = 0.69, P = 0.51) and 90 min (t8 = -.01, P = 0.92) 

were also not different in the CHO-P (-5.6% and 0% respectively) and CHO (-2.7% and -

0.7% respectively) trials. Post-exercise urine volume was not different between beverage 

conditions (t8 = 0.53, P = 0.61, see Figure 6.7). 

 

 

Figure 6.7. Post-exercise urine volume in the CHO-P and CHO trials. Values are mean ± SD. 

 

Heart Rate, Gut Fullness and RPE 

ANOVA revealed a significant main effect of time (F(GG) 5, 40 = 4.6, P = 0.031) for HR (see 

Table 6.2), but no main effect of beverage condition (F1, 8 = 0.02, P = 0.895) or time x 

beverage condition interaction (F5, 40 = 2.7, P = 0.577). Average HR was significantly lower 

in the last 15 min of exercise (t17 = 4.47, P < 0.001) compared to the highest average HR at 

15-30 min. Main effects for time were also observed for gut fullness (F 5, 40 = 21.6, P < 

0.0001) and RPE (F5, 40 = 28.4, P = 0.001), with no effect for beverage condition or beverage 
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condition x time interaction for either (P > 0.05). Post-hoc analysis showed that both gut 

fullness and RPE increased (P < 0.008) from baseline at 15-30 min onwards. 

 

Table 6.2 Heart rate, gut fullness and rating of perceived exertion during the modified 

LIST. Values are mean ± SD. 

 
0-15 
min 

15-30 
min 

30-45 
min 

45-60 
min 

60-75 
min 

75-90 
min 

 Heart Rate (b∙min-1) 

Condition      * 

CHO 165 ± 8 168 ± 8 167 ± 8 165 ± 9 162 ± 8 162 ± 7 

CHO-P 165 ± 8 167 ± 7 167 ± 7 164 ± 8 163 ± 7 163 ± 7 

  

 RPE (6-20) 

  * * * * * 

CHO 
14.6 ± 

1.2 
15.1 ± 

1.4 
15.6 ± 

1.2 
16.2 ± 

1.0 
16.9 ± 

0.6 
17.8 ± 

0.7 

CHO-P 
14.9 ± 

1.4 
15.3 ± 

1.1 
15.9 ± 

0.9 
16.4 ± 

1.0 
16.9 ± 

0.8 
17.6 ± 

0.7 

  

 Gut Fullness (1-10) 

  * * * * * 

CHO 2.3 ± 1 
3.2 ± 
1.2 

3.9 ± 
1.7 

4.1 ± 
1.5 

4.6 ± 
1.4 

4.6 ± 
1.4 

CHO-P 2 ± 0.7 3 ± 1.3 
3.6 ± 
1.5 

4.3 ± 
1.3 

4.4 ± 
1.3 

4.7 ± 
1.5 

* Significantly (P < 0.008) different to 0-15 min independent of beverage condition (i.e. CHO or CHO-P) 

 

Blood Glucose, Urea and Serum Insulin 

There was a significant main effect for time for blood glucose (F(GG)2, 14 = 8.8, P = 0.015) 

with no effect of beverage condition (F1, 7 = 1.4, P = 0.275) or time x beverage condition 

interaction (F2, 14 =1.48, P = 0.26). Post-hoc analysis showed a significantly higher blood 

glucose concentration at 60 (t17, = -4.4, P < 0.0001) and 90 min (t16, = -2.7, P = 0.017) 
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compared to baseline. In contrast, there was no main effect for time for blood urea 

concentration (F2, 14 = 1.58, P = 0.242) but effects for beverage condition (F 1, 7 = 10.2, P = 

0.015) and a time x beverage condition interaction (F2, 14 = 5.2, P = 0.021). Dependent t-

tests showed that blood urea increased at 60 min in the CHO-P trial only (t8 = -4.27, P = 

0.003). Serum insulin concentrations did not vary due to time (F2, 14 = 0.2, P = 0.825), 

beverage condition (F1,7 = 1.25, P = 0.301) or time x beverage condition (F2, 14 = 2.3, P = 

0.135, see Table 6.3). 

 

Table 6.3 Blood measurements obtained before, during and after the modified LIST. 

Values are mean ± SD. 

 Baseline 60 min 90 min 

 BGl (mmol∙L-1) 

Condition  * * 

CHO 3.9 ± 0.8 5.1 ± 0.5 4.8 ± 4.5 

CHO-P 4.1 ± 0.8 4.6 ± 0.7 4.5 ± 0.7 

  

 Urea (mmol∙L-1) 

CHO 6.8 ± 2.1 6.7 ± 1.9 6.4 ± 2.3 

 CHO-P 7.0 ± 1.4 7.7 ± 1.7* 7.6 ± 1.6 

  

 Insulin (pmol∙L-1) 

CHO 33.7 ± 24.4 43.8 ± 25.5 33.1 ± 16.3 

CHO-P 32.4 ± 19.3 52.3 ± 27.7 32.8 ± 16.3 

* Significantly different to baseline. BGl = Blood glucose 

 

6.4 Discussion 

In this first study to examine CHO-P ingestion on self-regulated running performance 

during MSS-like activity, a notable finding was that CHO-P ingestion results in a higher 
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self-regulated exercise intensity in the latter stages of exercise than CHO ingestion alone. 

Specifically, a significant decline was observed in the average exercise intensity in the final 

15 min of exercise with ingestion of CHO, but not during the trial with CHO-P ingestion. It 

appeared that differences in high-intensity running speed, although not statistically 

different between groups, accounted for the differences in late-exercise performance. 

Indeed, effect sizes showed moderate increases in distance covered and small increases in 

average speed, average cruise speed and average sprint speed with CHO-P ingestion in the 

last 15 min of exercise. Average running speeds in the CHO-P and CHO trials were 8.1 ± 0.3 

km∙h-1and 7.9 ± 0.5 km·h-1 respectively, whilst low intensity movement speeds were very 

similar in the respective trials (walking ~ 6.4 ± 0.2 c.f. 6.5 ± 0.3 km·h-1; jogging ~ 11.1 ± 0.7 

c.f. 11.2 ± 1.1 km·h-1). However, small non-significant differences in mean cruise (14.4 ± 1 

c.f. 14 ± 1.3 km·h-1) and mean sprint (22.1 ± 1.6 c.f. 21.5 ± 2.1 km·h-1) speed, as well as 

accompanying small effect sizes, were evident between the CHO-P and CHO trials. An 

increase in high-intensity running, if present with CHO-P ingestion, may be particularly 

relevant for MSS athletes as it is this exercise intensity which is typically reduced in the 

latter stages of performance (Mohr et al., 2003; Bangsbo, 1994; Bangsbo et al., 1991; Reilly 

& Thomas, 1976). Furthermore, high-intensity running capacity in the latter stages of 

soccer has been shown to differentiate between sub-elite and elite soccer players (Mohr et 

al., 2003). Nevertheless, differences in the average running speed observed in the current 

study were likely due to a protein-specific mechanism, as these results were observed 

when an equal amount of calories were provided in a CHO supplement. To the author’s 

knowledge, this, in conjunction with data from Chapter 5 of this thesis, is amongst the first 

to report on the potential for whole-protein ingestion to be ergogenic during MSS-like 

exercise.  
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There remains little consensus on the effects of CHO-P ingestion on endurance 

performance. Interestingly, a recent meta-analysis examining CHO supplementation 

during exercise concluded that an acutely ingested supplement providing 0.9 g·kg-1·h-1 of 

glucose polymers and fructose with the addition 0.2 g·kg-1·h-1 protein was likely to have 

the largest ergogenic effect on endurance performance (Vandenbogaerde & Hopkins, 

2011). The findings of this study would support this assertion; however there is a large 

variation in the reported performance effects of CHO-P supplements provided during 

exercise (Stearns et al., 2010). Current discrepancies can in part be explained by 

differences in both the test and comparison supplement contents, timing of ingestion, and 

in accordance with findings of this study, the nature of the exercise test. MSS possess 

several characteristics that make them unique from other endurance sports, including 

their repeated maximal intensity efforts and periods of low-intensity work such as rest, 

walking and slow jogging. It is also likely that they exert different physiological responses 

and patterns of substrate depletion when compared to continuous exercise (see Chapter 

1). Consequently, it is important that recommendations for the ingestion of CHO-P during 

MSS exercise should be based on findings utilising such a form of exercise. 

 

Chapter 5 of this thesis provided evidence that CHO-P ingestion lowered RPE at a 

regulated exercise intensity in the latter stages of simulated MSS exercise. Whilst this did 

not translate into a significant improvement in time to exhaustion, this study hypothesised 

that a lowered RPE, given its potential importance to pacing strategy (Edwards & Noakes, 

2009; Tucker, 2009), may translate into changes in self-regulated exercise intensity. 

Previous authors (Vandenbogaerde & Hopkins, 2011; Saunders, 2007) have suggested that 

CHO-P may indeed exert its effects via a central mechanism in accordance with the central 
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fatigue hypothesis of Newshome et al. (1987). In the current study, RPE was not different 

between the beverage conditions at any time point during exercise. However, rather than 

indicating a lack of central effect of CHO-P ingestion, participants were exercising at a 

higher exercise intensity in the CHO-P trial compared to CHO and yet were rating their 

exertion as the same. Thus, it may be inferred that participants perceived a higher exercise 

intensity to be no harder with the addition of protein to a CHO beverage. On this basis, 

future studies might consider measuring plasma BCAA and f-TRP concentrations and brain 

f-TRP uptake (van Hall et al., 1995) during this form of exercise to elucidate the role of 

reduced central fatigue on enhanced performance with CHO-P ingestion. 

 

A potential contributor to pacing strategy and performance during MSSs is substrate 

depletion, and more specifically the utilisation of muscle glycogen (Noakes et al., 2004a; 

Hampson et al., 2001). Krustrup et al. (2006) have reported that a soccer match can result 

in the full or partial depletion of 50% of individual muscle fibres, whilst more generally 

lower muscle glycogen has been associated with reduced high intensity work (Saltin, 

1973) and sprint performance (Krustrup et al., 2006) in the latter stages of a soccer match. 

Interestingly, the unique periods of low intensity work and rest in MSSs may provide the 

opportunity for the provision of a nutritional supplement to resynthesise muscle glycogen 

and thus enhance the rate of ATP resynthesis in the latter stages of exercise (Jeukendrup, 

2004). As muscle glycogen resynthesis can be insulin dependent (Jentjens & Jeukendrup, 

2003), and CHO-P ingestion in the post-exercise recovery period has often been shown to 

enhance circulating insulin concentrations (Betts et al., 2008; Betts et al., 2007; Betts et al., 

2005; Jentjens et al., 2001; van Loon et al., 2000; Zawadzki et al., 1992) it follows that such 

an intervention accelerates the rate of muscle glycogen restoration (Berardi et al., 2006; 
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Williams et al., 2003; Ivy et al., 2002; van Loon et al., 2000; Zawadzki et al., 1992). 

Additionally, CHO-P ingestion in some instances has been associated with a marginally 

higher insulin concentration during exercise (Saunders, 2007; Ivy et al., 2003), suggesting 

that in the case of MSSs, higher concentrations of muscle glycogen may be present in the 

latter stages of exercise owing to its intermittent resynthesis (Jeukendrup, 2004). In the 

current study, however, no significant difference in insulin concentration between 

beverage conditions during exercise was observed. As such, it seems unlikely that the 

mechanism described above was responsible for the observed improvements in 

performance. Nonetheless, future studies involving muscle biopsy samples would provide 

direct evidence of the effect of CHO-P ingestion on muscle glycogen content during MSS 

exercise. Furthermore, the potential for different CHO-P mixtures to alter pancreatic 

insulin release during this form of exercise are worthy of exploration, particularly as van 

Loon et al. (2000) reported that a mixture of CHO with protein hydrolysate, leucine and 

phenylalanine was the most insulinoptropic compared to a range of other CHO-P mixtures. 

Whether such a supplement is likely to exert a different effect to the current CHO-P 

supplement during MSS exercise is unknown and warrants further investigation. 

 

The ergogenic effect of CHO-P ingestion could also be because the different transport 

mechanisms of amino acids and glucose across the intestinal wall (Stevens et al., 1982; 

Hellier et al., 1973) cause an increased fluid and/or fuel uptake in a similar concept to 

multiple-transportable CHOs (Saunders et al., 2007). In the present study, no difference in 

any measurements of hydration status between the two beverage conditions was present, 

including body mass change or plasma volume change. Whilst the former is more likely to 

reflect sweat rate in the acute exercise period (Maughan et al., 2005), an increase in the 



 

216 
 

latter might be expected if greater volumes of fluid were taken up into the systemic 

circulation from the intestine following CHO-P ingestion. Thus, alterations in hydration 

status were unlikely to account for performance differences in the present study. 

Interestingly, there was no difference in post-exercise fluid balance (assessed via post-

exercise urine volume) between the CHO-P and CHO trials. Previous studies have observed 

that post-exercise fluid balance is enhanced with the addition of protein to a CHO 

supplement ingested after exercise (Watson et al., 2008; Shirreffs et al., 2007). This effect 

is thought to be due to a lower urine production, associated with the slower gastric 

emptying of slowly digested proteins, such as casein (Ten Have et al., 2007; Boirie et al., 

1997) and increased sodium intake (Watson et al., 2008; Shirreffs et al., 2007). However, 

the present study only provided fluid during exercise whereby exercise-induced increases 

in circulating catecholamines may influence fluid retention (Wemple et al., 1997). 

Furthermore, measurements of urine volume may need to be taken for a longer period (~4 

h) than in the present study (~1 h) to observe differences in fluid balance (Watson et al., 

2008; Shirreffs et al., 2007). 

 

No direct measure of energy expenditure, or indeed specific substrate utilisation, during 

exercise was recorded in the current study. As such it is unclear whether fuel transport 

across the intestinal wall, and subsequent increased rates of energy expenditure due to 

greater exogenous energy availability, were responsible for the increased average speed in 

the CHO-P trial. However, a higher plasma urea concentration at 60 min in the CHO-P trial 

compared to CHO was present, which may have been indicative of the deamination of 

amino acids for oxidation and subsequent energy provision or gluconeogenesis (Koopman 

et al., 2004; Colombani et al., 1999). In agreement, Koopman et al. (2004) reported 
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increased protein oxidation during endurance exercise when protein is added to a CHO 

supplement. Whether this took place in the current study is unknown, but such an effect 

may have increased energy availability for ATP resynthesis or potentially spared 

endogenous CHO stores for the latter stages of exercise, and thus improved performance. 

It is also worthy of note that blood glucose concentrations were not different between 

trials, as a depletion of this substrate has been implicated in the aetiology of fatigue during 

MSSs (Patterson & Gray, 2007; Nicholas et al., 1995). In agreement with previous studies 

(Toone & Betts, 2010; Saunders et al., 2009; Saunders et al., 2007; van Essen & Gibala, 

2006; Saunders et al., 2004; Ivy et al., 2003), these data would suggest that replacing some 

CHO with protein during exercise does not compromise CHO availability for skeletal 

muscle or the central nervous system (Nybo, 2003).  

 

It cannot be discounted that the observed performance differences in the present study 

were in some part due to a placebo effect. Indeed, Vandenbogaerde and Hopkins (2011) 

suggested that the addition of protein was likely to exert a greater effect on endurance 

performance than CHO alone, due, in some part, to the well-known difficulty of being able 

to match protein supplements with CHO for taste and texture. In an elegant study design, 

Clark et al. (2000) performed a study whereby participants performed a 40 km time trial 

whilst consuming water, and were then separated into six groups who performed a 40 km 

time trial with either CHO or placebo ingestion. Within each of these groups, participants 

were either told they were receiving CHO, a placebo, or given no information. It was 

reported that when participants were told they were receiving CHO, the difference in 

performance against water was 4.3%, where as it was only 0.3% when they were told they 

were consuming a placebo. Whilst every attempt was made to match taste and texture of 
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the two supplements by the supplement provider in the current study, and participants 

were blinded to which drink they were receiving, unfortunately it can not be discounted 

that participants perceived themselves to be consuming a supplement which is ergogenic 

and thus adjusted their exercise intensity. Perhaps a study similar to that of Clark et al. 

(2000) may be required to determine the placebo effect associated with CHO-P ingestion. 

 

In conclusion, the present study shows that when participants are allowed to self-regulate 

their exercise intensity, CHO-P ingestion leads to attenuated decrements in average 

exercise intensity during simulated MSS exercise. More specifically, the addition of 2% 

whey protein isolate to a 6% CHO solution, delivered at a rate of approximately 49 g∙h-1 

and 0.27 g∙h-1 respectively, reduced fatigue compared to CHO alone. The mechanisms for 

such an effect remain unclear, however the current study did not refute previous 

hypotheses that protein alters perceptions of exertion owing to reduced central fatigue or 

that protein oxidation is increased resulting in increasing energy availability or sparing of 

endogenous energy stores. As such, MSS athletes may wish to consider consuming such a 

CHO-P mixture during exercise to enhance their performance and attenuate fatigue.  
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Chapter 7 

Conclusions 

The effects of acute CHO-P ingestion, both in the post-exercise recovery period and during 

endurance exercise, have been studied extensively. The purported benefits of this 

supplement include improved endurance capacity and performance (Saunders et al., 2009; 

Saunders et al., 2007; Saunders et al., 2004; Ivy et al., 2003), rehydration (Watson et al., 

2008; Shirreffs et al., 2007), muscle glycogen restoration rate (Beradi et al., 2006; Williams 

et al., 2003; Ivy et al., 2002; van Loon et al., 2000, Zawadzki et al., 1992) and recovery from 

EIMD (Ferguson-Stegall et al., 2010; Saunders et al., 2009; Cockburn et al., 2008; Valentine 

et al., 2008; Baty et al., 2007; Luden et al., 2007; Romano-Ely et al., 2007; Rowlands et al., 

2007; Saunders et al., 2007; Bird et al., 2006; Saunders et al., 2004). Such effects make 

CHO-P supplementation attractive to MSS players given their physiological demands and 

recovery considerations. However, differences in physiological responses to continuous 

and intermittent exercise (such as MSSs) require the use of a specific exercise protocol to 

determine the effects of CHO-P in a MSS context. Accordingly, Chapters 3-6, utilising a 

simulation of MSSs, have comprised data collected with the intention of advancing 

knowledge of the potential benefits of the addition of a small amount of protein to a typical 

CHO supplement. 

 

7.1 CHO-P and EIMD following MSS exercise 

CHO-P supplementation has been shown to result in positive protein balance post-exercise 

(Koopman et al., 2004; Levenhagen et al., 2002), which may accelerate the restoration rate 

of damaged skeletal muscle proteins and reduce contractile protein loss during EIMD 
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(Bird et al., 2006). However, when a 7.5% CHO plus 2.5% protein solution was consumed 

in the 4 h post LIST, no statistical difference in the recovery of soreness or muscle function 

in the knee extensors and flexors when compared to CHO supplementation matched for 

either energy of CHO content was observed (Chapter 4). It is also noteworthy that 

ingestion of CHO-P compared to CHO elicited no significant difference in serum insulin 

concentrations during MSS exercise (Chapter 6), a peptide hormone which may reduce 

protein breakdown (Wolfe, 2001) and which has been implicated in altered EIMD 

(Saunders, 2007). Thus, in agreement with several previous studies (Breen et al., 2010; 

Green et al., 2008; White et al., 2008; Wojcik et al., 2001), and the only previous study to 

examine CHO-P and MSS exercise (Betts et al., 2009), indirect evidence from Chapter 4 

demonstrates that CHO-P ingestion after MSS exercise does not influence EIMD. The 

discrepancy between the present findings and those that have reported an attenuated 

EIMD response with CHO-P ingestion are not clear, but may be explained in part by 

differences in exercise protocols, methods of EIMD assessment, severity of muscle damage 

and supplement composition and ingestion schedules.  

 

7.2 CHO-P and recovery of dynamic muscle function 

Few studies have reported on recovery of muscle function more closely associated with 

athletic performance with CHO-P ingestion.  As with muscle function and soreness, CHO-P 

after simulated MSS exercise did not influence the recovery of any vertical jump parameter 

up to 48 h post-LIST (reduced by approximately 5-10 %). Furthermore, no differences 

were observed in several NMT derived sprint performance variables (e.g. peak speed, split 

times and step length and frequency), which had previously been shown to be reliable and 

sufficient to detect a difference of approximately 5% with the current sample size (Chapter 
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3). Thus, acute CHO-P ingestion, compared to CHO ingestion alone in the 4 h after MSS 

exercise, appears to confer little benefit for the recovery of selected performance 

measures over 48 h. 

 

7.3 CHO-P supplementation and fatigue during MSS exercise 

A notable finding of the present body of research was that CHO-P provided during MSS 

exercise, compared to CHO alone, resulted in participants maintaining a significantly 

higher (~2.5%) self-regulated average speed in the final 15 min of exercise, whilst 

moderate-small effect sizes were also observed for maximal speed and distance covered 

(Chapter 6). In contrast, Chapter 5 showed no significant improvement in run time to 

exhaustion between CHO-P ingestion and the ingestion of isocaloric or CHO matched 

supplements at the end of simulated MSS exercise. However, a wide range of time to 

exhaustion scores, potentially due to the use of too wide a range of fitness levels (assessed 

via the MSSRT) and the inclusion of males and females, were evident in this chapter, which 

may have precluded the statistical analyses from detecting differences in performance. 

Indeed, there was a non-significant mean improvement in performance above CHO with 

CHO-P of approximately 4%, whilst the majority of the sample (n = 6) demonstrated 

improvements in time to exhaustion with CHO-P ingestion. 

 

Improvements in self-regulated MSS performance (Chapter 6) can potentially be explained 

by a reduced RPE during exercise (Chapter 5), in accordance with the ‘central fatigue 

hypothesis’ of Newsholme et al. (1987). Accordingly, a lower RPE may have altered the 

pacing strategy of participants (Tucker, 2009), particularly when they were allowed to 
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self-regulate their exercise intensity (Chapter 6). More specifically, the lower RPE as a 

consequence of CHO-P ingestion may have resulted in an up-regulation in exercise 

intensity, such that RPE was increased to the participants’ expected levels at that stage of 

exercise (Edwards & Noakes, 2009). It is unlikely that differences in hydration status, 

serum insulin concentrations and blood glucose can explain the observed effects during 

MSS exercise as no difference in any of these parameters were observed in the present 

studies (Chapters 5 and 6). However, an increase in plasma urea during exercise with 

CHO-P ingestion (Chapter 6) may have been indicative of an increased rate of protein 

utilisation (Koopman et al., 2004; Colombani et al., 1999) and thus endogenous CHO stores 

may have been spared to maintain exercise intensity in the latter stages of exercise.  

 

7.4 CHO-P supplementation in MSSs 

The combination of studies in the present thesis appear to suggest that benefits associated 

with the acute ingestion of CHO-P, when compared to CHO alone, are confined to an 

attenuation in fatigue when ingested during exercise, and not acute post-exercise recovery 

of muscle function. The mechanism for such an effect is not yet clear, however it is likely to 

be protein specific, as such effects were observed when compared with CHO 

supplementation matched for energy content. Accordingly, MSS athletes may benefit from 

ingestion of a 6% CHO plus 2% whey protein isolate beverage during competition, and as 

such may choose to incorporate it into their nutritional strategy on a match day. However, 

several limitations to the current thesis should be noted. 
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7.2 Potential limitations 

7.2.1 Participant training status 

As noted in previous research reviews (e.g. Burke, 2008), studies in the area of sports 

nutrition are rarely conducted with elite athletes. Whist the data derived from studies may 

be relevant to the exercising public, it is questionable whether the same effects with 

nutritional supplementation would be present in highly trained elite athletes who likely 

possess a number of neuromuscular and cardiovascular adaptations that separate them 

from sub-elite MSS players. For example, training at the elite level may elicit the ‘repeated 

bout effect’ (McHugh et al., 1999), whereby EIMD is attenuated post-exercise, and thus 

may alter the efficacy of a recovery supplement such as CHO-P. Moreover, training is likely 

to result in alterations in substrate metabolism, with a general reduced reliance on CHO 

utilisation after training (Friedlander et al., 1997). In the current research, participants 

who regularly engaged in MSSs, predominantly at University level, were utilised. The 

collated characteristics of each of the samples used in Chapters 4-6 are presented below. 
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Table 7.1 Participant characteristics throughout the thesis and in elite soccer 

 
Chapter 

3 
Chapter 

4 
Chapter 

5 
Chapter 

6 
Elite 

soccer* 

Age (years) 
22.3 ± 

3.6 

22.4 ± 

1.8 

21.7 ± 

2.1 

23.4 ± 

1.8 
26.1 ± 4 

Stature (m) 1.8 ± 0.1 
1.74 ± 

8.4 

1.77 ± 

0.1 

1.78 ± 

0.1 

1.77 ± 

0.1 

Body Mass (kg) 
80.3 ± 

8.4 

68.1 ± 

11.3 

72.0 ± 

13 

75.3 ± 

12 
76.4 ± 7 

MSSRT - 
10.6 ± 

1.6 

11.3 ± 

2.2 

11.6 ± 

1.1 
13 ± 1.2 

V̇O2max (ml·kg·min-1) - 
48.9 ± 

5.4 

51 .0 ± 

7.6 

52.5 ± 

3.8 
56 - 69 

* As reported by Reilly, Bangsbo & Franks (2000) and Balsom (1994). 

 

Whilst there are many factors that may influence an individual’s rise to elite performance, 

it is evident that there are differences between the participant characteristics in the 

present thesis and those in elite soccer. Most notably, elite soccer players typically have a 

higher aerobic capacity, which appears to lower the decrement observed in high intensity 

work in the latter stages of MSSs compared to sub-elite players (Mohr et al., 2003). 

Whether this would have affected the efficacy of CHO-P ingestion during or post-exercise 

is unclear, and a study examining this potential effect would be interesting. However, 

coaches and athletes are often unwilling to participate in such empirical studies.  
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7.2.2 Pre-exercise fasting 

Chapters 4, 5 and 6 were conducted after an overnight fast (~12 h). This is a common 

aspect of research in sports nutrition, primarily due to the potential confounding effects of 

pre-exercise nutritional intake. However, such practice is likely to be rare amongst 

competing athletes, where a nutritious high CHO meal 3-4 h before competition is often 

recommended (Williams & Serratosa, 2006). The influence of the pre-exercise fasting on 

the potential efficacy of acute CHO or indeed CHO-P supplementation during exercise is 

unclear (Vandenbogaerde & Hopkins, 2011; Jeukendrup, 2004). However, a recent review 

of the literature into CHO mouth rinsing, the primary effects of which are thought to be 

central in origin, clearly demonstrated that ingestion of a nutritious meal in the hours 

before exercise dramatically lowered the supplement’s ergogenic potential (Rollo & 

Williams, 2011). Whether such an effect is evident with CHO-P ingestion is not known, and 

as such an experimental study in which pre-exercise nutrient ingestion is manipulated 

would appear warranted. 

 

7.2.3 Lack of placebo 

No studies in the present research incorporated a placebo trial, predominantly because of 

the consistent ergogenic property of CHO ingestion that has been demonstrated during 

both prolonged endurance exercise (Jeukendrup, 2004) and MSS exercise (Phillips et al., 

2011) when compared to a placebo. Thus, it was assumed that any difference between 

CHO-P ingestion and CHO would, by implication, demonstrate that CHO-P ingestion was 

more effective than a placebo. However, as previously acknowledged, the potential for a 

placebo effect with CHO-P ingestion may be strong owing to the well-known difficulties in 
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matching taste and texture (Vandenbogaerde & Hopkins, 2011). Consequently, it can not 

be dismissed that any observed effects in the current programme of research were due to 

a placebo effect, rather than a physiological protein-specific mechanism. 

 

7.3 Directions for future research 

7.3.1 Optimal type and rate of ingestion of CHO-P during MSS 

The optimal rate of ingestion of CHO-P is currently not known, although based on rates of 

maximal CHO oxidation (60-70 g·h-1, Jeukendrup & Jentjens, 2000), and rates of protein 

ingestion with observed effects (~ 20 g·h-1, see section 2.4), the ingestion rates utilised in 

the current studies (CHO = 49 g·h-1, P = 18 g·h-1) seemed appropriate. However, no direct 

comparison of rates of CHO-P ingestion has been made, and such a study would be useful 

for informing the practice of athletes. By monitoring changes in exogenous substrate 

oxidation and intestinal absorption of fluid, glucose and amino acids via ingested tracers, a 

clearer picture of optimal rates of ingestion should be available. Interestingly, to date no 

study has examined the optimal rates of ingestion of CHO during MSS exercise, despite the 

popularity of CHO ingestion during MSSs. As the present research demonstrated no 

changes in performance, physiological or perceptual measures during MSS exercise when 

CHO was ingested at a rate approximately 65 or 49 g·h-1, it is likely that ingestion of CHO > 

49 g·h-1 will not benefit MSS performance, even though higher rates of exogenous CHO 

oxidation are possible with higher ingestion rates (Jeukendrup & Jentjens, 2000). 

 

The effect of the type of protein ingested during exercise is not clear, but different proteins 

are known to affect the rate of appearance of amino acids in the blood (Boirie, et al., 1997), 
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and also muscle anabolism (Boirie et al., 1997) and insulin response (van Loon et al., 

2000). Saunders et al. (2009) recently demonstrated that late exercise performance was 

enhanced with a protein hydrolysate, which is known to increase the rate of amino acid 

absorption and insulin response. Whether hydrolysates would be additive during MSSs is 

unknown, and a study directly comparing protein types is warranted. 

 

7.3.2. Mechanisms through which CHO-P exerts its effect 

The mechanisms through which CHO-P may enhance recovery from EIMD or endurance 

performance are currently speculative. The present research has not provided any 

irrefutable evidence for a mechanism of CHO-P in either scenario. With regard to recovery, 

it has been demonstrated that CHO-P ingestion is more effective than CHO at improving 

post-exercise protein balance via increased and decreased rates of protein synthesis and 

degradation respectively (Koopman et al., 2004; Levenhagen et al., 2002). However, 

whether this leads to an increase in the functional rate of recovery of skeletal muscle is 

unknown. A measurement of protein balance in Chapter 4 of this thesis may have helped 

to provide an answer to such a question. 

 

During exercise, several mechanisms of the ergogenic effect of CHO-P have been 

suggested, none of which have been proven. The current research suggests that increased 

insulinemic response can be discounted, and that reduced central fatigue and increased 

protein oxidation may be important. However, this assertion is based on indirect evidence 

(RPE and blood urea respectively). Additionally, a potential placebo effect could not be 

discounted. Measurements of brain f-TRP uptake as previously described (see van Hall et 
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al., 1995), protein oxidation via ingested protein tracers and muscle glycogen utilisation 

via muscle biopsies or near magnetic resonance spectroscopy, and the use of a design 

elucidating placebo effects of CHO-P during MSS exercise in future work may help clarify 

any of these potential mechanisms. Indeed, it is the author’s opinion that little consensus 

will exist on the effects of CHO-P ingestion until physiologically plausible and proven 

mechanisms for enhanced recovery and/or improved performance have been elucidated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

229 
 

References 

Aaserud, R., Gramvik, P., Olsen, S. R., & Jensen, J. (1998). Creatine supplementation delays 

onset of fatigue during repeated bouts of sprint running. Scandinavian Journal of 

Medicine and Science in Sports, 8, 247-251. 

Abbey, E. L., & Rankin, J. W. (2009). Effect of ingesting a honey-sweetened beverage on 

soccer performance and exercise-induced cytokine response. International Journal of 

Sport Nutrition and Exercise Metabolism, 19, 659-672. 

Abbiss, C., & Laursen, P. B. (2005). Models to explain fatigue during prolonged endurance 

cycling. Sports Medicine, 35, 865-898. 

Abdelkrim, N. B., Fazaa, S., & Ati, J. E. (2006). Time-motion analysis and physiological data 

of elite under 19-year-old basketball players during competition. British Journal of 

Sports Medicine, 41, 69-75. 

Allen, D. G. (2001). Eccentric muscle damage: mechanisms of early reduction of force. Acta 

Physiologica Scandinavia, 171, 311-319. 

Ali, A., & Farrally, M. (1991). Recording players’ heart rates during matches. Journal of 

Sports Sciences, 9, 183-189. 

Ali, A., Williams, C., Hulse, M., Strudwick, A., Reddin, J., Howarth, L., Eldred, J. et al. (2007a). 

Reliability and validity of two tests of soccer skill. Journal of Sports Sciences, 25, 1461-

1470.  

Ali, A., Williams, C., Nicholas, C. W., & Foskett, A. (2007b). The influence of carbohydrate-

electrolyte ingestion on soccer skill performance. Medicine and Science in Sports and 

Exercise, 39, 1969-1976. 

Ali, A., Gant, N., Foskett, A., Moss, C., & Lynch, C. (2009). The modified Loughborough 

Intermittent Shuttle Test (LIST): A performance tool for use with games players. 14th 

Annual Conference of the European College of Sport Sciences, Oslo, Norway, 24th-27th 

June. 

Ament, W., & Verkerke, G. J. (2009). Exercise and fatigue. Sports Medicine, 39, 389-422. 

Andersson, H., Krustrup, P., & Mohr, M. (2007). Differences in movement pattern, heart 

rate and fatigue development in international versus national league matches of 

Swedish and Danish elite female soccer players. Journal of Sports Science and Medicine, 

10, 109.  

Andrews, K. (1985). A match analysis of attacking circle play. Hockey Field, 72, 199-201. 

Andrews, J. L., Sedlock, D. A., Flynn, M. G., Navalta, J. W., & Hongguang, J. (2002). 

Carbohydrate loading and supplementation in endurance-trained women runners. 

Journal of Applied Physiology, 95, 584-590. 



 

230 
 

Angus, D. J., Hargreaves, M., Dancey, J., & Febbraio, M. A. (2000). Effect of carbohydrate or 

carbohydrate plus medium chain triglyceride ingestion on cycling time trial 

performance. Journal of Applied Physiology, 88, 113-119. 

Arner, P., Kreigholm, E., Engfeldt, P., & Bolinder, J. (1990). Andrenergic regulation of 

lipolysis in situ at rest and during exercise. The Journal of Clinical Investigation, 85, 

893-898. 

Armstrong, R. B. (1984). Mechanisms of exercise-induced delayed onset muscle soreness: 

a brief review. Medicine and Science in Sports and Exercise, 16, 529-538. 

Armstrong, R. B. (1990). Initial events in exercise-induced muscular injury. Medicine and 

Science in Sports and Exercise, 22, 429-435. 

Armstrong, L. E., Costill, D. L., & Fink, W. J. (1985). Influence of diuretic-induced 

dehydration on competitive running performance. Medicine and Science in Sports and 

Exercise, 17, 456-461. 

Armstrong, R. B., Warren, G. L., & Warren, J. A. (1991). Mechanisms of exercise-induced 

muscle fibre injury. Sports Medicine, 12, 184-207. 

Ascensao, A., Rebelo, A., Oliveira, E., Marques, F., Pereira, L., & Magalhaes, J. (2008). 

Biochemical impact of a soccer match – analysis of oxidative stress and muscle 

damage markers throughout recovery. Clinical Biochemistry, 41, S41-S51. 

Asp, S., Daugaard, J. R., & Richter, E. A. (1995). Eccentric exercise decreases glucose 

transporter GLUT4 protein in human skeletal muscle. Journal of Physiology, 482, 705-

712. 

Asp, S., Rohde, T., Richter, E. A. (1997). Impaired muscle glycogen resynthesis after a 

marathon is not caused by decreased muscle GLUT-4 content. Journal of Applied 

Physiology, 83, 1482-1485. 

Astrand, I., Astrand, P-O., Christensen, E. H., & Hedman, R. (1960a). Intermittent muscular 

work. Acta Physiologica Scandinavica, 48, 448-453. 

Astrand, I., Astrand, P-O., Christensen, E. H., & Hedman, R. (1960b). Myohemoglobin as an 

oxygen-store in man. Acta Physiologica Scandinavica, 48, 453-460. 

Atkinson, G., & Nevill, A. M. (1998). Statistical methods for assessing measurement error 

(reliability) in variables relevant to sports medicine. Sports Medicine, 26, 217-238. 

Atkinson, G., Nevill, A. M., & Edwards, B. (1999). What is an acceptable amount of 

measurement error? The application of meaningful ‘analytical goals’ to the reliability 

of sports science measurements made on a ratio scale. Journal of Sports Sciences, 17, 

18. 



 

231 
 

Aughey, R. J. (2010). Australian football player work rate: evidence of fatigue and pacing? 

International Journal of Physiology and Performance, 5, 394-405. 

Avela, J., Kyrolainen, H., Komi, P. V., & Rama, D. (1999). Reduced reflex sensitivity persists 

several days after long-lasting stretch-shortening cycle exercise. Journal of Applied 

Physiology, 86 (4), 1292-1300.  

Babij, P., Matthews, S. M., & Rennie, M. J. (1983). Changes in blood ammonia, lactate and 

amino acids in relation to workload during bicycle ergometry in man. European 

Journal of Applied Physiology, 50, 405-411. 

Bailey, D. M., Erith, S. J., Griffin, P. J., Dowson, A., Brewer, D. S., Gant, N., & Williams, C. 

(2007). Influence of cold –water immersion on indices of muscle damage following 

prolonged intermittent shuttle running. Journal of Sports Sciences, 25, 1163-1170. 

Balsom, P. (1994). Evaluation of physical performance. In; Ekblom, B. (Ed). Football 

(soccer). Blackwell Scientific Communications, Oxford, UK. 

Balsom, P. D., Ekblom, B., Soerlund, K., Sjodin, E., & Hultman, E. (1993). Creatine 

supplementation and dynamic high-intensity exercise. Scandinavian Journal of Science 

and Medicine in Sports, 3, 143-149. 

Baltzopoulos, V., & Gleeson, N.P. (2009). Skeletal muscle function, In R.G. Eston, & T. Reilly 

(Eds.), Kinanthropometry & exercise physiology laboratory manual: Tests, procedures & 

data, Vol. 2: Exercise physiology. (3rd ed.) (pp. 3-40). London: Routledge. 

Bangsbo, J. (1992). The effect of carbohydrate diet on intermittent exercise performance.  

International Journal of Sports Medicine, 13, 152-157. 

Bangsbo, J. (1994a). Energy demands in competitive soccer. Journal of Sports Sciences, 12, 

S5-S12. 

Bangsbo, J. (1994b). The physiology of soccer – with special reference to intense 

intermittent exercise. Acta Physiologic Scandinavica, 151, 1-156. 

Bangsbo, J., Aagaard, T., Olsen, M., Kiens, B., Turcotte, L. P., & Richter, E. A. (1995). Lactate 

and H+ uptake in inactive muscles during intense exercise in man. Journal of 

Physiology, 422, 539-559. 

Bangsbo, J., Graham, T. E., Kiens, B., & Saltin, B. (1992a). Elevated muscle glycogen and 

anaerobic energy production during exhaustive exercise in man. Journal of Physiology, 

451, 205-227. 

Bangsbo, J., Norregaard, L., & Thorso, F. (1991). Activity profile of competition soccer. 

Canadian Journal of Sports Sciences, 16, 110-116. 



 

232 
 

Bangsbo, J., Norregaard, L., & Thorsoe, F. (1992b). The effect of carbohydrate diet on 

intermittent exercise performance. International Journal of Sports Medicine, 13, 152-

157. 

Bangsbo, J, Johansen, L., Graham, T., & Saltin, B. (1993). Lactate and H+ effluxes from 

human skeletal muscles during intense, dynamic exercise. Journal of Physiology, 462, 

115-133. 

Bangsbo, J., Madsen, K., Kiens, B., & Richter, E. A. (1996). Effect of muscle acidity on 

muscle metabolism and fatigue during intense exercise in man. Journal of Physiology, 

495, 587-596. 

Bangsbo, J., Iaia, F. M., & Krustrup, P. (2007). Metabolic response and fatigue in soccer. 

International Journal of Sports Physiology and Performance, 2, 111-127. 

Bangsbo, J., & Mohr, M. (2005). Variations in running speeds and recovery time after a 

sprint during top class soccer matches. Medicine and Science in Sports and Exercise, 37, 

S87. 

Bangsbo, J., Mohr, M. & Krustrup, P. (2006). Physical and metabolic demands of training 

and match-play in the elite football player. Journal of Sports Sciences, 24, 665-674. 

Banister, E. W., & Cameron, B. J. C. (1990). Exercise-induced hyperammonemia: peripheral 

and central effects. International Journal of Sports Medicine, 11, S129-S142. 

Barbero-Alvarez, J. C., Coutts, A., Granda, J., Barbero-Alvarez, V., & Castagna, C. (2010). The 

validity and reliability of global positioning satellite system device to assess speed and 

repeated sprint ability (RSA) in athletes. Journal of Science and Medicine in Sport, 13, 

232-235. 

Barris, S., & Button, C. (2008). A review of vision-based motion analysis in sport. Sports 

Medicine, 38, 1025-1043. 

Barros, R. M. L., Misuta, M. S., Menezes, R. P., Figueroa, P. J., Moura, F. A., Cunha, S. A., 

Anido, R., & Leite, N. J. (2007). Analysis of the distances covered by first division 

Brazilian soccer players obtained with an automatic tracking method. Journal of Sports 

Science and Medicine, 6, 233-242. 

Batterham, A.M., & Hopkins, W.G. (2006). Making meaningful inferences about 

magnitudes. International Journal of Sports Physiology and Performance, 1, 50-57. 

Baty, J. J., Hwang, H., Ding, Z., Bernard, J. R., Wang, B., Kwon, B., & Ivy, J. L. (2007). The 

effect of a carbohydrate and protein supplement on resistance exercise performance, 

hormonal response, and muscle damage. Journal of Strength and Conditioning 

Research, 21, 321-329. 



 

233 
 

Belcastro, A. N., Shewchuk, L. D., & Raj, D. A. Exercise-induced muscle injury: a calpain 

hypothesis. Molecular and Cellular Biochemistry, 179, 135-145. 

Berardi, J. M., Price, T. B., Noreen, E. E., & Lemon, P. W. R. (2006). Postexercise muscle 

glycogen recovery enhanced with a carbohydrate-protein supplement. Medicine and 

Science in Sports and Exercise, 38, 1106-1113. 

Bergstrom, J., Hermansen, L., Hultman, E., & Saltin, B. (1967). Diet, muscle glycogen and 

physical performance. Acta Physiologica Scandinavica, 71, 140-150. 

Berneis, K.,, Ninnis, R., Haussinger, D., & Keller, U. (1999). Effects of hyper- and 

hypoosmolality on whole body protein and glucose kinetics in humans. American 

Journal of Physiology, 276, E188. 

Best, T. M., Fiebig, R., Corr, D. T., Brickson, S., & Ji, L. (1999). Free radical activity, 

antioxidant enzyme, and glutathione changes with muscle stretch injury in rabbits. 

Journal of Applied Physiology, 87, 74-82. 

Betts, J. A., Stevenson, E., Williams, C., Sheppard, C., Grey, E., & Griffin, J. (2005). Recovery 

of endurance running capacity: effect of carbohydrate-protein mixtures. International 

Journal of Sport Nutrition and Exercise Metabolism, 15, 590-609. 

Betts, J. A., Toone, R. J., Stokes, K. A., & Thompson, D. (2009). Systemic indices of skeletal 

muscle damage and recovery of muscle function after exercise: effect of combined 

carbohydrate–protein ingestion. Applied Physiology, Nutrition and Metabolism, 34, 

773-784. 

Betts, J. A., & Williams, C. (2010). Short-term recovery from prolonged exercise: exploring 

the potential for protein ingestion to accentuate the benefits of carbohydrate 

supplements. Sports Medicine, 40, 941-959. 

Betts, J. Williams, C., Duffy, K., & Gunner, F. (2007). The influence of carbohydrate and 

protein ingestion during recovery from prolonged exercise on subsequent endurance 

performance. Journal of Sports Sciences, 25, 1449-1460. 

Betts, J. A., Williams, C., Boobis, L., & Tsintzas, K. (2008). Increased carbohydrate oxidation 

after ingesting carbohydrate with added protein. Medicine and Science in Sports and 

Exercise, 40, 903-912. 

Billat, V. L., Slawinski, J., Bocquet, V., Demarle, A., Lafitte, L., Chassaing, P., & Koralsztein, J-

P. (2000). Intermittent runs associated with maximal oxygen uptake enables subjects 

to remain at maximal oxygen uptake for a longer time than intense but submaximal 

runs. European Journal of Applied Physiology, 81, 188-196. 

Bird, S. P., Tarpenning, K. M., & Marino, F. E. (2006). Liquid carbohydrate/essential amino 

acid ingestion during a short-term bout of resistance exercise suppresses myofibrillar 

protein degradation. Metabolism Clinical and Experimental, 55, 570-577. 



 

234 
 

Bishop, D. C., & Wright, C. (2006). A time-motion analysis of professional basketball to 

determine the relationship between three activity profiles: high, medium and low 

intensity and the length of the time spent on court.. International Journal of 

Performance Analysis in Sport, 6, 130-139. 

Bland, J. M., & Altman, D. G. (1986). Statistical methods for assessing agreement between 

two methods of clinical measurement. Lancet, I, 307-310. 

Blom, P. C. S., Hostmark, A. T., Vaage, O., Kardel, K. R., & Maehlum, S. (1987). Effect of 

different post-exercise sugar diets on the rate of muscle glycogen resynthesis. 

Medicine and Science in Sports and Exercise, 19, 491-496. 

Bloomer, R. J. (2007). The role of nutritional supplements in the prevention and treatment 

of resistance exercise-induced skeletal muscle injury. Sports Medicine, 37, 519-532. 

Bloomfield, J., Polman, R., & O’Donoghue, P. (2004). The ‘Bloomfield Movement 

Classification’: Motion analysis of individual players in dynamic movement. 

International Journal of Performance Analysis in Sport, 4, 20-31. 

Bogdanis, G. C., Nevill, M. E., Boobis, L. H., Lakomy, H. K. A., & Nevill, A. M. (1995). Recovery 

of power output and muscle metabolites following 30 s of maximal sprint cycling in 

man. Journal of Physiology, 482, 467-480. 

Boirie, Y., Dangin, M., Gachon, P., Vasson, M-P., Maubois, J-L., & Beaufrere, B. (1997). Slow 

and fast dietary proteins differently modulate postprandial protein accretion. 

Proceedings of the National Academy of Sciences, USA, 94, 14930-14935.  

Borg, G. (1970). Perceived exertion as an indicator of somatic stress. Scandinavian Journal 

of Rehabilitation Medicine, 2, 92-98. 

Borsheim, E., Aarsland, A., & Wolfe, R. R. (2004). Effect of an amino acid, protein, and 

carbohydrate mixture on net muscle protein balance after resistance exercise. 

International Journal of Sport Nutrition and Exercise Metabolism, 14, 255-271. 

Bosch, A. N., Dennis, S. C., & Noakes, T. D. (1993). Influence of carbohydrate loading on 

fuel substrate turnover and oxidation during prolonged exercise. Journal of Applied 

Physiology, 74, 1921-1927. 

Boyle, P. M., Mahoney, C. A., & Wallace, W. F. (1994). The competitive demands of elite 

male field hockey. Journal of Sports Medicine and Physical Fitness, 34, 235-241. 

Bradley, P. S., Sheldon, W., Wooster, B., Olsen, P., Boanas, P., & Krustrup, P. (2009). High-

intensity running in English FA Premier League soccer matches. Journal of Sports 

Sciences, 27, 159-168. 



 

235 
 

Breen, l., Tipton, K. D., & Jeukendrup, A. E. (2010). No effect of carbohydrate-protein on 

cycling performance and indices of recovery. Medicine and Science in Sports and 

Exercise, 42, 1140-1148. 

Brewer, J., Williams, C., & Patton, A. (1988). The influence of high carbohydrate diets on 

endurance running performance. European Journal of Applied Physiology, 57,  698-706. 

Brockett, C. L., Morgan, D. L., & Proske, U. (2004). Predicting hamstring strain injury in 

elite athletes. Medicine and Science in Sports and Exercise, 36, 379-387. 

Brooke, J. D., & Knowles, J. E. (1974). A movement analysis of player behavior in soccer 

match performance. British Proceedings of Sport Psychology, 246-256. 

Brouns, F. (1991). Etiology of gastrointestinal disturbances during endurance events. 

Scandinavian Journal of Medicine and Science in Sports, 1, 66-77. 

Brouns, F, & Beckers, E. (1993). Is the gut an athletic organ? Digestion, absorption and 

exercise. Sports Medicine, 15, 242-257. 

Brouns, F., Saris, W. H., & Rehrer, N. J. (1987). Abdominal complaints and gastrointestinal 

function during long-lasting exercise. International Journal of Sports Medicine, 8, 175-

189. 

Brouns, F., Saris, W., & Schneider, H. (1992). Rationale for the upper limit of electrolyte 

replacement during exercise. International Journal of Sport Nutrition, 2, 229-238. 

Brouns, F., Senden, J., Beckers, E. J., & Saris, W. H. M. (1995). Osmolarity does not affect the 

gastric emptying rate of oral rehydration solutions. Journal of Parenteral and Enteral 

Nutrition, 19, 403-406. 

Burgess, D. J. Naughton, G., & Norton, K. I. (2006). Profile of movement demands of 

national football players in Australia. Journal of Science and Medicine in Sport, 9, 334-

341. 

Burke, L. M. (2008). Caffeine and sports performance. Applied Physiology, Nutrition and 

Metabolism, 33, 1319-1334. 

Burke, L. M., Classen, A., Hawley, J. A., & Noakes, T. D. (1998). Carbohydrate intake during 

prolonged cycling minimizes effect of glycemic index or preexercise meal. Journal of 

Applied Physiology, 85, 2220-2226. 

Burke, L. M., Hawley, J. A., Schabort, E. J., St Clair Gibson, A., Mujika, I., & Noakes, T. D. 

(2000). Carbohydrate loading failed to improve 100-km cycling performance in a 

placebo-controlled trial. Journal of Applied Physiology, 88, 1284-1290. 

Burke, L. M., Kiens, B., & Ivy, J. L. (2004). Carbohydrates and fat for training and recovery. 

Journal of Sports Sciences, 22, 15-30. 



 

236 
 

Bussau, V. A., Fairchild, T. J., Rao, A., Steele, P., & Fournier, P. A. (2002). Carbohydrate 

loading in human muscle: an improved 1 day protocol. European Journal of Applied 

Physiology, 87, 290-295. 

Byrne, C., & Eston, R. (2002a). The effect of exercise-induced muscle damage on isometric 

and dynamic knee extensor strength and vertical jump performance. Journal of Sports 

Sciences, 20, 417-425. 

Byrne, C., Eston, R. G., & Edwards, R. H. T. (2001). Characteristics of isometric and 

dynamic strength loss following eccentric exercise-induced muscle damage. 

Scandinavian Journal of Medicine and Science in Sports, 11, 134-140. 

Byrne, C., Twist, C., & Eston, R. (2004). Neuromuscular function after exercise-induced 

muscle damage: Theoretical and applied implications. Sports Medicine, 34, 49-69. 

Byrnes, W. C., & Clarkson, P. M. (1986). Delayed onset muscle soreness and training. 

Clinics in Sports Medicine, 5, 605-614.  

Calbet, J. A. L., & MacLean, D. A. (1997). Role of caloric content on gastric emptying in 

humans. Journal of Physiology, 498, 553-559. 

Carli, G., Bonifazi, M., Lodi, L., Lupo, C., Martelli, G., & Viti, A. (1986). Hormonal and 

metabolic effects following a football match. International Journal of Sports Medicine, 7, 

36-38.  

Carling, C., Bloomfield, J., Nelsen, L., & Reilly, T. (2008). The role of motion analysis in elite 

soccer: contemporary performance measurement techniques and work rate data. 

Sports Medicine, 38, 839-862. 

Carrithers, J. A., Williamson, D. L., Gallagher, P. M., Godard, M. P., Schulze, K. E., & Trappe, S. 

W. (2000). Effects of postexercise carbohydrate-protein feedings on muscle glycogen 

restoration. Journal of Applied Physiology, 88, 1976-1982. 

Cartee, G. D., Young, D. A., Speeper, M. D., Zierath, J., Wallberg-Henriksson, H., & Holloszy, J. 

O. (1989). Prolonged increase in insulin-stimulated glucose transport in muscle after 

exercise. American Journal of Physiology, 256, E494-E499. 

Cermak, N. M., Solheim, A. S., Gardner, M., Tarnopolsky, M. A., & Gibala, M. J. (2009). 

Muscle metabolism during exercise with carbohydrate or protein-carbohydrate 

ingestion. Medicine and Science in Sports and Exercise, 41, 2158-2164. 

Chambers, C., Noakes, T. D., Lambert, E. V., & Lambert, M. I. (1998). Time course of 

recovery of vertical jump height and heart rate versus running speed after a 90-km 

foot race. Journal of Sports Sciences, 16, 645-651. 



 

237 
 

Chiang, A. N., & Huang, P. C. (1988). Excess energy and nitrogen balance at protein intakes 

above the requirement level in young men. American Journal of Clinical Nutrition, 48, 

1015- 

Child, R. B., Saxton, J. M., & Donnelly, A. E. (1998). Comparison of eccentric knee extensor 

muscle actions at two muscle lengths on indices of damage and angle-specific force 

production in humans. Journal of Sports Sciences, 16, 301-308. 

Christensen, E. H., Hedman, R., & Holmdahl, I. (1960a). The influence of rest pauses on 

mechanical efficiency. Acta Physiologica Scandinavica, 48, 443-447. 

Christensen, E. H., Hedman, R., & Saltin, B. (1960b). Intermittent and continuous running: 

a further contribution to the physiology of intermittent work. Acta Physiologica 

Scandinavica, 50, 269-286. 

Christmass, M. A., Dawson, B., Passeretto, P., & Arthur, P. G. (1999). A comparison of 

skeletal muscle oxygenation and fuel use in sustained continuous and intermittent 

exercise. European Journal of Applied Physiology, 80, 423-435. 

Chryssanthopoulos, C., Williams, C., Nowitz, A., & Bogdanis, G. (2004). Skeletal muscle 

glycogen concentration following a high glycaemic carbohydrate breakfast. Journal of 

Sports Sciences, 22, 1065-1071. 

Chryssanthopoulos, C., Williams, C., Nowitz, A., Kotsiopoulos, C., & Vleck, V. (2002). The 

effect of a high carbohydrate meal on endurance running capacity. International 

Journal of Sport Nutrition and Exercise Metabolism, 12, 157-171. 

Clarke, N. D., Drust, B., Maclaren, D. P. M. & Reilly, T. (2008). Fluid provision and metabolic 

responses to soccer-specific exercise. European Journal of Applied Physiology, 104, 

1069-1077. 

Clark, V. R., Hopkins, W. G., Hawley, J. A., & Burke, L. M. (2000). Placebo effect of 

carbohydrate feedings during a 40-km time trial. Medicine and Science in Sports and 

Exercise, 32, 1642-1647. 

Clarkson, P. M., Byrnes, W. C., McCormick, K. M., Turcotte, L. P. & White, J. S. (1986). 

Muscle soreness and serum creatine kinase activity following isometric, eccentric, and 

concentric exercise. International Journal of Sports Medicine, 7, 152-155.  

Clarkson, P. M., & Ebbeling, C. Investigation of serum creatine kinase variability after 

muscle-damaging exercise. Clinical Science, 75, 257-261. 

Clarkson, P. M., & Hubal, M. J. (2001). Exercise-induced muscle damage in humans. 

American Journal of Physical Medicine and Rehabilitation, 81, S52-S69. 



 

238 
 

Clarkson, P. M., Nosaka, K., & Braun, B. (1992). Muscle function after exercise-induced 

muscle damage and rapid adaptation. Medicine and Science in Sport and Exercise, 24, 

512-520. 

Cleak, M. J., & Eston, R. G. (1992a). Muscle soreness, swelling, stiffness and strength loss 

after intense eccentric exercise. British Journal of Sports Medicine, 26, 267-272. 

Cleak, M. J., & Eston, R. G. (1992b). Delayed-onset muscle soreness: mechanisms and 

management. Journal of Sports Sciences, 10, 325-341. 

Cleather, D. J., & Guthrie, S. R. (2007). Quantifying delayed-onset muscle soreness: A 

comparison of unidimensional and multidimensional instrumentation. Journal of 

Sports Sciences, 25, 845-850. 

Cockburn, E., Hayes, P. R., French, D. N., Stevenson, E., & St. Clair Gibson, A. (2008). Acute 

milk-based protein-CHO supplementation attenuates exercise-induced muscle 

damage. Applied Physiology, Nutrition and Metabolism, 33, 775-783. 

Coggan, A., & Coyle, E. F. (1987). Reversal of fatigue during prolonged exercise by 

carbohydrate infusion or ingestion. Journal of Applied Physiology, 63, 165-172. 

Coggan, A. R., & Coyle, E. F. (1988). Effect of a carbohydrate feedings during high intensity 

exercise. Journal of Applied Physiology, 65, 1703-1709. 

Coggan, A. R., & Coyle, E. F. (1991). Carbohydrate ingestion during prolonged exercise: 

effects on metabolism and performance. Exercise and Sport Sciences Reviews, 19, 1-40. 

Colombani, P. C., Kovacs, E., Frey-Rindova, P., Frey, W., Langhans, W., Arnold M., & Wenk, 

C. (1999). Metabolic effects of a protein-supplemented carbohydrate drink in 

marathon runners. International Journal of Sport Nutrition, 9, 181-201. 

Cooper, J. R., Bloom, F. E., & Roth, R. H. (2003). The biochemical basis of neuropathology 

(8th Edition). New York: Oxford University Press.  

Costill, D. L., Pascoe, D. D., Fink, W. J., Robergs, R. A., Barr, S. I., & Pearson, D. (1990). 

Impaired muscle glycogen resynthesis after eccentric exercise. Journal of Applied 

Physiology, 69, 46-50. 

Coutts, A. J., & Duffield, R. (2008). Validity and reliability of GPS devices for measuring 

movement demands of team sports. Journal of Science and Medicine in Sport, 13, 133-

135. 

Cowell, J. A., & Lein, A. (1963). Effect of site of administration of insulin on blood glucose 

and fatty acid concentrations. Diabetes, 12, 319-322. 

Coyle, E. F., Coggan, A. R., Hemmert, M. K., & Ivy, J. L. (1986). Muscle glycogen utilization 

during prolonged strenuous exercise when fed carbohydrate. Journal of Applied 

Physiology, 61, 165-172. 



 

239 
 

Coyle, E. F., Coggan, A. R., Hemmert, M. K., Lowe, R. C., & Walters, T. J. (1985). Substrate 

usage during prolonged exercise following a preexercise meal. Journal of Applied 

Physiology, 59, 429-433. 

Coyle, E. F., Costill, D. L., Fink, W. J. & Hoopes, D. G. (1978). Gastric emptying rates for 

selected athletic drinks. Research Quarterly, 49, 119-124. 

Coyle, E. F., Hagberg, J. M., Hurley, B. F., Martin, W. H., Eshani, A. A., & Holloszy, J. O. (1983). 

Carbohydrate feeding during prolonged strenuous exercise. Journal of Applied 

Physiology, 55, 230-235. 

Coyle, E. F., Jeukendrup, A. E., Oseto, M. C., Hodgkinson, B. J. & Zderic, T. W. (2001). Low-

fat diet alters intramuscular substrates and reduces lipolysis and fat oxidation during 

exercise. American journal of Physiology Endocrinology and Metabolism, 280, E391-

E398. 

Coyle, E. F., Jeukendrup, A. E., Wagenmakers, A. J., & Saris, W. H. (1997). Fatty acid 

oxidation is directly regulated by carbohydrate metabolism during exercise. American 

Journal of Physiology. Endocrinology and Metabolism, 273, E268-E275. 

Crowe, M. J., Weatherson, J. N., & Bowden, B. F. (2006). Effects of dietary leucine 

supplementation on exercise performance. European Journal of Applied Physiology, 97, 

664-672. 

Cunniffe, B., Hore, A. J., Whitcombe, D. M., Jones, K. P., Baker, J. S., & Davies, B. (2010). Time 

course of changes in immuneoendocrine markers following an international rugby 

game. European Journal of Applied Physiology, 108, 113-122. 

Cunniffe, B., Proctor, B., Baker, J. S., & Davies, B. (2009). An evaluation of the physiological 

demands of elite rugby union using global positioning software. Journal of Strength 

and Conditioning Research, 23, 1195-1203. 

Currell, K., Conway, S., & Jeukendrup, A. E. (2009). Carbohydrate ingestion improves 

performance of a new reliable test of soccer performance. International Journal of 

Sport Nutrition and Exercise Metabolism, 19, 34-46. 

Currell, K., & Jeukendrup, A. E. (2008). Superior endurance performance with ingestion of 

multiple transportable carbohydrates. Medicine and Science in Sports and Exercise, 40, 

275-281. 

Curzon, G., & Knott, P. J. (1974). Effects on plasma and brain tryptophan in the rat of drugs 

and hormones that influence the concentration of unesterified fatty acid in the plasma. 

British Journal of Pharmacology, 50, 197-204. 

Dalsgaard, M. K., & Secher, N. H. (2007). The brain at work: a cerebral metabolic 

manifestation of central fatigue. Journal of Neuroscience Research, 85, 3334-3339.  



 

240 
 

Dangin, M., Boirie, Y., Garcia-Rodenas, C., Gachon, P., Fauquant, J., Callier, P., Ballevre, O., & 

Beaufrere, B. (2000). The digestion rate of protein is an independent regulating factor 

of postprandial protein retention. American Journal of Physiology Endocrinology and 

Metabolism, 280, E340-E348. 

Davidson, A., Trewartha, G. (2008). Understanding the physiological demands of netball: a 

time-motion investigation. International Journal of Performance Analysis of Sport, 8, 1-

17.  

Davis, J. M., Welsh, R. S., & Alderson, N. A. (2000). Effects of carbohydrate and chromium 

ingestion during intermittent high-intensity exercise to fatigue. International Journal 

of Sport Medicine and Exercise Metabolism, 10, 476-485. 

Davis, J. M., Welsh, R. S., De Volve, K. L., & Alderson, N. A. (1999). Effects of branched-chain 

amino acids and carbohydrate on fatigue during intermittent, high-intensity running. 

International Journal of Sports Medicine, 20, 309-314. 

Deschenes, M. R., Brewer, R. E., Bush, J. A., McCoy, R. W., Volek, J. S., & Kraemer, W. J. 

(2000). Neuromuscular disturbance outlasts other symptoms of exercise-induced 

muscle damage. Journal of Neurological Science, 174, 92-99. 

Deutsch, M. U., Kearney, G. A., & Rehrer, N. J. (2007). Time-motion analysis of professional 

rugby union players during match-play. Journal of Sports Sciences, 25, 461-472. 

Deutsch, M. U., Maw, G., J., Jenkins, D., & Reaburn, P. (1998). Heart rate, blood lactate and 

kinematic data of elite colts (under-19) rugby union players during competition. 

Journal of Sports Sciences, 23, 523-530. 

Dill, D. B., & Costill, D. L. (1974). Calculation of percentage changes in volumes of blood, 

plasma, and red cells in dehydration. Journal of Applied Physiology, 37, 247-248. 

Di Salvo, V., Baron, R., Tschan, H., Calderon Montero, F. J., Bachl, N., & Pigozzi, F. (2007). 

International Journal of Sports Medicine, 28, 222-227. 

Docherty, D., Wenger, H. A., & Neary, P. (1988). Time motion analysis related to the 

physiological demands of rugby. Journal of Human Movement Studies, 14, 269-277.  

Doherty, M., & Smith, P. M. (2005). Effects of caffeine ingestion on rating of perceived 

exertion during and after exercise: a meta-analysis. Scandinavian Journal of Science 

and Medicine in Sports, 15, 69-78. 

Drust, B., Atkinson, G., & Reilly, T. (2007). Future perspectives in the evaluation of the 

physiological demands of soccer. Sports Medicine, 37, 783-805.  

Drust, B., Reilly, T., & Cable, N. T. (2000). Physiological responses to laboratory-based 

soccer-specific intermittent and continuous exercise. Journal of Sports Sciences, 18, 

885-892. 



 

241 
 

Duchen, M. R., Valdeomillos, M., O’Neill, S. C., & Eisner, D. A. (1990). Effects of metabolic 

blockade on the regulation of intracellular calcium in dissociated mouse sensory 

neurons. Journal of Physiology, 424, 411-426. 

Duffield, R., Reid, M., Baker, J., & Spratford, W. (2009). Accuracy and reliability of GPS 

devices for measurement of movement patterns in confined spaces for court-based 

sports. Journal of Science in Medicine in Sport, 13, 523-535. 

Duncan, C. J. (1987). Role of calcium in triggering rapid ultrastructural damage in muscle: 

a study with chemically skinned fibres. Journal of Cell Science, 87, 581-594. 

Duthie, G., Pyne, D., & Hooper, S. (2005). Time motion analysis of 2001 and 2002 super 12 

rugby. Journal of Sports Sciences, 23, 523-530.  

Duthie, G. M., Pyne, D. B., Ross, A. A., Livingstone, S. G., & Hooper, S. L. (2006). The 

reliability of ten-meter sprint time using different starting techniques. Journal of 

Strength and Conditioning Research, 20, 246-251. 

Ebbeling, C. B., & Clarkson, P. M. (1989). Exercise-induced muscle damage and adaptation. 

Sports Medicine, 7, 207-234. 

Edgecomb, S. J., & Norton, K. I. (2006). Comparison of global positioning and computer-

based tracking systems for measuring player movement distance during Australian 

Football. Journal of Science and Medicine in Sport, 9, 25-32.  

Edwards, R. H. T., Ekelund, L. G., Harris, R. C., Hesser, C. M., Hultman, E., Melcher, A., & 

Wigertz, O. (1973). Cardiorespiratory and metabolic costs of continuous and 

intermittent exercise in man. Journal of Physiology, 234, 481-497. 

Edwards, A. M., MacFayden, A. M., & Clark, N. (2003). Test performance indicators from a 

single soccer specific fitness test differentiate between highly trained and 

recreationally active soccer players. Journal of Sports Medicine and Physical Fitness, 43, 

14-20. 

Edwards, A. M., Mann, M. E., Marfell-Jones, M. J., Rankin,D. M., Noakes, T. D., & Shillington, 

D. P. (2007). Influence of moderate dehydration on soccer performance: physiological 

responses to 45 min of outdoor match-play and the immediate subsequent 

performance of sport-specific and mental concentration tests. British Journal of Sports 

Medicine, 41, 385-391. 

Edwards, A. M., & Noakes, T. D. (2009). Dehydration: cause of fatigue or sign of pacing in 

elite soccer? Sports Medicine, 39, 1-13. 

Edwards, D. A., Wetzel, K., & Wyner, D. R. (2006). Intercollegiate soccer: saliva cortisol and 

testosterone are elevated during competition, and testosterone is related to status and 

social connectedness with teammates. Physiology & Behaviour, 87, 135-143.  



 

242 
 

Edwards, R. H. T., Melcher, A., Hesser, C. M., Wigertz, O., & Eklund, L-G. (1972). 

Physiological correlates of perceived exertion in continuous and intermittent exercise 

with the same average power output. European Journal of Clinical Investigation, 2, 108-

114. 

Eichner, E. R. (1995). Overtraining: consequences and prevention.  Journal of Sports 

Sciences, 13, S41-S48. 

Ekblom, B. (1986). Applied physiology of soccer. Sports Medicine, 3, 50-60.  

Ellis, L., Gastin, P., Lawrence, S., Savage, B., Buckeridge, A., Stapff, A., Tumilty, D., Quinn, A., 

Woolford, S., & Young, W. (2000). Protocols for the physiological assessment of team 

sport players. In C. J. Gore (Eds.). Physiological tests for elite athletes (pp. 128-145), 

Champaign, USA: Human Kinetics. 

Elwyn, D. H., Gump, F. E., Munro, H. N., Iles, M., & Kinney, J. M. (1979). Changes in nitrogen 

balance of depleted patients with increasing infusions of glucose. American Journal of 

Clinical Nutrition, 32, 1597-1611. 

Enoka, R. M. (1996). Eccentric actions require unique activation strategies by the nervous 

system. Journal of Applied Physiology, 81, 2339-2346. 

Erith, S. Williams, Stevenson, E. J., Chamberlain, S., Crews, P., & Rushbury, I. (2006). The 

effect of high carbohydrate meals with different glycemic indices on recovery of 

performance during prolonged intermittent high intensity shuttle running. 

International Journal of Sport Nutrition and Exercise Metabolism, 16, 393-404. 

Esposito, F., Impellizeri, F. M., Margonato, V., Vanni, R., Pizzini, G., & Veicsteinas, A. (2004). 

Validity of heart rate as an indicator of aerobic demand during soccer activities in 

amateur soccer players. European Journal of Applied Physiology, 93, 167-172. 

Essen, B. (1978). Glycogen depletion of different fibre types in human skeletal muscle 

during intermittent and continuous exercise. Acta Physiologica Scandinavica, 103, 446-

455. 

Essen, B., Hagenfeldt, L., & Kaijser, L. (1977). Utilization of blood-borne and intramuscular 

substrates during continuous and intermittent exercise in man. Journal of Physiology, 

265, 489-506. 

Essen, B., & Kaijser, L. (1978). Regulation of glycolysis in intermittent exercise in man. 

Journal of Physiology, 281, 499-511.  

Eston, R. G., Finney, S., Baker, S., & Baltzopoulos, V. (1996). Muscle tenderness and peak 

torque changes after downhill running following a prior bout of isokinetic eccentric 

exercise. Journal of Sports Sciences, 14, 291-299. 



 

243 
 

Fallowfield, J. L., & Williams, C. (1993). Carbohydrate intake and recovery from prolonged 

exercise.  International Journal of Sport Nutrition, 3, 150-164. 

Fatouros, I. G., Chatzinkolaou, A., Douroudos, I. I., Nikolaidis, M. G., Kyparos, A., Margonis, 

K., Michailidis, Y., Vantarakis, A., Taxildaris, K., Katrabasas, I., Mandalidis, D., Kouretas, 

D., & Jamurtas, A. Z. (2009). Time-course of changes in oxidative stress and antioxidant 

status responses following a soccer game. Journal of Strength and Conditioning 

Research, 24, 3278-3286. 

Febbraio, M. A., Chiu, A., Angus, D. J., Arkinstall, M. J., & Hawley, J. A. (2000a). Effects of 

carbohydrate ingestion before and during exercise on glucose kinetics and 

performance. Journal of Applied Physiology, 89, 2220-2225. 

Febbraio, M. A., Keenan, J., Angus, D. J., Campbell, S. E., & Garnham, A. P. (2000b). 

Preexercise carbohydrate ingestion, glucose kinetics, and muscle glycogen use: effect 

of the glycemic index. Journal of Applied Physiology, 89, 1845-1851. 

Febbraio, M. A., & Stewart, K. L. (1996). CHO feeding before prolonged exercise: effect of 

glycemic index on muscle glycogenolysis and exercise performance. Journal of Applied 

Physiology, 81, 1115-1120. 

Felig, P., Cherif, A., Minagawa, A., & Wahren, J. (1982). Hypoglycemia during prolonged 

exercise in normal men. The New England Journal of Medicine, 306, 895-900. 

Ferguson-Stegall, L., McCleave, E. L., Ding, Z., Kammer, L. M., Wang, B., Doerner, P. G., Liu, 

Y., & Ivy, J. L. (2010). The effect of a low carbohydrate beverage with added protein on 

cycling endurance performance in trained athletes. Journal of Strength and 

Conditioning Research, 24, 2577-2586. 

Foskett, A., Williams, C., Boobis, L. & Tzintzas, K. (2008). Carbohydrate availability and 

muscle energy metabolism during intermittent running. Medicine and Science in Sports 

and Exercise, 40, 96-103.  

Fox, E. L., Robinson, S., & Wiegman, D. L. (1969). Metabolic energy sources during 

continuous and interval running. Journal of Applied Physiology, 27, 174-178. 

Friden, J. (2002). Delayed onset muscle soreness. Scandinavian Journal of Medicine and 

Science in Sports, 12, 327-328. 

Friden, J. & Lieber, R. L. (2001a). Eccentric exercise-induced injuries to contractile and 

cytoskeletal muscle fibre components. Acta Physiologica Scandinavica, 171, 321-326. 

Friden, J., & Lieber, R. L. (2001b). Serum creatine kinase level is a poor predictor of muscle 

function after injury. Scandinavian Journal of Science and Medicine in Sport, 11, 126-

127. 



 

244 
 

Friden, J., Sjostrom, M., & Ekblom, B. (1983). Myofibrillar damage following intense 

eccentric exercise in man. International Journal of Sports Medicine, 4, 170-176. 

Friedlander, A. L., Casazza, G. A., Horning, M. A., Huie, M. J., Piacentini, M. F., Trimmer, J. K., 

& Brooks, G. A. (1997). Training-induced alterations of carbohydrate metabolism in 

women: women respond differently from men. Journal of Applied Physiology, 85, 1175-

1186. 

Gabbett, T. J. (2006). A comparison of physiological and anthropometric characteristics 

among playing positions in sub-elite rugby league players. Journal of Sports Sciences, 

24, 1273-1280. 

Gabbett, T. J. (2010). GPS analysis of elite women’s field hockey training and competition. 

Journal of Strength and Conditioning Research, 24, 1321-1324.  

Gabbett, T., King, T., & Jenkins, D. (2008). Applied physiology of rugby league. Sports 

Medicine, 38, 119-138. 

Gaitanos, G. C., Williams, C., Boobis, L. H., & Brooks, S. (1993). Human muscle metabolism 

during intermittent maximal exercise. Journal of Applied Physiology, 75, 712-719.  

Galbo, H.., Holst, J. J., & Christensen, N. J. (1979). The effect of different diets and of insulin 

on the hormonal response to prolonged exercise. Acta Physiologica Scandinavica, 107, 

19-32. 

Gant, N. Ali, A., & Foskett, A. (2010). Influence of caffeine and carbohydrate coingestion on 

simulated soccer performance. International Journal of Sport Nutrition and Exercise 

Metabolism, 20, 191-197. 

Gibala, M. J., MacDougall, J. D., Tarnopolsky, M. A., Stauber, W. T., & Elorriaga, A. (1995). 

Changes in human skeletal muscle ultrastructure and force production after acute 

resistance exercise. Journal of Applied Physiology, 78 (2), 702-708. 

Gibala, M. J., Tarnopolsky, M. A., & Graham, T. E. (1997). Tricarboxylic acid cycle 

intermediates in human muscle at rest and during prolonged cycling. American Journal 

of Physiology, 272, E239-E244. 

Golden, C. J. (1978). The Stroop Color and Word Test: a manual for clinical and 

experimental uses. Chicago: Stoelting Co.  

Ghosh, A. K., Goswami, A., Mazumdar, P., & Mathur, D. N. (1991). Heart rate and blood 

lactate response in field hockey players. The Indian Journal of Medical Research, 94, 

351-356. 

Gill, N. D., Beavan, C. M., & Cook, C. (2005). Effectiveness of post-match recovery strategies 

in rugby players. British Journal of Sports Medicine, 40, 260-263. 



 

245 
 

Gilson, S. F., Saunders, M. J., Moran, C. W., Moore, R. W., Womack, C. J., & Todd, K. (2010). 

Effects of chocolate milk consumption on markers of muscle recovery following soccer 

training: a randomized cross-over study. Journal of the International Society of Sports 

Nutrition, 7, 19-28. 

Gisolfi, C. V., Summers, R. W., Scedl, H. P., & Bleiler, T. L. (1992). Intestinal water 

absorption from select carbohydrate solutions in humans. Journal of Applied 

Physiology, 73, 2142-2150. 

Glaister, M. (2005). Multiple sprint work: Physiological responses, mechanisms of fatigue 

and the influence of aerobic fitness. Sports Medicine, 35, 757-777. 

Glaister, M., Howatson, G., Lockey, R. A., Abraham, C. S., Goodwin, J. E., & McInnes, G. 

(2007). Familiarization and reliability of multiple sprint running performance indices. 

Journal of Strength and Conditioning Research, 21, 857-859. 

Gleeson, N., Eston, R., Marginson, V., & McHugh, M. (2003). Effects of prior concentric 

training on eccentric exercise induced muscle damage. British Journal of Sports 

Medicine, 37, 119-125. 

Gleeson, M., Maughan, R. J., & Greenhaff, P. L. (1986). Comparison of the effects of pre-

exercise feeding of glucose, glycerol and placebo on endurance performance and fuel 

homeostasis in man. European Journal of Applied Physiology, 55, 645-653. 

Gleeson, N. P., & Mercer, T. H. (1996). The utility of isokinetic dynamometry in the 

assessment of human muscle function. Sports Medicine, 21 (1), 18-32. 

Golden, C. L., & Dudley, G. A. (1992). Strength after bouts of eccentric or concentric 

actions. Medicine and Science in Sports and Exercise, 24 (8), 926-933. 

Goll, D. E., Dayton, W. R., Singh, I., & Robson, R. M. (1991). Studies of the alpha-

actinin/actin interaction in the Z-disk by using calpain. The Journal of Biological 

Chemistry, 266, 8501-8510. 

Gray, A. J., Jenkins, D., Andrews, M. H., Taaffe, D. R., & Glover, M. L. (2010). Validity and 

reliability of GPS for measuring distance travelled in field-based team sports. Journal 

of Sports Science, 28, 1319-1325. 

Green, H. J. (1997). Mechanisms of muscle fatigue in intense exercise. Journal of Sports 

Sciences, 15, 247-256. 

Greer, B. K., White, J. P., Arguello, E. M., & Haymes, E. M. (2011). Branched-chain amino 

acid supplementation lowers perceived exertion but does not affect performance in 

untrained males. Journal of Strength and Conditioning Research, 25, 539-544. 



 

246 
 

Green, M. S., Corona, B. T., Doyle, J. A., & Ingalls, C. P. (2008). Carbohydrate-protein drinks 

do not enhance recovery from exercise-induced muscle injury. International Journal of 

Sport Nutrition and Exercise Metabolism, 8, 1-18. 

Grimble, G. K. & Silk, D. A. (1989). Peptides in human nutrition. Nutrition Research 

Reviews, 2, 87-108. 

Hahn, A., Taylor, N., Hunt, B., woodhouse, T., & Schultz, G. (1979). Physiological 

relationships between training activities and match play in Australian Football rovers. 

Sports Coach, 3, 3-8. 

Hampson, D. B., St Clair Gibson, A., Lambert, M. I., & Noakes, T. D. (2001). The influence of 

sensory cues on the perception of exertion and central regulation of exercise 

performance. Sports Medicine, 31, 935-952, 

Haneishi, K., Fry, A. C., Moore, C. A., Schilling, B. K., Li, Y., & Fry, M. D. (2007). Cortisol and 

stress responses during a game and practice in female collegiate soccer players. 

Journal of Strength and Conditioning Research, 21, 583-588. 

Hansen, P. A., Nolte, L. A., Chen, M. M., & Holloszy, J. O. (1998). Increased GLUT-4 

translocation mediates enhanced insulin sensitivity of muscle glucose transport after 

exercise. Journal of Applied Physiology, 85, 1218-1222. 

Hargreaves, M., Costill, D. L., Coggan, A., Fink, W. J, & Nishibata, I. (1984). Effect of 

carbohydrate feedings on muscle glycogen utilisation and exercise performance. 

Medicine and Science in Sports and Exercise, 16, 219-222. 

Hargreaves, M., Costill, D. L., Fink, W. J., King, D. S., & Fielding, R. A., (1987). Effect of pre-

exercise carbohydrate feedings on endurance cycling performance. Medicine and 

Science in Sports and Exercise, 19, 33-36. 

Hargreaves, M., Costill., D. L., Hawley, J. A., Palmer, G. S., & Noakes, T. D. (1997). Effects of 3 

days of carbohydrate supplementation on muscle glycogen content and utlisation 

during a 1-h cycling performance. European Journal of Applied Physiology, 75, 407-412. 

Hargreaves, M., Hawley, J. A., & Jeukendrup, A. (2004). Pre-exercise carbohydrate and fat 

ingestion: effects on metabolism and performance. Journal of Sports Sciences, 22, 31-

38. 

Hargreaves, K. M. & Pardridge, W. M. (1988). Neutral amino acid transport at the human 

blood-brain barrier. The Journal of Biological Chemistry, 25, 19392-19397. 

Harris, N. K., Cronin, J. B., Hopkins, W. G., & Hansen, K. T. (2008). Squat jump training at 

maximal power loads vs heavy loads: effect on sprint ability. Journal of Strength and 

Conditioning Research 22, 1742-1749. 



 

247 
 

Harvel, R. J., Pernow, B., & Jones, N. L. (1967). Uptake and release of free fatty acids and 

other metabolites in the legs of exercise men. Journal of Applied Physiology, 23, 90-99. 

Hawley, J. A., Dennis, S. C., Nowitz, A., Brouns, F., Noakes, T. D. (1992). Exogenous 

carbohydrate oxidation from maltose and glucose ingested during prolonged exercise. 

European Journal of Applied Physiology, 64, 523-527. 

Hawley, J. A., Schabort, E. J., Noakes, T. D., & Dennis, S. C. (1997). Carbohydrate-loading 

and exercise performance: An update. Sports Medicine, 24, 73-81. 

Hawley, J. A., Tipton, K. D., & Millard-Stafford, M. L. (2006). Promoting training 

adaptations through nutritional interventions. Journal of Sports Sciences, 24, 709-721. 

Hellier, M. D., Thirumalai, C. & Holdsworth. C. D. (1973). The effects of amino acids and 

dipeptides on sodium and water absorption in man. Gut, 14, 41-45. 

Hermansen, L., & Stensvold, I. (1972). Production and removal of lactate during exercise 

in man. Acta Physiologica Scandinavica, 86, 129-139.  

Hewitt, A., Withers, R., & Lyons, K. (2007). Match analyses of Australian international 

women soccer players using an athlete tracking device. Journal of Sports Science and 

Medicine, 10, 107.  

Highton, J., Twist, C. & Eston, R.G. (2009). The effects of exercise-induced muscle damage 

on agility and sprint running performance. Journal of Exercise Science and Fitness, 7, 

24-30. 

Hopker, J. G., Coleman, D. A., Wiles, J. D., & Galbraith, A. (2009). Familiarisation and 

reliability of sprint test indices during laboratory and field assessment. Journal of 

Sports Science and Medicine, 8, 528-532. 

Hopkins, W.G. (2006). Spreadsheets for analysis of controlled trials, with adjustment for a 

subject characteristic. Sportscience, 10, 46-50. 

Horowitz, J. F., & Coyle, E. F. (1993). Metabolic responses to preexercise meals containing 

various carbohydrates and fat. The American Journal of Clinical Nutrition, 58, 235-241.  

Horowitz, J. F., Mora-Rodriguez, R., Byerley, L. O., & Coyle, E. F. (2000). Lipolytic 

suppression following carbohydrate ingestion reduces fat oxidation. American Journal 

of Clinical Nutrition, 58, 235-241.  

Horita, T., Komi, P. V., Nicol, C., & Kyrolainen, H. (1999). Effect of exhaustive stretch-

shortening cycle exercise on the time course of mechanical behaviour in the drop 

jump: possible role of muscle damage. European Journal of Applied Physiology, 79, 160-

167. 



 

248 
 

Houghton, L. A., Dawson, B., & Maloney, S. K. (2009). Effects of wearing compression 

garments on thermoregulation during simulated team sport activity in temperate 

environmental conditions. Journal of Science and Medicine in Sport, 12, 303-309. 

Howarth, K. R., Moreau, N. A., Phillips, S. M., & Gibala, M. J. (2009). Coingestion of protein 

with carbohydrate during recovery from endurance exercise stimulates skeletal 

muscle protein synthesis in humans. Journal of Applied Physiology, 106, 1394-1402. 

Howarth, K. R., Phillips, S. M., MacDonald, M. J., Richards, D., Moreau, N. A., & Gibala, M. J. 

(2010). Effect of glycogen availability on human skeletal muscle protein turnover 

during exercise and recovery. Journal of Applied Physiology, 109, 431-38. 

Howatson, G., & van Someren, A. (2008). The prevention and treatment of exercise-

induced muscle damage. Sports Medicine, 38, 483-503. 

Hughes, M. G., Doherty, M., Tong, R. J., Reilly, T., & Cable, N. T. (2006). Reliability of 

repeated sprint exercise in non-motorised treadmill ergometry. International Journal 

of Sports Medicine, 27, 900-904. 

Hunt, J. N., & Pathok, J. O. (1960). The osmotic effect of some simple molecules and ions on 

gastric emptying. Journal of Physiology, 154, 254-269. 

Impellizeri, F. M., Marcora, S. M.,  Castagna, C., Reilly, T., Sassi, A.,  Iaia, F. M., & Rampinini, 

E. (2006). Physiological and performance effects of generic versus specific aerobic 

training in soccer players. International Journal of Sports Medicine, 27, 483-492. 

Ingalls, C. P., Warren, G. L., & Armstrong, R. B. (1998). Dissociation of force production 

from MHC and actin contents in muscles injured by eccentric contractions. Journal of 

Muscle Research and Cell Motility, 19, 215-224. 

Ingalls, C. P., Warren, G. L., Williams, J. H., Ward, C. W., & Armstrong, R. B. (1999). E-C 

coupling failure in mouse EDL muscle after in vivo eccentric contractions. Journal of 

Applied Physiology, 85, 58-67. 

Ivy, J. L., Costill, D. L., Fink, W. J., & Lower, R. W. (1979). Influence of caffeine and 

carbohydrate feedings on endurance performance. Medicine and Science in Sports and 

Exercise, 11, 6-11. 

Ivy, J. L., Goforth, H. W., Damon, B. M., McCauley, T. R., Parson, E. C., & Price, T. B. (2002). 

Early postexercise muscle glycogen recovery is enhanced with a carbohydrate-protein 

supplement. Journal of Applied Physiology, 93, 1337-1344. 

Ivy, J. L., Katz, A. L., Cutler, C. L., Sherman, W. M. & Coyle, E. F. (1988). Muscle glycogen 

synthesis after exercise: effect of time of carbohydrate ingestion. Journal of Applied 

Physiology, 64, 1480-1485. 



 

249 
 

Ivy, J. L., Res, P. T., Sprague, R. C. & Widzer, M. O. (2003). Effect of a carbohydrate-protein 

supplement no endurance performance during exercise of varying intensity. 

International Journal of Sport Nutrition and Exercise Metabolism, 13, 382-395.  

Jacobs, I., Westlin, N., Karlsson, J., Rasmusson, J., & Houghton, B. (1982). Muscle glycogen 

and diet in elite soccer players. European Journal of Applied Physiology, 48, 297-302.  

James, L. J., Clayton, D., & Evans, G. H. (2011). Effect of milk protein addition to a 

carbohydrate-electrolyte rehydration solution ingested after exercise in the heat. 

British Journal of Nutrition, 105, 393-399. 

Jandrain, B. J., Pirnay, F., Lacroix, M., Morosa, F., Scheen, A. J., & Lefebvre, P. J. (1989). 

Effect of osmolality on availability of glucose ingested during prolonged exercise in 

humans. Journal of Applied Physiology, 67, 76-82. 

Jenkins, D. J., Wolever, Taylor, R. H., Barker, H. Fielden, H., Baldwin, J. M., Bowling, A. C. et 

al. (1981). Glycemic Index of foods: a physiological basis for carbohydrate exchange. 

American Journal of Clinical Nutrition, 34, 362-366. 

Jentjens, R. L. P. G., Cale, C., Gutch, C., & Jeukendrup, A. E. (2003). Effects of pre-exercise 

ingestion of differing amounts of carbohydrate on subsequent metabolism and cycling 

performance. European Journal of Applied Physiology, 88, 444-452. 

Jentjens, R. & Jeukendrup, A. E. (2003a). Determinants of post-exercise glycogen synthesis 

during short-term recovery. Sports Medicine, 33, 117-144. 

Jentjens, R. L. P. G., & Jeukendrup, A. E. (2003b). Effects of pre-exercise ingestion of 

trehalose, galactose and glucose on subsequent metabolism and cycling performance. 

European Journal of Applied Physiology, 88, 459-465. 

Jentjens, R. L. P. G., & Jeukendrup, A. E. (2005). High rates of exogenous carbohydrate 

oxidation from a mixture of glucose and fructose ingested during prolonged cycling 

exercise. British Journal of Nutrition, 93, 485-492. 

Jentjens, R. L. P. G., Mosely, L., Waring, R. H., Harding, L. K., & Jeukendrup, A. E. (2004a). 

Oxidation of combined ingestion of glucose and fructose during exercise. Journal of 

Applied Physiology, 96, 1277-1284. 

Jentjens, R. L. P. G., van Loon, L. J. C., Mann, C. H., Wagenmakers, A. J. M., & Jeukendrup, A. 

E. (2001). Addition of protein to carbohydrates does not enhance postexercise muscle 

glycogen resynthesis. Journal of Applied Physiology, 91, 839-846. 

Jentjens, R. L. P. G., Venables, M. C., & Jeukendrup, A. E. (2004b). Oxidation of exogenous 

glucose, sucrose, and maltose during prolonged cycling exercise. Journal of Applied 

Physiology, 96, 1285-1291. 



 

250 
 

Jeukendrup, A. E. (2004). Carbohydrate during exercise and performance. Nutrition, 20, 

669-677. 

Jeukendrup, A. E., Brouns, F., Wagenmakers, A. J., Saris, W. H. (1997). Carbohydrate-

electrolyte feedings improve 1 h time trial cycling performance. International Journal 

of Sports Medicine, 18, 125-129. 

Jeukendrup, A. E., & Chambers, E. S. (2010). Oral carbohydrate sensing and exercise 

performance. Current Opinion in Clinical Nutrition and Metabolic Care, 13, 447-451. 

Jeukendrup A. E., Hopkins S., Aragon-Vargas L. F., Hulston C. (2008). No effect of 

carbohydrate feeding on 16 km cycling time trial performance. European Journal of 

Applied Physiology, 104, 831–837. 

Jeukendrup, A. E., & Jentjens, R. (2000). Oxidation of carbohydrate feedings during 

prolonged exercise: current thoughts, guidelines and directions for future research. 

Sports Medicine, 29, 407-424. 

Jeukendrup, A. E., Raben, A., Gijsen, A., Stegen, J. H. C. H., Brouns, F., Saris, W. H. M., & 
Wagenmakers, A. J. M. (1999). Glucose kinetics during prolonged exercise in highly 
trained human subjects: effect of glucose ingestion. Journal of Physiology, 515, 579-
589. 

Jeukendrup, A., Saris, W. H. M., Brouns, F., & Kester, A. D. M. (1996). A new validated 

endurance performance test. Medicine and Science in Sports and Exercise, 28, 266-270. 

Jones, D. A. (1996). High- and low-frequency fatigue revisited. Acta Physiologica 

Scandinavica, 156, 265-270. 

Jones, A. M., Atter, T., & Georg, K. P. (1999). Oral creatine supplementation improves 

multiple sprint performance in elite ice-hockey players. Journal of Sports Medicine and 

Physical Fitness, 39, 189-196. 

Karelis, A. D., Smith, J. W., Passe, D. H., & Peronnet, F. (2010). Carbohydrate administration 

and exercise performance: What are the potential mechanisms involved? Sports 

Medicine, 40, 747-763. 

Karp, J. R., Johnston, J. D., Teclenburg, S., Mickleborough, T. D., Fly, A. D., & Stager, J. M. 

(2006). Chocolate milk as a post-exercise recovery aid. European Journal of Applied 

Physiology and Occupational Physiology, 71, 311-319. 

Kendall, B. & Eston, R. (2002). Exercise-induced muscle damage and the potential 

protective role of estrogen. Sports Medicine, 32, 103-123. 

Kiens, B., Raven, A. B., Valeur A. K., & Richter, E. A. (1990). Benefit of dietary simple 

carbohydrates on the early postexercise muscle glycogen repletion in male athletes. 

Medicine and Science in Sports and Exercise, 22, S88. 



 

251 
 

King, T., Jenkins, D., & Gabbett, T. (2009). A time-motion analysis of professional rugby 

league match-play. Journal of Sports Sciences, 27, 213-219. 

Kingsley, M. I., Wadsworth, D., Kilduff, L. P., McEneny, J., & Benton, D. (2005). Effects of 

phosphatidylserine on oxidative stress following intermittent running. Medicine and 

Science in Sports and Exercise, 37, 1300-1306. 

Knez, W. L., Jenkins, D. G., & Coombes, J. S. (2007). Oxidative stress in half and full Ironman 

triathletes. Medicine and Science in Sports and Exercise, 39, 283-288. 

Knight, B. L., & Iliffe, J. (1973). Effect of glucose, insulin and noradrenaline on lipolysis, 

and on the concentrations of 3’:5’ –cyclic monophosphate and adenosine 5’ –

triphosphate in adipose tissue. The Biochemical Journal, 132, 77-82. 

Komi, P. V. (2000). Stretch-shortening cycle: a powerful model to study normal and 

fatigued muscle. Journal of Biomechanics, 33, 1197-1206. 

Komulainen, J., Takala, T.E., & Vihko, V. (1995). Does increased serum creatine kinase 

activity reflect exercise-induced muscle damage in rats? International Journal of Sports 

Medicine, 16, 150-154. 

Koopman, R., Pannemans, D. L. E., Jeukendrup, A. E., Gijsen, A. P., Senden, J. M. G., Halliday, 

D., Saris, W. H. M., van Loon, L. J. C., & Wagenmakers, A. J. M. (2004). Combined 

ingestion of protein and carbohydrate improves protein balance during ultra-

endurance exercise. American Journal of Physiology – Endocrinology and Metabolism, 

287, E712-E720. 

Koopman, R., Saris, W. H. M., Wagenmakers, A. J. M., & van Loon, L. J. C. (2007). Nutritional 

interventions to promote post-exercise muscle protein synthesis. Sports Medicine, 37, 

895-906. 

Koopman, R., Wagenmakers, A. G. M., Manders, R. J. F., Zorenc, A. H. G., Senden, J. M. G., 

Gorselink, M., Keizer, H. A., & van Loon, L. J. C. (2005). Combined ingestion of protein 

and free leucine with carbohydrate increases postexercise muscle protein synthesis in 

vivo in male subjects. American Journal of Physiology Endocrinology and Metabolism, 

288, E645-E653. 

Krustrup, P., & Bangsbo, J. (2001). Physiological demands of top-class soccer refereeing in 

relation to physical capacity: effect of intense intermittent exercise training. Journal of 

Sports Sciences, 19, 881-891. 

Krustrup, P., Mohr, M., Amstrup, T., Rysgaard, T., Johansen, J., Steensberg, A., Pedersen, P. 

K., & Bangsbo, J. (2003). The yo-yo intermittent recovery test: physiological response, 

reliability and validity. Medicine and Science in Sports and Exercise, 35, 697-705.  



 

252 
 

Krustrup, P., Mohr, M., Ellingsgaard, H., & Bangsbo, J. (2005). Physical demands during an 

elite female soccer game: importance of training status. Medicine and Science in Sports 

and Exercise, 37, 1242-1248. 

Krustrup, P., Mohr, M., Steensberg, A., Bencke, J., Kjaer, M., Bangsbo, J. (2006). Muscle and 

blood metabolites during soccer a soccer game: implications for performance. 

Medicine and Science in Sports and Exercise, 38, 1165-1174. 

Kuipers, H., Saris, W. H. M., Brouns, F., Keizer, H. A., ten Bosch, C. (1989). Glycogen 

synthesis during exercise and rest with carbohydrate feedings in males and females. 

International Journal of Sports Medicine, 10, S63-S67. 

Lago, C., Casais, L., Dominguez, E., & Sampaio, J. (2010). The effects of situational variables 

on distance covered at various speeds in elite soccer. European Journal of Sport 

Science, 10, 103-109. 

Lago-Penas, C., Rey, E., Lago-Ballesteros, J., Casais, L., & Dominguez, E. (2009). Analysis of 

work-rate in soccer according to playing positions. International Journal of 

Performance Analysis in Sport, 9, 218-227. 

Lakomy, H. K. A. (1984). An ergometer for measuring the power generated during 

sprinting. Journal of Physiology, 33, 354. 

Lakomy H. K. A. (1987). The use of a non-motorised treadmill for analysing sprint 

performance. Ergonomics, 30, 627-637. 

Larsen, R. G., Ringgaard, S., & Overgaard, K. (2005). Localization and quantification of 

muscle damage by magnetic resonance imaging following step exercise in young 

women. Scandinavian Journal of Medicine and Science in Sports, 17 (1), 76-83.  

Larsson, P. (2003). Global positioning system and sport specific testing. Sports Medicine, 

33, 1093-1101. 

Lawrence Jr, J. C. (2001). mTOR-dependent control of skeletal muscle protein synthesis. 

International Journal of Sport Nutrition and Exercise Metabolism, 11, S177-S185, 

Lieber, R. L., & Friden, J. (2002). Mechanisms of muscle injury gleaned from animal 

models. American Journal of Physical Medicine & Rehabilitation, 81, S70-S79. 

Lieber, R. L., Thornell, L. E., & Friden, J. (1996). Muscle cytoskeletal disruption occurs 

within the first 15 min of cyclic eccentric contraction. Journal of Applied Physiology, 80, 

278-284. 

Leatt, P. B., & Jacobs, I. (1989). Effect of glucose polymer ingestion on glycogen depletion 

during a soccer match. Canadian Journal of Sport Sciences, 14, 112-116.  

Lee, J. K. W., Maughan, R. J., Shirreffs, S. M., & Watson, P. (2008). Effects of milk ingestion 

on prolonged exercise capacity in young, healthy men. Nutrition, 24, 340-347. 



 

253 
 

Leger, L. & Gadoury, C. (1989). Validity of the 20 m shuttle run test with 1 min stages to 

predict  ̇O2max in adults. Canadian Journal of Sport Sciences, 14, 21-26. 

Leijssen, D. P., Saris, W. H., Jeukendrup, A. E., & Wagenmakers, A. J. (1995). Oxidation of 

exogenous [13C]galactose and [13C]glucose during exercise. Journal of Applied 

Physiology, 79, 720-725. 

Leiper, J. B., Nicholas, C. W., Ali, A., Williams, C., & Maughan, R. J. (2005). The effect of 

intermittent high-intensity running on gastric emptying of fluids in man. Medicine and 

Science in Sports and Exercise, 37, 240-247. 

Levenhagen, D. K., Carr, C., Carlson, M. G., Maron, D. J., Borel, M. J., & Flakoll, P. J. (2002). 

Postexercise protein intake enhances whole-body and leg protein accretion in 

humans. Medicine and Science in Sport and Exercise, 34, 828-837. 

Levenhagen, D. K., Gresham, J. D., Carlson, M. G., Maron, D. J., Borel, M. J., & Flakoll, P. J. 

(2001). Postexercise nutrient intake timing in humans is critical to recovery of leg 

glucose and protein homeostasis. American Journal of Physiology Endocrinology and 

Metabolism, 280, E982-E993. 

Lim, J. M., & Chia, M. Y. H. (2007). Reliability of power output derived from the 

nonmotorized treadmill test. Journal of Strength and Conditioning Research, 21, 993-

996. 

Little, J. P., Chillbeck, P. D., Ciona, D., Forbes, S., Rees, H., Vandenberg, A., & Zello, G. A. 

(2010). Effect of low- and high- glycemic-index meals on metabolism and performance 

during high-intensity, intermittent exercise. International Journal of Sports Physiology 

and Performance, 20, 447-456.  

Liu, Z. & Barrett, E. (2002). Human protein metabolism: its measurement and regulation. 

American Journal of Physiology, 283, E1105-E1112. 

Lovering, R. M., & De Deyne, P. G. (2004). Contractile function, sarcolemma integrity, and 

the loss of dystrophin after skeletal muscle eccentric contraction-induced injury. 

American Journal of Physiology – Cell Physiology, 286, C230-C238. 

Luden, N. D., Saunders, M. J., & Todd, M. K. (2007). Postexercise carbohydrate-protein-

antioxidant ingestion decreases plasma creatine kinase and muscle soreness. 

International Journal of Sport Nutrition and Exercise Metabolism, 17, 109-123. 

Lyons, K. (1988). Using video in sport. Huddersfield: Springfield Books. 

MacLean, D. A., Graham, T. E., & Saltin, B. (1996). Stimulation of muscle ammonia 

production during exercise following branched-chain amino acid supplementation in 

humans. Journal of Physiology, 493, 909-922. 



 

254 
 

MacLeod, H., Bussell, C., & Sunderland, C. (2007). Time-motion analysis of elite women’s 

field hockey, with particular reference to maximum intensity movement patterns. 

International Journal of Performance Analysis in Sport, 7, 1-12. 

Macleod, H., Morris, J., Nevill, A., & Sunderland, C. (2009). The validity of a non-differential 

global positioning system for assessing player movement patterns in field hockey. 

Journal of Sports Sciences, 27, 121-128.  

Madsen, K, MacLean, D. A., Kiens, B., & Christiansen, D. (1996). Effects of glucose, glucose 

plus branched-chain amino acids, or bike performance over 100km. Journal of Applied 

Physiology, 81, 2644-2650. 

Magalhaes, J., Rebelo, A., Oliveira, E., Silva, J. R., Marques, F., &, Ascensao, A. (2009). Impact 

of Loughborough Intermittent Shuttle Test versus soccer match on physiological, 

biochemical and neuromuscular parameters. European Journal of Applied Physiology, 

108, 39-48. 

Mahe, S., Roos, N., Benamouziq, R., Davin, L., Luengo, C., Gausserges, N., Rautreau, J., Tome, 

D. (1996). Gastrojejunal kinetics and the digestion of [15N] beta-lactoglobulin and 

casein in humans: the influence of the nature and quantity of the protein. The 

American Journal of Clinical Nutrition, 63, 546-552. 

Mandarino, L. J. (1989). Regulation of skeletal muscle pyruvate dehydrogenase and 

glycogen synthase in man. Diabetes Metabolism Reviews, 5, 475-486. 

Marcora, S. M. (2008). Do we really need a central governor to explain brain regulation of 

exercise performance? European Journal of Applied Physiology, 104, 929-931. 

Marcora, S. (2009). Perception of effort during exercise is independent of afferent 

feedback from skeletal muscles, heart and lungs. Journal of Applied Physiology, 106, 

2060-2062. 

Marcora, S. M., & Bosio, A. (2007). Effect of exercise-induced muscle damage on 

endurance running performance in humans. Scandinavian Journal of medicine and 

Science in Sports, 17, 662-671. 

Margaria, R., Oliva, R. D., Di Prampero, P. E., & Cerretelli, P. (1969). Energy utilization in 

intermittent exercise of supramaximal intensity. Journal of Applied Physiology, 26, 752-

756. 

Margaritis, I., Tessier, F., Verdera, F., Bermon, S., & Marconnet, P. (1999). Muscle enzyme 

release does not predict muscle function impairment after triathlon. Journal of Sports 

Medicine and Physical Fitness, 39, 133-139. 

Markovich, G., Jukic, I., Milanovic, D., & Metikos, D. (2007). Effects of sprint and plyometric 

training on muscle function and athletic performance. Journal of Strength and 

Conditioning Research, 21, 543-549. 



 

255 
 

Marmy-Conus, N., Fabris, S., Proietto, J., & Hargreaves, M. (1996). Preexercise glucose 

ingestion and glucose kinetics during exercise. Journal of Applied Physiology, 81, 853-

857. 

Marginson, V. Rowlands, A. V., Gleeson, N. P. & Eston, R. G. (2005). A comparison of the 

symptoms of exercise-induced muscle damage following an initial and repeated bout 

of plyometric exercise in men and boys. Journal of Applied Physiology, 99, 1174-1181. 

Martinez-Lagunas, M., Ding, Z., Bernard, J. R., Wang, B., & Ivy, J. L. (2010). Added protein 

maintains efficacy of a low-carbohydrate sports drink. Journal of Strength and 

Conditioning Research, 24, 48-59. 

Massicotte, D., Peronnet, F., Brisson, G., Bakkouch, K., & Hillaire-Marcel, C. (1989). 

Oxidation of a glucose polymer during exercise: comparison with glucose and fructose. 

Journal of Applied Physiology, 66, 179-183. 

Massicotte, D., Peronnet, F., Brisson, G., Bakkouch, K., & Hillaire-Marcel, C. (1994). Effect of 

metabolic rate on the oxidation of ingested glucose and fructose during exercise. 

International Journal of Sports Medicine, 15, 177-180. 

Matsuura, N., Cheng, J. S., & Kalant, N. (1975). Insulin control of hepatic glucose 

production. Canadian Journal of Biochemistry, 53, 28-36. 

Matthew, D., & Delaxtrat, A. (2009). Heart rate, blood lactate concentration, and time-

motion analysis of female basketball players during competition. Journal of Sports 

Sciences, 27, 813-821. 

Maughan, R. J. (1985). Thermoregulation and fluid balance in marathon running at low 

ambient temperature. International Journal of Sports Medicine, 6, 15-19. 

Maughan, R. J., Bether, L. R. & Leiper, J. B. (1996). Effects of ingested fluids on exercise 

capacity and on cardiovascular and metabolic responses to prolonged exercise in man. 

Experimental Physiology, 81, 847- 859. 

Maughan, R. J., Fenn, C. E., & Leiper, J. B. (1989). Effects of fluid, electrolyte and substrate 

ingestion on endurance capacity. European Journal of Applied Physiology, 58, 481-486.  

Maughan, R. J., Shirreffs, S. M., Merson, S. J., & Horsell, C. A. (2005). Fluid and electrolyte 

balance in elite male football (soccer) players training in a cool environment. Journal 

of Sports Sciences, 23, 73-79. 

McCartney, N., Spriet, L. L., Heigenhauser, G . J. F., Kowalchuk, J. M., Sutton, J. R., & jones, N. 

L. (1986). Muscle power and metabolism in maximal intermittent exercise. Journal of 

Applied Physiology, 60, 1164-1169. 



 

256 
 

McHugh, M. P., Conolly, D. A., Eston, R., & Gleim, G. M. (1999). Exercise-induced muscle 

damage and the potential mechanisms for the repeated bout effect. Sports Medicine, 

27, 157-170. 

McInnes, S. E., Carlson, J. S., Jones, C. J., & Mckenna, M. J. (1995). The physiological load 

imposed on basketball players during competition. Journal of Sports Sciences, 13, 387-

397. 

McLellan, C. P., Lovell, D. I., & Gass, G. C. (2010). Creatine kinase and endocrine responses 

of elite players pre, during and post rugby league match play. Journal of Strength and 

Conditioning Research, 24, 2908-2919. 

McLellan, C. P., Lovell, D. I., & Gass, G. C. (2011). Markers of postmatch fatigue in 

professional rugby league players. Journal of Strength and Conditioning Research, 25, 

1030-1039. 

Meeusen, R., Watson, P., Haesgawa, H., Roelands, B., & Piacentini, M. F. (2006). Central 

fatigue: the serotonin hypothesis and beyond. Sports Medicine, 36, 881-909. 

Meir, R., Arthur, D., Forrest, M. (1993). Time and motion analysis of professional rugby 

league: a case study. Journal of Strength and Conditioning Research, 1, 24-29.  

Meir, R., Colla, P., & Milligan, C. (2001a). Impact of the 10-meter rule change on 

professional rugby league: implications for training. Journal of Strength and 

Conditioning Research, 23, 42-46.  

Meir, R., Newton, R., Curtis, E., Fardell, M., & Butler, B. (2001b). Physical fitness qualities of 

professional rugby league players: Determination of positional differences. Journal of 

Strength and Conditioning Research, 15, 450-458. 

McGregor, S. J., Nicholas, C. W., Lakomy, H. K. A. & Williams, C. (1999). The influence of 

intermittent high-intensity shuttle running and fluid ingestion on the performance of a 

soccer skill. Journal of Sports Sciences, 17, 895-903. 

McHugh, M. P., Connolly, D. A. J., Eston, R. G., & Gleim, G. W. (1999). Exercise-induced 

muscle damage and potential mechanisms for the repeated bout effect. Sports 

Medicine, 27, 157-170. 

Michaut, A., Pousson, M., Babault, N., Van Hoecke, J. (2002). Is eccentric exercise-induced 

torque decrease contraction type dependent. Medicine and Science in Sports and 

Exercise, 34 (6), 1003-1008. 

Miles, M. P., Pearson, S. D., Andring, J. M., Kidd, J. R., & Volpe, S. L. (2007). Effect of 

carbohydrate intake during recovery from eccentric exercise on interleukin-6 and 

muscle-damage markers. International Journal of Sport Nutrition and Exercise 

Metabolism, 17, 507-520. 



 

257 
 

Millard-Stafford, M., Warren, G. L., Moore Thomas, L., Doyle, A., Snow, T., & Hitchcock, K. 

(2005). Recovery from run training: efficacy of a carbohydrate-protein beverage? 

International Journal of Sport Nutrition and Exercise Metabolism, 15, 610-624. 

Miller, S. L., Maresh, C. M., Armstrong, L. E., Ebbeling, C. B., Lennon, S., & Rodriguez, N. R. 

(2002). Metabolic response to provision of mixed protein-carbohydrate 

supplementation during endurance exercise. International Journal of Sport Nutrition 

and Exercise Metabolism, 12, 384-397. 

Miller, S. L., Tipton, K. D., Chinkes, D. L., Wolf, S. E., & Wofe, R. E. (2003). Independent and 

combined effects of amino acids and glucose after resistance exercise, Medicine and 

Science in Sports and Exercise, 35, 449-455. 

Mitchell, J. B., Costill, D. L., Houmard, J. A., Flynn, M. G., Fink, W. J., & Beltz, J. D. (1988). 

Effects of carbohydrate ingestion on gastric emptying and exercise performance. 

Medicine and Science in Sports and Exercise, 20, 110-115.  

Mitchell, J. B., Grandjean, P. W., Pizza, F. X., Starling, R. D., & Holtz, R. W. (1994). The effect 

of volume ingested on rehydration and gastric emptying following exercise-induced 

dehydration. Medicine and Science in Sports and Exercise, 26, 1135-1143. 

Mohr, M., Krustrup, P., & Bangsbo, J. (2003). Match performance of high-standard soccer 

players with special reference to development of fatigue. Journal of Sports Sciences, 21, 

519-528. 

Mohr, M,, Krustrup, P., & Bangsbo, j. (2005). Fatigue in soccer: a brief review. Journal of 

Sports Sciences, 23, 593-599. 

Mohr, M., Krustrup, P., Nybo, L., Nielsen, J. J., & Bangsbo, J. (2004). Muscle temperature 

and sprint performance during soccer matches – beneficial effect of re-warm-up at 

half time. Scandinavian Journal of Medicine and Science in Sports, 14, 156-162. 

Moir, G., Sanders, R., Button, C., & Glaister, M. (2007). The effect of periodized resistance 

training on accelerative sprint performance. Sports Biomechanics, 6, 285-300. 

Montain, S. J., & Coyle, E. F. (1992). Influence of graded dehydration on hyperthermia and 

cardiovascular drift during graded exercise. Journal of Applied Physiology, 73, 1340-

1350.  

Montgomery, P., G., Pyne, D. B., Cox, A. J., Hopkins, W. G., Minahan, C. L., & Hunt, P. H. 

(2008). Muscle damage, inflammation, and recovery interventions during a 3-day 

basketball tournament. European Journal of Sport Science, 8, 241-250. 

Moodley, D., Noakes, T. D., Bosch, A. N., Hawley, J. A., Schall, R. & Dennis, S. C. (1992). 

Oxidation of exogenous carbohydrate during prolonged exercise: the effects of the 

carbohydrate type and its concentration. European Journal of Applied Physiology, 64, 

328-334.  



 

258 
 

Morris, J. G., Nevill, M. E., Thompson, D., Collie, J., & Williams, C. (2003). The influence of a 

6.5% carbohydrate-electrolyte solution on performance of prolonged intermittent 

high-intensity running at 30˚C. Journal of Sports Sciences, 21, 371-381. 

Mujika, I. S., Padilla, S., Ibanez, J., Izquierdo, M., & Gorostiaga, E. (2000). Creatine 

supplementation and sprint performance in soccer players. Medicine and Science in 

Sports and Exercise, 32, 518-525. 

Murray, R. Eddy, D. E., Bartoli, W. P., & Paul, G. L. (1994). Gastric emptying of water and 

isocaloric carbohydrate solutions consumed at rest. Medicine and Science in Sports and 

Exercise, 26, 725-732. 

Murray, R., Eddy, D. E., Murray, T. W., Seifert, J. G., Gregory, P., & Halaby, G. A. (1987). The 

effect of fluid and carbohydrate feedings during intermittent cycling exercise. Medicine 

and Science in Sports and Exercise, 19, 597-604. 

Murray, R., Seifert, J. G., Eddy, D. E., Paul, G. L., & Halaby, G. A. (1989). Carbohydrate 

feeding and exercise: effect of beverage carbohydrate content. European Journal of 

Applied Physiology and Occupational Physiology, 59, 152-158. 

Mustafa, K. Y., & Mahmoud, N. (1979). Evaporative water loss in African soccer players. 

Journal of Sports Medicine and Physical Fitness, 19, 181-183. 

Myer, G., Ford, K. R., Brent, J. L., Divine, J. G., & Hewett, T. E. (2007). Predictors of sprint 

start speed: the effects of resistive ground-based vs. inclined treadmill training. 

Journal of Strength and Conditioning Research, 21, 831-836. 

Neufer, P. D., Costill, D. L., Flynn, M. G., Kirwan, J., Mitchell, J., & Houmard, J. (1987). 

Improvements in exercise performance: Effects of carbohydrate feedings and diet. 

Journal of Applied Physiology, 62, 983-988. 

Newsholme, E. A., Acworth, I. N. & Blomstrand, E. (1987). Amino acids, brain 

neurotransmitters and a functional link between muscle and brain that is important in 

sustained exercise. In G. Benzi (Ed.), Advances in myochemistry. (pp. 127–138). 

London: John Libby Eurotext. 

Nicholas, C. W., Green, P. A., Hawkins, R. D., & Williams, C. (1997). Carbohydrate intake 

and recovery of intermittent running capacity. International Journal of Sport Nutrition, 

7, 251-260. 

Nicholas, C. W., Nutall, F. E., & Williams, C. (2000). The Loughborough Intermittent Shuttle 

Test: A field test that simulates the activity pattern of soccer.  Journal of Sports 

Sciences, 18, 97-104. 

Nicholas, C. W., Tsintzas, K., Boobis, L., & Williams, C. (1999). Carbohydrate-electrolyte 

ingestion during intermittent high-intensity running. Medicine and Science in Sports 

and Exercise, 31, 1280-1286. 



 

259 
 

Nicholas, C. W., Williams, C., Lakomy, H. K. A., Phillips, G., & Nowitz, A. (1995). Influence of 

ingesting a carbohydrate-electrolyte solution on endurance capacity during 

intermittent, high-intensity shuttle running. Journal of Sports Sciences, 13, 283-290. 

Nielsen, B., Sjogaard, G., Ugelvig, J., Knudsen, B., Dohlmann, B. (1986). Fluid balance in 

exercise dehydration and rehydration with different glucose-electrolyte drinks. 

European Journal of Applied Physiology, 55, 318–325. 

Noakes, T. D., Rehrer, N. J., Maughan, R. J. (1991). The importance of volume in regulating 

gastric emptying. Medicine and Science in Sports and Exercise, 23, 307-313. 

Noakes, T. D., Snow, R. J., & Febbraio, M. A. (2004a). Linear relationship between the 

perception of effort and the duration of constant load exercise that remains. Journal of 

Applied Physiology, 96, 1571-1573. 

Noakes, T. D., St Clair Gibson, A., & Lambert, E. V. (2004b). From catastrophe to 

complexity: a novel model of integrative central neural regulation of effort and fatigue 

during exercise in humans: summary and conclusions. British Journal of Sports 

Medicine, 39, 120-124. 

Nosaka, K., Newton, M., & Sacco, P. (2002). Muscle damage and soreness after endurance 

exercise of the elbow flexors. Medicine and Science in Sports and Exercise, 34, 920-927. 

Nuttall, F. Q., Mooradian, A. D., Gannon, M. C., Billington, C., Krezowski, P. (1984). Effect of 

protein ingestion on the glucose and insulin response to a standardized oral glucose 

load. Diabetes Care, 7, 465–470. 

Nybo, L. (2003). CNS fatigue and prolonged exercise: effect of glucose supplementation. 

Medicine and Science in Sports and Exercise, 35, 589-594. 

Osgnach, C., Poser, S., Bernardini, R., Rinaldo, R., Enrico, P. & Prampero, E. (2010). Energy 

cost and metabolic power in elite soccer: a new match analysis approach. Medicine and 

Science in Sports and Exercise, 42, 170-178. 

Osterberg, K. L., Zachwieja, J. J., & Smith, J. W. (2008). Carbohydrate and carbohydrate + 

protein for cycling time-trial performance. Journal of Sports Sciences, 26, 227-233. 

Otago, L. (1983). A game analysis of the activity of netball players. Sports Coach, 7, 24-28. 

Palazzetti, S., Richard, M. J., Favier, A., & Margaritis, I. (2003). Overloaded training 

increases exercise-induced oxidative stress and damage. Canadian Journal of Applied 

Physiology, 28, 588-604. 

Pardridge, W. M. (1979). Tryptophan transport through the blood-brain barrier: in vivo 

measurement of free and albumin-bound amino acid. Life Sciences, 25, 1519-1528. 



 

260 
 

Patterson,  S. D., & Gray, S. C. (2007). Carbohydrate-gel supplementation and endurance 

performance during high-intensity shuttle running. International Journal of Sports 

Nutrition and Exercise Metabolism, 17, 445-455.  

Paul, G. L., Delany, J. P., Snook, J. T., Seifert, J. G., & Kirby, T. E. (1989). Serum and urinary 

markers of skeletal muscle tissue damage after weight lifting exercise. European 

Journal of Applied Physiology, 58, 786-790. 

Petersen, C., Pyne, D., Portus, M., & Dawson, B. (2009). Validity and reliability of GPS units 

to monitor cricket-specific movement patterns. International Journal of Sports 

Physiology and Performance, 4, 381-393. 

Philips, S. M., Sproule, J., & Turner, A. P. (2011). Carbohydrate ingestion during team 

games exercise: current knowledge and areas for future investigation. Sports Medicine, 

41, 559-585. 

Pinchan, G., Gaittam, R. K., Tomar, O. S., & Babaj, A. C. (1988). Effects of primary 

hypohydration on physical work capacity. International Journal of Biometerology, 32, 

176-180. 

Pirnay, F., Crielaard, J. M., Pallikarakis, N., Lacroix, M., Mosora, F., Krzentowski, G., Luyckx, 

A. S., & Lefebvre P. J. (1982). Fate of exogenous glucose during exercise of different 

intensities in humans. Journal of Applied Physiology, 53, 1620-1624. 

Pirnay, F., Lacroix, M., Mosora, F., Luyckx, A., & Lefebvre P. (1977b). Effect of glucose 

ingestion on energy substrate utilization during prolonged muscular exercise. 

European Journal of Applied Physiology and Occupational Therapy, 36, 247-254.  

Pirnay, F., Lacroix, M., Mosora, F., Luyckx, A., & Lefebvre P. (1977b). Glucose oxidation 

during prolonged exercise evaluated with naturally labelled [13C]glucose. Journal of 

Applied Physiology, 43, 258-261. 

Pimay, F., Scheen, A. J., Gautier, J. F., Lacroix, M., Mosora, F., Lefèbvre, P. J. (1995). 

Exogenous glucose oxidation during exercise in relation to the power output. 

International Journal of Sports Medicine, 16, 456-460. 

Pitsiladis, Y. P., & Maughan, R. J. (1999). The effects of exercise and diet manipulation on 

the capacity to perform prolonged exercise in the heat and in the cold in trained 

humans. Journal of Physiology, 517, 919-930. 

Pizza, F. X., Flynn, M. G., Duscha, B. D., Holden, J., & Kubitz, E. R. (1995). A carbohydrate 

loading regimen improves high intensity, short duration exercise performance. 

International Journal of Sport Nutrition, 5, 110-116. 

Portas, M. D., Harley, J. A., Barnes, C. A., & Rush, C. J. (2010). The validity and reliability of 

1-Hz and 5-Hz global positioning systems for linear, multidirectional, and soccer- 



 

261 
 

specific activities. International Journal of Sports Physiology and Performance, 5, 448-

458. 

Pritchett, K., Bishop, P., Pritchett, R., Green, M., & Katica, C. (2009). Acute effects of 

chocolate milk and a commercial recovery beverage on postexercise recovery indices 

and endurance cycling performance. Applied Physiology Nutrition and Metabolism, 34, 

1017-1022. 

Proske, U, Gregory, J. E., Morgan, D. L., Percival, P., Weerakkody, N. S., & Canny, B. J. 

(2004). Force matching errors following eccentric exercise. Human Movement Science, 

23, 365-378. 

Proske, U., & Morgan, D. L. (2001). Muscle damage from eccentric exercise: mechanism, 

mechanical signs, adaptation and clinical applications. Journal of Physiology, 337, 333-

345. 

Pyne, D. B. (1994). Exercise-induced muscle damage and inflammation: a review. 

Australian Journal of Science and Medicine in Sport, 26, 49-58. 

Rahnama, N., Reilly, T., Lees, A., & Graham-Smith, P. (2003). Muscle fatigue induced by 

exercise simulating the work rate of competitive soccer. Journal of Sports Sciences, 21, 

933-942. 

Rampinini, E., Bosio, A., Ferraresi, I., Petruolo, A., Morelli, A., & Sassi, A. (2011). Match-

related fatigue in soccer players. Medicine and Science in Sports and Exercise, 43, 2161-

2170. 

Rampinini, E., Coutts, A. J., Castagna, C., Sassi, R., & Impellizzeri, F. M. (2007). Variation in 

top level soccer match performance. International Journal of Sports Medicine, 28, 1018-

1024. 

Ramsbottom, R., Brewer, J., & Williams, C. (1988). A progressive shuttle run test to 

estimate oxygen uptake. British Journal of Sports Medicine, 15, 51-56. 

Randers, M. B., Jensen, J. M., & Krustrup, P. (2007). Comparison of activity profile during 

matches in Danish and Swedish premier league and matches in Nordic royal league 

tournament. Journal of Sports Science and Medicine, 6, 16.  

Randers, M. B., Mujika, I., Hewitt, A., Santisteban, J., Bischoff, R.., Solano, R., Zubillaga, A., 

Peltola, E., Krustrup, P., & Mohr, M. (2010). Application of four different football match 

analysis systems: a comparative study. Journal of Sports Sciences, 28, 171-182. 

Rauch, L. H., Rodger, I., Wilson, G. R., Belonje, J. D., Dennis, S. C., Noakes, T. D., & Hawley, J. 

A. (1995). The effects of carbohydrate loading on muscle glycogen content and cycling 

performance. International Journal of Sport Nutrition, 5, 25-36. 



 

262 
 

Rehrer, N. J., & Burke, L. M. (1996). Sweat losses during various sports. Australian Journal 

of Nutrition and Dietetics, 53, 513-516. 

Rehrer, N. J., Wagenmakers, A. J. M., Beckers, E. J., Halliday, D., Leiper, J. B.,, Brouns, F., 

Maughan, R. J., Westerterp, K., & Saris, W. H. M. (1992). Gastric emptying, absorption, 

and carbohydrate oxidation during prolonged exercise. Journal of Applied Physiology, 

72, 468-475. 

Reilly, T. (1997). Energetics of high-intensity exercise (soccer) with particular reference 

to fatigue. Journal of Sports Sciences, 15, 257-263. 

Reilly, T., Bangsbo, J., & Franks, A., (2000). Anthropometric and physiological 

predispositions for elite soccer. Journal of Sports Sciences, 18, 669-683. 

Reilly, T. & Ekblom, B. (2005). The use of recovery methods post-exercise. Journal of 

Sports Sciences, 23, 619-627. 

Reilly, T. & Thomas, V. (1976). A motion analysis of work-rate in different positional roles 

in professional football match-play. Journal of Human Movement Studies, 2, 87-97. 

Reilly, T., & Thomas, V. (1979). Estimated daily energy expenditures of professional 

association footballers. Ergonomics, 22, 541-548. 

Rico-Sanz, J., Hajnal, J. V., Thomas, E. L., Mierisova, S., Ala-Korpela, M., & Bell, J. D. (1998). 

Intracellular and extracellular skeletal muscle triglyceride metabolism during 

alternating intensity exercise in humans. Journal of Physiology, 510, 615-622. 

Riddell, M. C., Partington, S. I., Stupka, N., Armstrong, D., Rennie, C., & Tarnopolsky, M. A. 

(2003). Substrate utilization during exercise performed with and without glucose 

ingestion in male and female endurance trained athletes. International Journal of 

Sports Nutrition and Exercise Metabolism, 13, 407-421. 

Roberts, S. P., Stokes, K. A., Trewartha, G., Doyle, J., Hogben, P., & Thompson, D. (2010a). 

Effects of carbohydrate and caffeine ingestion on performance during a rugby union 

simulation protocol. Journal of Sports Sciences, 28, 833-842. 

Roberts, S. P., Stokes, K. A., Watson, L., & Trewartha, G. (2010b). The bath university rugby 

shuttle test: a pilot study. International Journal of Sports Physiology and Performance, 

5, 64-74. 

Roberts, S. P., Trewartha, G., Higgit, R. J., El-Abd, J., & Stokes, K. A. (2008). The physical 

demands of elite English rugby union. Journal of Sports Sciences, 26, 825-833. 

Rodriguex-Alonso, M., Fernandez-Garcia, B., Perez-Landulace, J., & Terrados, N. (2003). 

Blood lactate and heart rate during national and international women’s basketball. 

The Journal of Sports Medicine and Physical Fitness, 43, 432-436.  



 

263 
 

Rollo, I., Cole, M., Miller, R., & Williams, C. (2010). Influence of mouth rinsing a 

carbohydrate solution on 1-h running performance. Medicine and Science in Sports and 

Exercise, 42, 798-804. 

Rollo, I., & Williams, C. (2009). Influence of ingesting a carbohydrate-electrolyte solution 

before and during a 1-hr running performance test. International Journal of Sport 

Nutrition and Exercise Metabolism, 19, 645-658. 

Rollo, I., & Williams, C. (2011). Effect of mouth-rinsing carbohydrate solutions on 

endurance performance. Sports Medicine, 41, 449-461. 

Rollo, I., Williams, C., Gant, N. & Nute, M. (2008). The influence of a carbohydrate mouth 

rinse on self-selected speeds during a 30-min treadmill run. International Journal of 

Sports Nutrition and Exercise Metabolism, 18, 585-600. 

Romano-Ely, B. C., Todd, M. K., Saunders, M. J., & St Laurent, T. (2006). Effect of an 

isocaloric carbohydrate-protein antioxidant drink on cycling performance. Medicine 

and Science in Sports and Exercise, 38, 1608-1616. 

Romijn, J. A., Coyle, E. F., Sidossis, S., Gastaldelli, A., Horowitz, J. F., Endert, E., & Wolfe, R. R. 

(1993). Regulation of endogenous fat and carbohydrate metabolism in relation to 

exercise intensity and duration. American Journal of Physiology, 26, E380-E391.  

Rowlands, D. S., Rossler, K., Thorp, R. M., Graham, D. F., Timmons, B. W., Stannard, S. R., & 

Tarnopolsky, M. A. (2007). Effect of protein rich feeding on recovery after intense 

exercise. International Journal of Sports Nutrition and Exercise Metabolism, 17, 521-

543. 

Rowsell, G. J., Coutts, A. J., Reaburn, P., & Hill-Haas, S. (2009). Effects of cold-water 

immersion on physical performance between successive matches in high-performance 

junior male soccer players. Journal of Sports Sciences, 27, 565-573. 

Roy, B. D., Fowles, J. R., Hill, R., & Tarnapolsky, M.A. (2000). Macronutrient intake and 

whole body protein metabolism following resistance exercise. Medicine and Science in 

Sports and Exercise, 32, 1412-1418. 

Rusch, N. J., Shepherd, J. T., Webb, R. C., & Vanhoutte, P. M. (1981). Different behavior of 

resistance vessels of the human calf and forearm during contralateral isometric 

exercise, mental stress, and abnormal respiratory movements. Circulation Research, 

48, 118-130.  

Saltin, B. (1973). Metabolic fundamentals in exercise. Medicine and Science in Sports and 

Exercise, 5, 137-146. 

Saltin, B., & Hermansen, L. (1966). Esophageal, rectal and muscle temperature during 

exercise. Journal of Applied Physiology, 21, 1757-1762. 



 

264 
 

Saunders, M. J. (2007). Coingestion of carbohydrate-protein during endurance exercise: 

influence on performance and recovery. International Journal of Sport Nutrition and 

Exercise Metabolism, 17, S87-S103. 

Saunders, M. J., Kane, M. D., & Todd, M. K. (2004). Effects of a carbohydrate-protein 

beverage on cycling endurance and muscle damage. Medicine and Science in Sports and 

Exercise, 36, 1233-1238. 

Saunders, M. J., Luden, N. D., & Herrick, J. E. (2007). Consumption of an oral carbohydrate-

protein gel improves cycling endurance and prevents postexercise muscle damage. 

Journal of Strength and Conditioning Research, 21, 678-684. 

Saunders, M. J., Moore, R. W., Kies, A. K., Luden, N. D., & Pratt, C. A. (2009). Carbohydrate 

and protein hydrolysate coingestion’s improvement of late-exercise time-trial 

performance. International Journal of Sport Nutrition and Exercise Metabolism, 19, 136-

149. 

Sayers, S. P., & Clarkson, P. M. (2001). Force recovery after eccentric exercise in males and 

females. European Journal of Applied Physiology, 84, 122-126. 

Sawka, M. N., & Montain, S. J. (2000). Fluid and electrolyte supplementation for exercise 

heat stress. American Journal of Clinical Nutrition, 72, S564-S572. 

Schabort, E. J., Bosch, A. N., Weltan, S. M. & Noakes, T. D. (1999). The effect of a preexercise 

meal on time to fatigue during prolonged cycling exercise. Medicine and Science in 

Sports and Exercise, 31, 464-471. 

Scott, D., & Drust, B. (2007). Work-rate analysis of elite female soccer players during 

match-play. Journal of Sports Science and Medicine, 10, 107-108. 

Seifert, J. G., Kipp, R. W., Amann, M., & Gazal, O. (2005). Muscle damage, fluid ingestion, 

and energy supplementation during recreational alpine skiing. International Journal of 

Sport Nutrition and Exercise Metabolism, 15, 528-536. 

Sherman, W. M., Armstrong, L. E., Murray, T. M., Hagerman, F. C., Costill, D. L., Staron, R. C., 

& Ivy, J. L. (1984). Effect of a 42.2-km footrace and subsequent rest or exercise on 

muscular strength and work capacity. Journal of Applied Physiology, 57, 1668-1673. 

Sherman, W. M., Brodowicz, G., Wright, D. A., Allen, W. K., Simonsen, J., & Dernbach, A. 

(1989). Effects of 4 h preexercise carbohydrate feedings on cycling performance. 

Medicine and Science in Sports and Exercise, 21, 598-604. 

Sherman, W. M., Costill, D. L., Fink, W. J., Hagerman, F. C., Armstrong, L. E., & Murray, T. F. 

(1983). Effect of a 42.2-km footrace and subsequent rest or exercise on muscle 

glycogen and enzymes. Journal of Applied Physiology, 55, 1219-1224. 



 

265 
 

Sherman, W. M., Costill, D. L., Fink, W. J., & Miller, J. M. (1981). Effect of exercise-diet 

manipulation on muscle glycogen and its subsequent utilization during performance. 

International Journal of Sports Medicine, 2, 114-118. 

Sherman, W. M., Peden, M. C., & Wright, D. A. (1991). Carbohydrate feedings 1 h before 

exercise improve cycling performance. American Journal of Clinical Nutrition, 54, 866-

870.  

Shi, X., Summers, R. W., Schedl, H. P., Flanagan, S. W., Chang, R., Gisolfi, C. V. (1995). Effects 

of carbohydrate type and concentration and solution osmolality on water absorption. 

Medicine and Science in Sports and Exercise, 27, 1607-1615. 

Shirreffs, S. M., Aragon-Vargas, L. F., Chamorro, M., Maughan, R. J., Serratosa, L., & 

Zachwieja, J. J. (2005). The sweating response of elite professional soccer players to 

training in the heat. International Journal of Sports Medicine, 26, 90-95. 

Shirreffs, S. M., & Maughan, R. J. (2000). Rehydration and recovery of fluid balance after 

exercise. Exercise and Sports Science Reviews, 28, 27-32. 

Shirreffs, S. M., Taylor, A. J., Leiper, J. B., & Maughan, R. J. (1996). Post-exercise rehydration 

in man: effects of volume consumed and drink sodium content. Medicine and Science in 

Sports and Exercise, 28, 1260-1271. 

Shirreffs, S. M., Watson, P., & Maughan, R. J. (2007). Milk as an effective post-exercise 

rehydration drink. British Journal of Nutrition, 98, 173-180. 

Silk, D. B. A., Grimble, G. K., & Rees, R. G. (1985). Protein digestion and amino acid and 

peptide absorption. Proceedings of the Nutrition Society, 44, 63-72. 

Sirotic, A. C., & Coutts, A. J. (2007). Physiological and performance test correlates of 

prolonged, high intensity running performance in moderately trained women team 

sport athletes. Journal of Strength and Conditioning Research, 21, 138-144. 

Sirotic, A. C., & Coutts, A. J. (2008). The reliability of physiological and performance 

measures during simulated team-sport running on a non-motorised treadmill. Journal 

of Science and Medicine in Sport, 11, 500-509. 

Sirotic, A. C., Coutts, A. J., Knowles, H., & Catterick, C. (2009). A comparison of match 

demands between elite and semi-elite rugby league competition. Journal of Sports 

Sciences, 27, 203-211.  

Skillen, R. A., Testa, M., Applegate, E. A., Heiden, E. A., Fascetti, A. J., & Casazza, G.A. (2008). 

Effect of an amino acid-carbohydrate drink on exercise performance after consecutive-

day exercise bouts. International Journal of Sport Nutrition and Exercise Metabolism, 

18, 473–479. 



 

266 
 

Smart, D. J., Gill, N. D., Beaven, C. M., Cook, C. J., & Blazevich, A. J. (2007). The relationship 

between changes in interstitial creatine kinase and game-related impacts in rugby 

union. British Journal of Sports Medicine, 42, 198-201. 

Sole, C. C., & Noakes, T. D. (1989). Faster gastric emptying for glucose-polymer and 

fructose solutions than for glucose in humans. European Journal of Applied Physiology 

and Occupational Physiology, 58, 605-612. 

Sparks, M. J., Selig, S. E., & Febbraio, M. A. (1998). Pre-exercise carbohydrate ingestion: 

effect of glycemic index on endurance exercise performance. Medicine and Science in 

Sports and Exercise, 30, 844-849.  

Spencer, M., Bishop, D., Dawson, B., & Goodman, C. (2005a). Physiological and metabolic 

responses of repeated-sprint activities: Specific to field-based team sports. Sports 

Medicine, 35, 1025-1044. 

Spencer, M., Lawrence, S., Rechichi, C., Bishop, D., Dawson, B., & Goodman, C. (2004). 

Time-motion analysis of elite field hockey, with special reference to repeated-sprint 

activity. Journal of Sports Sciences, 22, 843-850.  

Spencer, M., Rechichi, C., Lawrence, S., Dawson, B., Bishop, D., & Goodman, C. (2005b). 

Time-motion analysis of elite field hockey during several games in succession: a 

tournament scenario. Journal of Science and Medicine in Sport, 8, 382-391. 

Spinks, C. D., Murphy, A. J., Spinks, W. L., & Lockie, R. G. (2007). The effects of resisted 

sprint training on acceleration performance and kinematics in soccer, rugby union, 

and Australian football players. Journal of Strength and Conditioning Research, 21, 77-

85. 

Spriet, L. (2002). Regulation of skeletal muscle fat oxidation during exercise in humans. 

Medicine and Science in Sports and Exercise, 34, 1477-1484. 

Spriet, L., Lindinger, M. I., McKelvie, R. S., Heigenhauser, G. J. F. & Jones, N. L. (1989). 

Muscle glycogenolysis and H+ concentration during maximal intermittent cycling. 

Journal of Applied Physiology, 66, 8-13. 

St Clair Gibson, A., Lambert, E. V., Rauch, L. H. G., Tucker, R., Baden, D. A., Foster, C., & 

Noakes, T. D. (2006). The role of information processing between the brain and 

peripheral physiological systems in pacing and perception of effort. Sports Medicine, 

36, 706-722. 

Stackhouse, S. K., Reisman, D. S., & Binder-Macleod, S. A. (2001). Challenging the role of pH 

in skeletal muscle fatigue. Physical Therapy, 81, 1897-1903. 

Stearns, R. L., Emmanuel, H., Volek, J. S., & Casa, D. J. (2010). Effects of ingesting protein in 

combination with carbohydrate during exercise on endurance performance: a 



 

267 
 

systematic review with meta-analysis. Journal of Strength and Conditioning Research, 

24, 2192-2202. 

Steele, J. R., & Chad, K. E. (1992). An analysis of the movement patterns of netball players 

during matchplay: Implications for designing training programs. Sports Coach, 1, 21-

28.  

Stevens, B. R., Ross, H. J., & Wright, E. M. (1982). Multiple transport pathways for neutral 

amino acids in rabbit jejunal brush border vesicles. Journal of Membrane Biology, 66, 

213-225. 

Stevenson, E. J., Astbury, N. M., Simpson, E. J., Taylor, M. A., & Macdonald, I. A. (2009). Fat 

oxidation during exercise and satiety during recovery are increased following a low 

glycemic index breakfast in sedentary women. Journal of Nutrition, 139, 890-897. 

Stevenson, E. J., Williams, C., Mash, L. E., Phillips, B., & Nute, M. L. (2006). Influence of high-

carbohydrate mixed meals with different glycemic indexes on substrate utilization 

during subsequent exercise in women. American Journal of Clinical Nutrition, 84, 354-

360. 

Stevenson, E., Williams, C., & Nute, M. (2005). The influence of the glycemic index of 

breakfast and lunch on substrate utilization during the postprandial periods and 

subsequent exercise. British Journal of Nutrition, 93, 885-893. 

Stock, M. S., Young, J. C., Golding, L. A., Kruskall, L. J., Tandy, R. D., Conway-Klaassen, J. M., & 

Beck, T. W. (2010). The effects of adding leucine to pre and postexercise carbohydrate 

beverages on acute muscle recovery and resistance training. Journal of Strength and 

Conditioning Research, 24, 2211-2219. 

Stolen, T., Chamari, K., Castagna, C., & Wisloff, U. (2005). Physiology of soccer: an update. 

Sports Medicine, 35, 501-536. 

Strudwick, A., Reilly, T., & Doran, D. (2002). Anthropometric and fitness profiles of elite 

players in two football codes. Journal of Sports Medicine and Physical Fitness, 42, 239-

242.  

Sunderland, C., Morris, J. G., & Nevill, M. (2007). A heat acclimation protocol for team 

sports. British Journal of Sports Medicine, 42, 327-333. 

Sunderland, C., & Nevill, M. (2005). High-intensity intermittent running and field hockey 

skill performance in the heat. Journal of Sports Sciences, 23, 531-540. 

Sykes, D., Twist, C., Hall, S., Nicholas, C., & Lamb, K. (2009). Semi-automated time-motion 

analysis of senior elite rugby league. International Journal of Performance Analysis in 

Sport, 9, 47-59.  



 

268 
 

Sykes, D., Twist, C., Nicholas, C., & Lamb, K. (2011). Changes in locomotive rates during 

senior elite rugby league matches. Journal of Sports Sciences, 29, 1263-1271. 

Takarada, Y. (2003). Evaluation of muscle damage after a rugby match with special 

reference to tackle plays. British Journal of Sports Medicine, 37 (5), 416-419. 

Tarnopolsky, M. (2004). Protein requirements for endurance athletes. Nutrition, 20, 662-

668. 

Tarnopolsky, M. A., Bosman, M., MacDonald, J. R., Vandeputte, D., Martin, J., & Roy, B. D. 

(1997). Postexercise protein-carbohydrate and carbohydrate supplements increase 

muscle glycogen in men and women. Journal of Applied Physiology, 83, 1877-1883. 

Tee, J. C., Bosch, A. N., & Lambert, M. L. (2007). Metabolic consequences of exercise-

induced muscle damage. Sports Medicine, 37, 827-836. 

Thompson, D., Nicholas, C., & Williams, C. (1999). Muscular soreness following prolonged 

intermittent high-intensity shuttle running. Journal of Sports Sciences, 17, 387-395. 

Thompson, D., Williams, C., McGregor, S. J., Nicholas, C. W., McArdle, F., Jaclson, M. J. & 

Powell, J. R. (2001a). Prolonged vitamin C supplementation and recovery from 

demanding exercise. International Journal of Sport Nutrition and Exercise Metabolism, 

11, 466-481. 

Thompson, D., Williams, C., Kingsley, M., Nicholas, Lakomy, H. K. A., McArdle, F., Jackson, 

M. J. (2001b). Muscle soreness and damage parameters after prolonged intermittent 

shuttle-running following acute vitamin C supplementation. International Journal of 

Sports Medicine, 22, 68-75. 

Tidball, J.G. (2005). Mechanical signal transduction in skeletal muscle growth and 

adaptation. American Journal of Physiology – Regulatory, Integrative and Comparative 

Physiology, 288, R345-R353. 

Tipton, K. D., Rasmussen, B. B., Miller, S. L., Wolf, S. E., Owens-Stovall, S. K., Petrini, B. E., & 

Wolfe, R. R. (2001). Timing of amino acid-carbohydrate ingestion alters anabolic 

response of muscle to resistance exercise. American Journal of Physiology. 

Endocrinology and Metabolism, 281, E197-E1206. 

Tong, R. J., Bell, W., Ball, G., & Winter, E. M. (2001). Reliability of power output 

measurements during repeated treadmill sprinting in rugby players. Journal of Sports 

Sciences, 19, 289-297. 

Toone, R. J., & Betts, J. A. (2010). Isocaloric carbohydrate versus carbohydrate-protein 

ingestion and cycling time trial performance. International Journal of Sport Nutrition 

and Exercise Metabolism, 20, 34-43. 



 

269 
 

Townsend, A. D., Worringham, C. J., & Stewart, I. B. Assessment of speed and position 

during human locomotion using nondifferential GPS. Medicine and Science in Sports 

and Exercise, 40, 124-132. 

Trent, J., Johnson, B., Battista, R. A., Wright, G., Dodge, C., Porcari, J. P., De Koning, J. J., & 

Foster, C. (2008). Perception of fatigue during simulated competition. Medicine and 

Science in Sports and Exercise, 40, 381-386. 

Tsintzas, K., Liu, R., Williams, C., Campbell, I., & Gatainos, G. (1993). The effect of 

carbohydrate ingestion on performance during a 30-km race. International Journal of 

Sport Nutrition, 3, 127-139. 

Tsintzas, O. K., Williams, C., Boobis, L., & Greenhaff, P. (1995). Carbohydrate ingestion and 

glycogen utilisation in different muscle fibre types in man. Journal of Physiology, 489, 

243- 250. 

Tucker, R. (2009). The anticipatory regulation of performance: the physiological basis for 

pacing strategies and the development of a perception-based model for exercise 

performance. British Journal of Sports Medicine, 43, 392-400. 

Twist, C., & Eston, R. (2005). The effects of exercise-induced muscle damage on maximal 

intensity intermittent exercise performance. European Journal of Applied Physiology, 

94, 652-658. 

Twist, C., & Eston, R. G. (2008). The effect of exercise-induced muscle damage on 

perceived exertion and cycling endurance performance. European Journal of Applied 

Physiology, 105, 559-567. 

Twist, C., & Sykes, D. (2011). Evidence of exercise-induced muscle damage following a 

simulated rugby league match. European Journal of Sports Science, 11, 401-409. 

Utter, A. C., Kang, J., Nieman, D. C., Dumke, C. L., McAnulty, S. R., Vinci, D. M., & McAnaulty, 

L. S. (2004), Carbohydrate supplementation and perceived exertion during prolonged 

running. Medicine and Science in Sports and Exercise, 36, 1036-1041. 

Valentine, R. J., Saunders, M. J., Todd, M. K, & St Laurent, T. G. (2008). Influence of 

carbohydrate-protein beverage on cycling endurance and indices of muscle 

disruption. International Journal of Sport Nutrition and Exercise Metabolism, 18, 363-

378. 

Van Essen, M., & Gibala, M. J. (2006). Failure of protein to improve time trial performance 

when added to a sports drink. Medicine and Science in Sports and Exercise, 38, 1476-

1483. 

Van der Meulen, J. H., Kuipers, H., & Drukker, J. (1991). Relationship between exercise-

induced muscle damage and enzyme release in rats. Journal of Applied Physiology, 71, 

999-1004. 



 

270 
 

Van Hall, G., Raaymakers, J. S. H., Saris, W. H. M., & Wagenmakers, A. J. M. (1995). Ingestion 

of branched-chain amino acids and tryptophan during sustained exercise in man: 

failure to affect performance. Journal of Physiology, 486, 780-794. 

Van Hall, G., Shirreffs, S. M., & Calbet, J. A. (2000). Muscle glycogen resynthesis during 

recovery from cycle exercise: no effect of additional protein ingestion. Journal of 

Applied Physiology, 88, 1631-1636. 

Van Loon, L. J. C., Saris, W. H. M., Kruijshoop, M., & Wagenmakers, A. J. M. (2000). 

Maximizing postexercise muscle glycogen synthesis: carbohydrate supplementation 

and the application of amino acid or protein hydrolysate mixtures. The American 

Journal of Clinical Nutrition, 72, 106-111. 

Van Loon, L. J. C., Saris, W. H. M., Verhagen, H., & Wagenmakers, A. J. M. (2000). Plasma 

insulin responses after ingestion of different amino acid or protein mixtures with 

carbohydrate. The American Journal of Clinical Nutrition, 72, 96-105. 

Vandenbogaerde, T. J., & Hopkins, W. G. (2011). Effects of acute carbohydrate 

supplementation on endurance performance: a meta-analysis. Sports Medicine, 41, 

773-792. 

Varnier, M., Sarto, P., Martines, D., Lora, L., Carmignoto, F., Leese, G. P., &  Naccarato, R. 

(1994) Effect of infusing branched-chain amino acid during incremental exercise with 

reduced muscle glycogen content. European Journal of Applied Physiology, 69, 26-31. 

Verbeurg, E., Murphy, R. M., Stephenson, D. G., & Lamb, G. D. (2005). Disruption of 

excitation–contraction coupling and titin by endogenous Ca2+-activated proteases in 

toad muscle fibres. The Journal of Physiology, 564, 775-790. 

Vickers, A. J. (2001). Time course of muscle soreness following different types of exercise. 

BMC Musculoskeletal Disorders, 2, 5-9. 

Wagenmakers, A. J. M. (1998). Muscle amino acid metabolism at rest and during exercise: 

role in human physiology and metabolism. Exercise and Sport Sciences Reviews, 26, 

287-314. 

Wagenmakers, A. J. M., Beckers, E. J., Brouns, F., Kuipers, H., Soeters, G. J., van der Vusse, G. 

J., & Saris, W. H. M. (1991). Carbohydrate supplementation, glycogen depletion, and 

amino acid metabolism during exercise. American Journal of Physiology, 260, E883-

E890. 

Wagenmakers, A. J. M., Brookes, J. H., Coakley, J. H., Reilly, T., & Edwards, R. H. T. (1989). 

Exercise-induced activation of branched-chain 2-oxo acid dehydrogenase in human 

muscle. European Journal of Applied Physiology, 59, 159-167. 



 

271 
 

Wagenmakers, A. J. M., Coakley, J. H., & Edwards, R. H. T. (1990). Metabolism of branched-

chain amino acids and ammonia during exercise: clues from McArdle’s disease. 

International Journal of Sports Medicine, 11, S101-S113. 

Waldron, M., Twist, C., Highton, J., Worsfold, P. & Daniels, M. (2011a). Movement and 

physiological match demands of elite rugby league using portable global positioning 

systems. Journal of Sports Sciences, 29, 1223-1230. 

Waldron, M., Worsfold, P., Twist, C., & Lamb, K. (2011b). Concurrent validity and test–

retest reliability of a global positioning system (GPS) and timing gates to assess sprint 

performance variables. Journal of Sports Sciences, 29 (15), 1613-1619.  

Walker, J. L., Heigenhauser, G. J. F., Hultman, E., & Spriet, L. L. (2000). Dietary 

carbohydrate, muscle glycogen content, and endurance performance in well-trained 

women. Journal of Applied Physiology, 88, 2151-2158.  

Warhol, M. J., Seigel, A. J., Evans, W. J., & Silverman, L. M. (1985). Skeletal muscle injury 

and repair in marathon runners after competition. American Journal of Pathology, 118, 

331-339. 

Warren, G. L., Lowe, D. A., & Armstrong, R. B. (1999). Measurement tools used in the study 

of eccentric contraction-induced muscle injury. Sports Medicine, 27, 43-59. 

Wasserman, D. H., Lacy, D. B., Goldstein, R. E., Williams, P. E., & Cherrington, A. D. (1989). 

Exercise-induced fall in insulin and increase in fat metabolism during prolonged 

muscular work. Diabetes, 38, 484-490. 

Watson, P., Love, T. D., Maughan, R. J., & Shirreffs, S. M. (2008). A comparison of the effects 

of milk and a carbohydrate-electrolyte drink on the restoration of fluid balance and 

exercise capacity in a hot, humid environment. European Journal of Applied Physiology, 

104, 633-642. 

Watson, P., Shirreffs, S. M. & Maughan, R. J. (2004) Effect of acute branched-chain amino 

acid supplementation on prolonged exercise capacity in a warm environment. 

European Journal of Applied Physiology, 93, 306–314. 

Wee, S. L., Williams, C., Tsintzas, K., & Boobis, L. (2005). Ingestion of high-glycemic index 

meal increases muscle glycogen storage at rest but augments its utilization during 

subsequent exercise. Journal of Applied Physiology, 99, 707-714. 

Welsh, R. S., Davis, J. M., Burke, J. R., & Williams, H. G. (2002). Carbohydrates and 

physical/mental performance during intermittent exercise to fatigue. Medicine and 

Science in Sports and Exercise, 34, 723-731. 

Wemple, R. D., Lamb, D. R., & McKeever, K. H. (1997). Caffeine vs caffeine free sports 

drinks: effects on urine production at rest and during prolonged exercise. 

International Journal of Sports Medicine, 18, 40-46. 



 

272 
 

Westing, S. H., Cresswell, A. G., & Thorstensson, A. (1991). Muscle activation during 

maximal voluntary eccentric and concentric knee extension. European Journal of 

Applied Physiology and Occupational Physiology, 62, 104-108. 

White, J. P., Wilson, J. M., Austin, K. G., Greer, B. K., St John, N., & Panton, L. B. (2008). Effect 

of carbohydrate-protein supplement timing on acute exercise-induced muscle 

damage. Journal of the International Society of Sports Nutrition, 5, 5-12. 

Whitley, H. A., Humphreys, S. M., Campbell, I. T., Keegan, M. E., Jayanetti, T. D., Sperry, D. A., 

MacLaren, D. P. et al. (1998). Metabolic and performance responses during endurance 

exercise after high-fat and high-carbohydrate meals. Journal of Applied Physiology, 85, 

418-424.  

Wilber, R L., & Moffat, R. J. (1992). Influence of carbohydrate ingestion on blood glucose 

and performance in runners. International Journal of Sport Nutrition, 2, 317-327. 

Wilhite, M. R., Cohen, E. R., & Wilhite, S. C. (1992). Reliability of concentric and eccentric 

measurements of quadriceps performance using the KIN-COM dynamometer: the 

effect of testing order for three different speeds. The Journal of Orthopedic and Sports 

Physical Therapy, 15, 175-182. 

Williams, C., Brewer, J., & Walker, M. (1992). The effect of a high carbohydrate diet on 

running performance during a 30-km treadmill time trial. European Journal of Applied 

Physiology, 65, 18-24. 

Williams, C., & Chyssanthopoulos, C. (1996). Pre-exercise food intake and performance. In 

A. Simopoulos & K Pavlou (Ed.), Nutrition and fitness: metabolic and behavioural 

aspects in health and disease (pp. 33-45). New York: Karger. 

Williams, C., & Serratosa, L. (2006). Nutrition on a match day. Journal of Sports Sciences, 

24, 687-697. 

Williams, J. D., Abt, G., & Kilding, A. E. (2010). Ball-sport endurance and sprint test 

(BEAST90): validity and reliability of a 90-minute soccer performance test. Journal of 

Strength and Conditioning Research, 24, 3209-3218. 

Williams, M. B., Raven, P. B., Fogt, D. L., & Ivy, J. L. (2003). Effects of recovery beverages on 

glycogen restoration and endurance exercise performance. Journal of Strength and 

Conditioning Research, 17, 12-19. 

Winnick, J. J., Davis, M., Welsh, R. S., Carmichael, M. D., Murphy, E. A., & Blackmon, J. A. 

(2005). Carbohydrate feedings during team sport exercise preserve physical and CNS 

function. Medicine and Science in Sports and Exercise, 37, 306-315. 

Withers, R. T., Maricic, Z., Wasilewski, S., & Kelly, L. (1982). Match analyses of Australian 

professional soccer players. Journal of Human Movement Studies, 8, 158-176. 



 

273 
 

Wojcik, J. R., Walberg-Rankin, J., Smith, L. L., & Gwazdauskas, F. C. (2001). Comparison of 

carbohydrate and milk-based beverages on muscle damage and glycogen following 

exercise. International Journal of Sport Nutrition and Exercise Metabolism, 11, 406-419. 

Wolever, M. S., Jenkins, D. J. A., Jenkins, A. L., & Josse, R. G. The glycemic index: 

methodology and clinical implications. The American Journal of Clinical Nutrition, 54, 

846-854. 

Wolfe, R. R. (2001). Control of muscle protein breakdown: effects of activity and 

nutritional states. International Journal of Sport Nutrition and Exercise Metabolism, 11, 

S164-S169. 

Wong, S. H., Chan, O. W., Chen, Y. J., Hu, H. L., Lam, C. W., & Chung, P. K. (2009). Effect of 

preexercise glycemic-index meal on running when CHO-electrolyte solution is 

consumed during exercise.  International Journal of Sport Nutrition and Exercise 

Metabolism, 19, 222-242. 

Wong, S. H. S., Siu, P. M., Lok, A., Chen, Y. J., Morris, J., & Lam, C. W. (2008). The glycaemic 

index of pre-exercise carbohydrate meals on performance. European Journal of Sport 

Science, 8, 23-33. 

Woolford, S., & Angrove, M. (1991). A comparison of training techniques and game 

intensities for national level netball players. Sports Coach, 15, 28-32. 

Wright, D. A., Sherman, W. M. & Dernbach, A. R. (1991). Carbohydrate feedings before, 

during, or in combination improve cycling endurance performance. Journal of Applied 

Physiology, 71, 1082-1088. 

Yaspelkis, B. B., Patterson, J. G., Anderla, P. A., Ding, A. Z., & Ivy, J. L. (1993). Carbohydrate 

supplementation spares muscle glycogen during variable-intensity exercise. Journal of 

Applied Physiology, 75, 1477-1485. 

Yquel, R. J., Arsac, L. M., Thiaudiere, E., Canioni, P., & Manier, G. (2002). Effect of creatine 

supplementation on phosphocreatine resynthesis, inorganic phosphate accumulation 

and pH during intermittent maximal exercise. Journal of Sports Sciences, 20, 427-437. 

Zachwieja, J. J., Costill, D. L., Beard, G. C., Robergs, R. A., Pascoe, D. D., & Anderson, D. E. 

(1992). The effects of a carbonated carbohydrate drink on gastric emptying, 

gastrointestinal distress and exercise performance. International Journal of Sport 

Nutrition, 3, 239-250.  

Zafeiridis, A., Saraslanidis, P., Manou, V., Ioakimidis, P., Dipla, K., & Kellis, S. (2005). The 

effects of resisted sled-pulling sprint training on acceleration and maximum speed 

performance. Journal of Sports Medicine and Physical Fitness 45, 284-290. 



 

274 
 

Zawadzki, K. M., Yaspelkis, H. I., & Ivy, J. L. (1992). Carbohydrate-protein complex 

increases the rate of muscle glycogen-storage after exercise. Journal of Applied 

Physiology, 72, 1854-1859. 

Zeederberg, C., Leach, L., Lambert, E. V., Noakes, T. D., Dennis, S. C., & Hawley, J. A. (1996). 

The effect of carbohydrate ingestion on the motor skill proficiency of soccer players. 

International Journal of Sport Nutrition, 6, 348-355.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

275 
 

Appendices 

Ethical approval letter for Chapter 3 

 

DEPARTMENT OF SPORT & EXERCISE SCIENCES 

MODULE SS5060 

Research Project Ethics Application 2007-08 

 

 

Title: Reliability and concurrent validity of non-motorised treadmill ergometry 

 

Student(s): Edd Thompson, Ben Massey, Cindi Chaplin and Mike Lee 

 

 

Supervisor(s): Mr Jamie Highton and Dr Craig Twist 

______________________________________________________________ 

 

 

On behalf of the Area Ethics Committee, I am pleased to confirm a favourable ethical opinion for the above 

research on the basis described in the application form and supporting documentation. 

 

 

 

 

 

DATE: 10/05/08    

Area Leader, Exercise Physiology 



 

276 
 

Ethical approval letter for Chapter 4 

 
Jamie Highton 
Room CFS014 
Department of Sport and Exercise Sciences 
University of Chester 
 
 
 
 
31 March 2008 
 
 
Dear Jamie 

 
Study title:  The effect of carbohydrate and protein ingestion on the recovery   

 of maximal intensity exercise performance 

FREC reference: 196/08/JH/SES 

Version number: 2 

 

Thank you for sending the above-named application to the Faculty of Applied and Health Sciences’ 

Research Ethics Committee for review. 

 

The application has been considered on behalf of the Committee by Steve Lewis as Lead Reviewer and 

reported to the Faculty’s Research Ethics Committee. 

 
On behalf of the Committee, I am pleased to confirm a favourable ethical opinion for the above research 

on the basis described in the application form and supporting documentation. 

 
This approval is given provided that you comply with the conditions set out in the attached document.  

You are advised to study the conditions carefully. 

 

The Committee would also like to suggest the following points; amendments should be provided to the 

Committee but do not need to be seen before approval is granted: 

 

 Use the phrase ‘open wounds’ in place of ‘blood wounds’; 

 Note that a written protocol for blood insulin measurement via ELISA should be provided for 
the applicant’s file. 



 

277 
 

 

The final list of documents reviewed and approved by the Committee is as follows: 

 

Document Version Date 

Application form 1 January 2008 

Participant information sheet 1 January 2008 

Participant consent form 1 January 2008 

Participant health questionnaire 2 March 2008 

Protocol for DOMS management 1 January 2008 

Risk Assessment forms x9 1 January 2008 

Recruitment poster 2 March 2008 

Schematic representation of data collection process 1 March 2008 

Response to FRECs request for additional information 1 March 2008 

 

With the Committee’s best wishes for the success of this project.  

 

Yours sincerely, 

 
 
 
 
    
Dr. Stephen Fallows 

Chair, Faculty Research Ethics Committee 

 

Enclosures Standard conditions of approval  

 

c.c. Supervisor 

FREC Representative 

 

 

 

 

 



 

278 
 

Ethical approval letter for Chapter 5 

DEPARTMENT OF SPORT & EXERCISE SCIENCES 

 

MODULE SS5060 

 

Research Project Ethics Application 2009-10 

 

 

Title: The effect of carbohydrate plus protein ingestion on exercise capacity during simulated multiple-

sprint sport activity 

 

Student(s): Adam Flannigan, Daniel Gruic, Joe Thompson, Abigail Wright, Danielle Wrigley 

 

Supervisor(s): Mr Jamie Highton and Dr Ceri Nicholas  

______________________________________________________________ 

On behalf of the Area Ethics Committee, I am pleased to confirm a favourable ethical opinion for the above 

research on the basis described in the application form and supporting documentation. 

 

 

 

 

 

Area Leader, Exercise Physiology       DATE: 04/05/10     

 

 



 

279 
 

Ethical approval letter for Chapter 6 

Jamie Highton 

c/o Department of Sport and Exercise Sciences 

University of Chester 

Chester campus 

 

20 April 2010 

 

 

Dear Jamie 

 
Study title: Effects of carbohydrate and protein on multiple-sprint sport performance 

FREC reference: 399/10/JH/SES 

Version number: 2 

 

Thank you for sending the above-named application to the Faculty of Applied and Health Sciences 

Research Ethics Committee for review. 

 

The application has been considered on behalf of the Committee by Helen Lewis as Lead Reviewer and 

reported to the Faculty Research Ethics Committee. 

 
On behalf of the Committee, I am pleased to confirm a favourable ethical opinion for the above research 

on the basis described in the application form and supporting documentation. 

 
The favourable opinion is given provided that you comply with the conditions set out in the attached 

document. You are advised to study the conditions carefully. 

 

The final list of documents reviewed and approved by the Committee is as follows: 

 

 



 

280 
 

Document Version Date 

Application Form 1 March 2010 

Reference list 1 March 2010 

Summary CV of applicant 1 March 2010 

Participant information sheet 2 April 2010 

Consent form 1 March 2010 

Risk assessment forms 1 March 2010 

Participant health questionnaire 1 March 2010 

Protocol diagram 1 March 2010 

DOMS management protocol 1 March 2010 

 

With the Committee’s best wishes for the success of this project.  

 

Yours sincerely, 

 
    
Prof. Cynthia Burek 

Chair, Faculty Research Ethics Committee 

 

Enclosures Standard conditions of approval.  

 

c.c. Supervisor 

FREC Representative 

 

 

 



 

281 
 

Participant information sheet for Chapter 3 

Participant Information Sheet 
 
Reliability and concurrent validity of non-motorised treadmill ergometry 
 

You are being invited to take part in a research study. Before you decide, it is important for you 
to understand why the research is being done and what it will involve. Please take time to read 
the following information carefully and discuss it with others if you wish. Ask us if there is 
anything that is not clear or if you would like more information. Take time to decide whether or 
not you wish to take part.  
 

Thank you for reading this. 

 

What is the purpose of the study? 

This study is being conducted as part of a PhD in Sport and Exercise Sciences which aims to 

examine the consistency with which a non-motorised treadmill can measure short distance 

sprint performance. 

 

Why have I been chosen? 

The study is seeking to investigate the above response in healthy active adults (18-30 years).  

 

Do I have to take part? 

It is up to you to decide whether or not to take part.  If you decide to take part you will be 

given this information sheet to keep and be asked to sign a consent form. If you decide to take 

part you are still free to withdraw at any time without giving a reason.   

 

What will happen to me if I take part? 

Initially you will come to the laboratory to be familiarised with running on the non-motorised 

treadmill. This session will take up to one hour. You will then be asked to sprint on the non-

motorised treadmill on two separate days (1 hour each) and outdoors (1 hour) on another 

day in a random order. Each day will involve three 30 m sprints. In total, testing will be 

completed within two weeks. 

 



 

282 
 

 

 

What are the possible disadvantages and risks of taking part? 

It is important that participants attend all laboratory and exercise sessions. We realise that 

this is a significant commitment for participants and will involve approximately four hours of 

your time over a period of approximately two weeks. 

 

What are the possible benefits of taking part? 

By taking part, you will be enabling researchers to gain a greater understanding of the use of 

a non-motorised treadmill for the assessment of sprint performance. Subsequently, it is 

hoped that this will inform the development of appropriate nutritional strategies for 

performance enhancement and recovery as part of a wider body of research. Additionally, 

participants will gain useful information about their own physiological capabilities, which 

may be useful for training purposes.  

 

What if something goes wrong? 

If you wish to complain or have any concerns about any aspect of the way you have been 

approached or treated during the course of this study, please contact Professor Sarah 

Andrew, Dean of the Faculty of Applied and Health Sciences, University of Chester, Parkgate 

Road, Chester, CH1 4BJ, 01244  513055. 

 

Will my taking part in the study be kept confidential? 

All information that is collected about you during the course of the research will be kept 

strictly confidential so that only the researcher carrying out the research project will have 

access to such information.  All data will be coded to ensure anonymity.  

 

What will happen to the results of the research study? 

Results of this project may be published but any data included will in no way be linked to any 

specific participant. You are welcome to request a copy of the results of the project should 

you wish. The data collected will be securely stored in such a way that only those mentioned 

above will be able to gain access to it.  
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Who is organising and funding the research? 

The Department of Sport and Exercise Sciences at the University of Chester. 

 

Who may I contact for further information? 

If you have any questions about the project, either now or in the future, please feel free to 

contact Jamie Highton via the Department of Sports and Exercise Sciences, Tel: 01244 

511189, j.highton@chester.ac.uk.  

 

Thank you for your interest in this research. 
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Participant information sheet for Chapter 4 

 
Participant Information 

 
The Effect of Carbohydrate and Protein Ingestion on the Recovery of Maximal Intensity 
Exercise Performance 
 

You are being invited to take part in a research study. Before you decide, it is important for you 
to understand why the research is being done and what it will involve. Please take time to read 
the following information carefully and discuss it with others if you wish. Ask us if there is 
anything that is not clear or if you would like more information. Take time to decide whether or 
not you wish to take part.  
 

Thank you for reading this. 

 

What is the purpose of the study? 

This study is being conducted as part of a PhD in Sport and Exercise Sciences which aims to 

examine any potential benefits of ingesting a carbohydrate plus protein sports beverage 

following exercise designed to simulate the demands of multi-sprint sports (e.g. soccer, 

hockey and rugby). More specifically, this study will aim to examine whether the ingestion of 

the carbohydrate plus protein beverage can enhance the recovery of maximal intensity 

exercise performance (i.e. sprinting and jumping) in the days following completion of 

intermittent high-intensity exercise and the potential mechanisms behind it. 

 

Why have I been chosen? 

The study is seeking to investigate the above response in healthy active adults (18-30 years).  

 

Do I have to take part? 

It is up to you to decide whether or not to take part.  If you decide to take part you will be 

given this information sheet to keep and be asked to sign a consent form. If you decide to take 

part you are still free to withdraw at any time without giving a reason.   
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What will happen to me if I take part? 

One week prior to testing you will be asked to attend the laboratory to familiarise yourself 

with the procedures we will be using, these are described below.  

 

Initially, we will measure your upper-leg strength using a specific piece of apparatus which 

will involve you performing maximal contractions of the thigh and hamstring muscles at 

different speeds in a seated position. Then we will measure your running speed on a non-

motorised treadmill (whereby you generate the force to move the treadmill belt) and your 

jumping ability. These measurements will provide a baseline against which we can compare 

the effect of the intervention. You will be given time to recover between each test, which in 

total should take no more than 1 hour. Next you will be asked to carry out a multi stage 

fitness test called the bleep test. This involves continuous running between two lines 20 

metres apart in time to recorded beeps until exhaustion, and will provide a measure of your 

fitness.  

 

After a weeks rest, you be asked to return to the laboratory to perform 90 min of intermittent 

shuttle running, involving periods of walking, jogging and all out sprinting. There will be 3 

min rest periods between each of the shuttles, which are performed in 15 min blocks. In the 4 

h following the completion of the intermittent shuttle run you will be provided with a drink 

to consume. In total you could expect to drink no more than 2 litres of fluid. Prior to 

commencing the shuttle running we will ask you to have a capillary (finger prick) sample of 

blood taken to measure your resting level plasma urea. Once you have completed the exercise 

test, we will ask you to have a capillary sample of blood taken, to jump for maximal height, to 

sprint on the non-motorised treadmill and we will measure the strength of your upper-leg 

muscles again. You will also be asked to provide a perceived rating of muscle soreness, 

measured by you bending at the knees and moving a pointer along a sliding scale to indicate 

discomfort.  After a day’s rest we will ask you to return to the laboratory and have these 

measurements (not including the intermittent shuttle run and blood sampling) taken again. 

Forty-eight hours after completing the exercise test, you will return to the laboratory to have 

the measurements taken for the last time.  

 

From 9 o’clock the night before the 90 min exercise test until competition of testing the next 

day, you will be asked to fast; water will be allowed. You will also be asked to abstain from 

exercise the day prior to exercise testing. On the latter 3 days of testing, we will also ask you 

to complete a food diary detailing the type and amount of food and drink ingested. This 

information will be used to examine any potential influence of your diet on muscle-damage 

response. 
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What are the possible disadvantages and risks of taking part? 

It is likely that you may experience a short bout of muscle soreness, a decreased range of 

motion, swelling and stiffness in the upper leg muscles. This will be most evident 

approximately two days following the intermittent shuttle run, after which all symptoms will 

subside and will have disappeared after one week with no lasting effect. It is unlikely, but you 

may experience some gastrointestinal upset following ingestion of the nutritional 

supplement. If this occurs, symptoms should subside 24 h after the ingestion of the 

supplement drink. 

 

It is important that participants attend all laboratory and exercise sessions. We realise that 

this is a significant commitment for participants and will involve approximately 6 hours of 

your time. 

 

What are the possible benefits of taking part? 

By taking part, you will be enabling researchers to gain a greater understanding of the effects 

nutritional supplementation on dynamic exercise performance and muscle damage following 

high intensity, intermittent exercise. Subsequently, this will inform the development of 

appropriate nutritional strategies for the management of post-exercise muscle soreness. 

Additionally, participants will gain useful information about their own physiological 

capabilities, which may be useful for training purposes. A bout of muscle-damaging exercise 

will also provide a protective effect and reduce the occurrence of symptoms following a 

repeat of similar exercise in the future.  

 

What if something goes wrong? 

If you wish to complain or have any concerns about any aspect of the way you have been 

approached or treated during the course of this study, please contact Professor Sarah 

Andrew, Dean of the Faculty of Applied and Health Sciences, University of Chester, Parkgate 

Road, Chester, CH1 4BJ, 01244  513055. 

 

If you are harmed by taking part in this project, there are no special compensation 

arrangements.  If you are harmed due to someone’s negligence (but not otherwise), then you 

may have grounds for legal action but you may have to pay for this.   
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Will my taking part in the study be kept confidential? 

All information that is collected about you during the course of the research will be kept 

strictly confidential so that only the researcher carrying out the research project will have 

access to such information.  All data will be coded to ensure anonymity.  

 

What will happen to the results of the research study? 

Results of this project may be published but any data included will in no way be linked to any 

specific participant. You are welcome to request a copy of the results of the project should 

you wish. The data collected will be securely stored in such a way that only those mentioned 

above will be able to gain access to it.  

 

Who is organising and funding the research? 

The Department of Sport and Exercise Sciences at the University of Chester. 

 

Who may I contact for further information? 

If you have any questions about the project, either now or in the future, please feel free to 

contact Jamie Highton via the Department of Sports and Exercise Sciences, Tel: 01244 

511189, j.highton@chester.ac.uk.  

 

Thank you for your interest in this research. 
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Participant information sheet for Chapter 5 

Participant Information Sheet 

 

The effect of carbohydrate plus protein ingestion on exercise capacity during 

simulated multiple-sprint sport activity. 

 

You are being invited to take part in a research study.  Before you decide to participate, it is 

important for you to understand why the research is being done and what it will involve.  

Please take time to read the following information carefully and discuss it with others if you 

wish.  Ask us if there is anything that is not clear or if you would like more information. Take 

time to decide whether or not you wish to take part.  

 

Thank you for reading this. 

 

What is the purpose of the study?  

The potential for carbohydrate to enhance endurance capacity and offset fatigue during 

multiple-sprint sport activity has already been established. The purpose of this study is to 

examine the effect of ingesting a small amount of protein added to a carbohydrate beverage 

on endurance capacity towards the end of simulated soccer match-play.  

 

Why have I been chosen? 

You have been chosen because you are a University team sports player aged 18-30 and have 

volunteered to be available for testing at the required times. 

 

Do I have to take part? 

It is up to you to decide whether or not to take part.  If you decide to take part you will be 

given this information sheet to keep and be asked to sign a consent form.  If you decide to 

take part you are still free to withdraw at any time and without giving a reason.  A decision to 

withdraw at any time, or a decision not to take part, will not affect your rights in any way. 
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What will happen to me if I take part? 

If you decide to take part, initial measurements will include the assessment of estimated VO2 

max from the multi-stage fitness test (Bleep test to exhaustion) and familiarisation with the 

Loughborough Intermittent shuttle test (LIST). You will return to the laboratory between 48 

and 72 hours later for baseline measurements of plasma glucose and urea and serum insulin 

taken via a venous blood sample following an overnight fast. The first trial of the LIST will 

then be completed including the ingestion of one of the three beverages and subsequent 

measurements of plasma glucose, urea and serum insulin. Both one and two weeks later 

participants will complete the LIST consuming each of the different beverages (carbohydrate 

plus protein, carbohydrate only matched for energy content and carbohydrate only matched 

for carbohydrate content), You will be asked to maintain a food diary in the 48 hours before 

the initial completion of the LIST, and then will be asked to replicate this before all other 

trials. You will also be asked to refrain from strenuous physical exercise in the 24 hours 

before each main trial. The LIST involves a standardized 15 minute warm-up, followed by a 

series of 15 minute exercise blocks interspersed with three minute rest periods. The 

approximate commitment time from you is two hours per session, per week for three weeks 

taking place on the same day and time of each week.  This will also involve 2 hours during the 

first week for familiarisation and preliminary testing before the trials begin. 

 

What are the possible disadvantages and risks of taking part? 

You will be asked to exercise until exhaustion and may experience fatigue which may result 

in muscle soreness. Venous blood sampling will also need to be carried out immediately pre-

and-post-LIST during each trial. If you do not wish to participate in venous blood sampling 

you can choose not to do so. There is also a possible risk of gastrointestinal discomfort as a 

result of the beverage ingestion which should subside within a few hours. 

 

What are the possible benefits of taking part? 

Participants will receive information about their own fitness capabilities. If results reveal that 

the addition of protein to a carbohydrate sports drink improves exercise capacity then 

results can be used in applied settings with elite and non-elite athletes.  

 

What if something goes wrong? 

If you wish to complain or have any concerns about any aspect of the way you have been 

approached or treated during the course of this study, please contact Professor Ken Green, 

Head of Department, Department of Sport and Exercise Sciences, University of Chester, 

Parkgate Road, Chester, CH1 4BJ, 01244 513426. 
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If you are harmed by taking part in this research project, there are no special compensation 

arrangements.  If you are harmed due to someone’s negligence (but not otherwise), then you 

may have grounds for legal action, but you may have to pay for this.   

 

Will my taking part in the study be kept confidential? 

All information which is collected about you during the course of the research will be kept 

strictly confidential so that only the three researchers carrying out the research will have 

access to such information.   

 

What will happen to the results of the research study? 

The results will be written up into a student dissertation and, possibly, a research paper that 

will be submitted to an academic peer-reviewed journal.  Individuals who participate will not 

be identified in any subsequent report or publication. 

 

Who is organising and funding the research? 

The research is organised and conducted by a student of the Department of Sport and 

Exercise Sciences at the University of Chester. 

 

Who may I contact for further information? 

If you would like more information about the research before you decide whether or not you 

would be willing to take part, please contact: 

 

Name: Mr Jamie Highton 

University E-mail: j.highton@chester.ac.uk  

 

Thank you for your interest in this research.
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Participant information sheet for Chapter 6 

Participant Information Sheet 
 
Effects of Carbohydrate and Protein on Multiple-Sprint Sport Performance 
 

You are being invited to take part in a research study. Before you decide, it is important for 
you to understand why the research is being done and what it will involve. Please take 
time to read the following information carefully and discuss it with others if you wish. Ask 
us if there is anything that is not clear or if you would like more information. Take time to 
decide whether or not you wish to take part.  
 

Thank you for reading this. 

 

What is the purpose of the study? 

This study is being conducted as part of a PhD in Sport and Exercise Sciences which 

aims to examine any potential benefits of ingesting a carbohydrate plus protein sports 

beverage both during and after exercise designed to simulate the demands of multi-

sprint sports (e.g. soccer, hockey and rugby). More specifically, this study will aim to 

examine whether the ingestion of the carbohydrate plus protein beverage can enhance 

performance during multiple-sprint sports, and the potential mechanisms behind it. 

 

Why have I been chosen? 

The study is seeking to investigate the above response in healthy active adults (18-30 

years).  

 

Do I have to take part? 

It is up to you to decide whether or not to take part.  If you decide to take part you will 

be given this information sheet to keep and be asked to sign a consent form. If you 

decide to take part you are still free to withdraw at any time without giving a reason.   

 

What will happen to me if I take part? 

Initially, we will measure your endurance capacity using the multi-stage shuttle run test 

(commonly known as ‘the bleep test’). This test involves continuous running between 

two lines 20 metres apart in time to recorded beeps until exhaustion, and will provide a 



 

292 
 

measure of your fitness. In order to complete the study, it will be a requirement that you 

reach a pre-determined level (level 8) on this test, so that participants are 

representative of an athletic population. If you do not reach this level, then you will not 

be required to take part in the remainder of the study.  

 

After a weeks rest, you be asked to return to the laboratory to perform 90 min of 

intermittent shuttle running (i.e. ‘the LIST’) involving periods of walking, jogging and all 

out sprinting. During the intermittent shuttle run you will be provided with a drink to 

consume. In total you should expect to drink no more than 2 litres of fluid, and during 

this time you will not be permitted to consume any food. Prior to commencing the 

shuttle running we will ask you to have a venous blood sample taken to measure your 

resting level plasma urea, glucose and insulin. These blood measurements will also be 

taken during (once) and then at the end of the intermittent shuttle running.  

Approximately 1 week later you will be asked to repeat all of the above measurements 

with the exception of the multi-stage shuttle run test.  

 

From 9 o’clock the night before the 90 min exercise test until competition of testing the 

next day, you will be asked to fast; water will be allowed. You will also be asked to 

abstain from exercise the day prior to any exercise testing. On the days of testing, we 

will also ask you to complete a food diary detailing the type and amount of food and 

drink ingested. You will then be asked to repeat your diet based on the food diary 

during the second bout of testing (i.e. during the second intermittent shuttle run test). 

 

What are the possible disadvantages and risks of taking part? 

It is likely that you may experience a short bout of muscle soreness, a decreased range 

of motion, swelling and stiffness in the upper leg muscles. This will be most evident 

approximately two days following the intermittent shuttle run, after which all 

symptoms will subside and will have disappeared after one week with no lasting effect. 

It is unlikely, but you may experience some gastrointestinal upset (i.e. feelings of 

fullness, bloating and/or nausea)  following ingestion of the nutritional supplement. If 

this occurs, symptoms should subside within the 24 h after ingestion of the supplement 

drink. 

 

It is important that participants attend all laboratory and exercise sessions. We realise 

that this is a significant commitment for participants and will involve approximately 3 

and half hours of your time over a period of approximately 1 week. 
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What are the possible benefits of taking part? 

By taking part, you will be enabling researchers to gain a greater understanding of the 

effects nutritional supplementation on high intensity, intermittent exercise. 

Subsequently, this will inform the development of appropriate nutritional strategies for 

the performance enhancement and recovery. Additionally, participants will gain useful 

information about their own physiological capabilities, which may be useful for training 

purposes.  

 

What if something goes wrong? 

If you wish to complain or have any concerns about any aspect of the way you have 

been approached or treated during the course of this study, please contact Professor 

Sarah Andrew, Dean of the Faculty of Applied and Health Sciences, University of 

Chester, Parkgate Road, Chester, CH1 4BJ, 01244  513055. 

 

Will my taking part in the study be kept confidential? 

All information that is collected about you during the course of the research will be kept 

strictly confidential so that only the researcher carrying out the research project will 

have access to such information.  All data will be coded to ensure anonymity.  

 

What will happen to the results of the research study? 

Results of this project may be published but any data included will in no way be linked 

to any specific participant. You are welcome to request a copy of the results of the 

project should you wish. The data collected will be securely stored in such a way that 

only those mentioned above will be able to gain access to it.  

 

Who is organising and funding the research? 

The Department of Sport and Exercise Sciences at the University of Chester. 

 

Who may I contact for further information? 

If you have any questions about the project, either now or in the future, please feel free 

to contact Jamie Highton via the Department of Sports and Exercise Sciences, Tel: 01244 

511189, j.highton@chester.ac.uk.  

Thank you for your interest in this research. 
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Participant health questionnaire 

Participant Health Questionnaire 

 

Effects of Carbohydrate and Protein on Multiple-Sprint Sport Performance 
 

 

(PLEASE NOTE THAT THIS INFORMATION WILL BE CONFIDENTIAL) 

 

Individuals will not be permitted to take part in any experimental testing if they: 

 Have been instructed to exercise under medical supervision only 

 Have a known history of medical disorders 

 Have a history of infectious diseases 

 Are pregnant 
 

 

Name:……………………………. DOB:…………….. Age:………… 

 

Resting Blood Pressure………………mmHg  

 

Resting Heart Rate…………….bpm 

 

 

Please answer these questions truthfully and completely. The purpose of this questionnaire 

is to ensure that you are fit and healthy enough to participate in this research project. 

 

Yes No 

1. Has your doctor ever indicated that you have a heart condition        
and recommended only medically supervised exercise?  

 

Yes No 

2. Have you ever experienced chest pain brought on by physical      
exertion?  
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3. Do you suffer, or have you suffered from: 

Yes            No 

Asthma                    

Diabetes  
  
    
Bronchitis  
  
    
Epilepsy  
  
    
High blood pressure  
   
  

 

 

 

Yes No 

4. Are you suffering from any infectious skin diseases, sores,         
blood wounds (i.e. cuts and grazes ), or infections  

(i.e., Hepatitis B, HIV, etc.)?                   

Yes No 

5. Are you currently taking any medication        
 

If Yes, please provide details 

………………………………………………………………………………………………………

………………………………………………………………………………………………………

……………………………………………………………………………… 

 

Yes No 

6. As far as you are aware, are you pregnant?       
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Yes No 

7. Is there anything to your knowledge that may prevent you from     
participating in the testing that has been outlined to you? 

 

If Yes, please provide details 

………………………………………………………………………………………………………
………………………………………………………………………………………………………
……………………………………………………………………………………… 
 

Yes No 

8. Have you taken part in any systematic resistance training in the       
last 6 months?  

 

If Yes, please provide details 

………………………………………………………………………………………………………
………………………………………………………………………………………………………
……………………………………………………………… 

 
9. How many hours of physical activity do you participate in per week? ………  
 
 

My responses to the above questions are true to the best of my knowledge and I am assured 

that they will be held in the strictest confidence. 

 

_______________________ __________  __________________ 

Name of participant   Date   Signature 

 

 

______________________ __________  __________________ 

Researcher    Date   Signature 
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Informed consent form example 

Informed Consent Form 

 
Title of Project:  Effects of Carbohydrate and Protein on Multiple-Sprint Sport 

Performance 
 
 

Name of Researcher: Jamie Highton 

Yes No 

1. I confirm that I have read and understand the information sheet 
dated…………… for the above study and have had the opportunity to 
ask any questions. 

Yes No 

2. I understand that my participation is voluntary and that I am free to 
withdraw at any time, without giving any reason and without my legal 
rights being affected. 

Yes No 

3. I understand that the results of this research may be published but that 
my name or identity will not be revealed at any time. In order to keep my 
records confidential, Jamie Highton will store all information as numbered 
codes in computer files that will only be available to him or his research 
assistant. 

Yes     No 

4. I agree to take part in the above study. 
 

 

_______________________ __________  __________________ 

Name of participant   Date   Signature 

 

_______________________ __________  __________________ 

Name of person taking consent  Date   Signature 

(If different from researcher)    

 

_______________________ __________  __________________ 

Researcher    Date   Signature 
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NMT familiarisation instructions 

Instructions for Using the Force Treadmill 

Firstly give precise instructions: 

1. Give a good description to the running technique required e.g. ‘It is like running up a 

hill or in sand’.    

2. Reassure the subject that they need to trust the belt/harness will hold them. Instruct 

them to lean into it. Spend time on this. 

3. Instruct them to keep their head up when sprinting (VERY IMPORTANT!) perhaps get 

them to focus on the speed column on the display when they sprint, or another object in 

front of the treadmill/wall if you do not wish them to see their speed. 

 

Secondly perform the familiarisation sessions as follows: 

1. Ask the subject to walk, and then jog at their own pace to get used to it and how it 

feels.  

2. Perform a sprinting test which involves 3 sprints separated by 3 minutes of active 

recovery (This is to prevent sickness and nausea). Ease them into the sprints not going 

all out until the last sprint. Instruct them that they need to overstride a little at the end 

of their stride to generate maximal belt speed. The duration of the sprints should be 

informed by your research protocol. 

3. Stand where they can see you, and constantly talk to them to see how they are feeling. 

Remind them to keep their head up, and constantly reassure and encourage them.  

4. Repeat test as above anther 2 times. Most subjects will have picked up the technique 

confidently by this stage. It may be necessary to repeat the familiarisation test one more 

time with some subjects. 
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Food diary example 

Daily Food Diary 
Name_____________________________ 

The following food diary should be completed over the 48 hours prior to, and on the day of, performing the 

Loughborough Intermittent Shuttle Test, and is designed to provide a comprehensive overview of your food and fluid 

intake which you will be asked to repeat on your second testing visit. NOTE – you should also not consume any food or 

fluid in the morning before you perform the LIST. In completing this food diary, you should aim to adhere to the following 

guidelines, using the example below as a template: 

 Record all food and fluid intake during the 48 hours (even water), including the time of ingestion 

 Provide information on how meals are prepared (i.e. fried, poached, grilled etc.) 

 Include ingredients which are added to foods during cooking, such as olive oil, salt, butter etc. 

 Provide the amount and type of food consumed in the most accurate way possible. Weighing your food is ideal, but 

if this isn’t possible then include rough estimates on portion size (i.e. 1 cup full, teaspoon etc.) 

 

Time Food/Drink Amount 

9 am Quaker porridge oats with skimmed milk 50 g, ¼ pint 

 Muller fat-free Yogurt 1 average pot 

10 am Bacon sandwich (wholemeal bread) with ketchup 2 rashers, 2 slices, tablespoon 
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Day 1 
Time Food/Drink Amount 
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Day 2 
Time Food/Drink Amount 
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Day 3 
Time Food/Drink Amount 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

 




