
1 
 
 

 

 

Nutritional Strategies and the Recovery of Muscle Function following Exercise 

Induced Muscle Damage: The Role of Complete Proteins in the form of Whey 

Protein Hydrolysate 

 

Submitted by Kristoph Thompson to the University of Exeter as a thesis for the 

degree of Masters of Philosophy in Sports and Health Sciences, August 2014 

 

 

This thesis is available for Library use on the understanding that it is copyright 

material and that no quotation from the thesis may be published without proper 

acknowledgement. 

 

I certify that all material in this thesis which is not my own work has been 

identified and that no material has previously been submitted and approved for 

the award of a degree by this or any other University. 

 

 

 

Signature: … … 

 

  



2 
 
 

Summary 

 

The demands of training and competition can result in exercise-induced muscle 

damage (EIMD), and the rapid return to optimal performance is clearly 

advantageous in a range of sporting populations. EIMD is a well-documented 

phenomena with a variety of identified symptoms including muscle soreness, 

localised swelling, reductions in muscle strength and power, increased levels of 

creatine kinase, increased perceived exertion during activity and reductions in 

performance.  A number of different strategies have been examined with the 

aim of limiting the occurrence of, and managing the symptoms of EIMD. Such 

strategies are currently employed by athletic populations, although the efficacy 

of the majority is based on equivocal or anecdotal evidence. Strategies include 

a range of therapeutic modalities, dietary interventions and activity regimens. 

The aim of this body of work was to investigate the efficacy of a particular 

dietary intervention; acute whey protein hydrolysate (WPH) ingestion, in 

ameliorating the effects of EIMD. 

 

This thesis comprises eight chapters: 

Chapter 1: Statement of problem and significance 

Chapter 2: Aims and objectives 

Chapter 3: Review of the literature 

Chapter 4: Methodology and study design 

Chapter 5: Study 1 - The effects of whey protein hydrolysate – a pilot study 

 

Chapter 6: Study 2- The timing effects of whey protein hydrolysate 

 

Chapter 7: Study 3 - The effects of whey protein hydrolysate and the repeated 

bout effect 
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Chapter 8: General discussion, conclusions and recommendations for further 

study 

 

 

Chapter 3 outlines the findings of the relevant research into EIMD including the 

time course of the various symptoms associated with the phenomena, as well 

as the theorised mechanisms thought to give rise to the effects noted following 

bouts of strenuous activity. This chapter also includes a summary of the 

research into various modalities and strategies thought to either convey a 

protective effect against EIMD, or to ameliorate the effects of muscle-damaging 

exercise. While some the evidence for many strategies is equivocal (despite 

their widespread use amongst sporting populations), there are other strategies 

that show promise. Despite there being a body of evidence to support the use of 

practices to manage the effects of EIMD, the underlying mechanisms and 

beneficial effects are largely unclear. The general consensus among 

researchers being that more detailed investigation is required to elucidate the 

exact means by which strategies seem to have a beneficial effect on one or 

more symptoms of EIMD. 

 

Chapter 4 summarises the methodology employed in all studies; namely that all 

studies would be undertaken in a double-blind, placebo controlled, repeated 

measures design. This chapter also outlines the various ethical considerations 

in inducing muscle damage, the ingestion of WPH, and the means of assessing 

the effects of EIMD on muscle soreness and performance. This chapter 

demonstrates that the protocols employed throughout all studies were in 

accordance with the ethical guidelines as set out by the University of Exeter at 

the time of data collection. 

 

Chapter 5 consists of a pilot study undertaken to investigate the effects of one 

dietary intervention previously shown to offer protection against the effects of 

EIMD. The results of this pilot study indicate that the acute ingestion of WPH 

may serve to convey some protective effect against the performance 

decrements associated with EIMD (p<0.05). This finding is in line with previous 

research that report the beneficial effects of this dietary practice. 
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Chapter 6 examines the beneficial effects of WPH ingestion highlighted by the 

previous chapter, and to further examine whether there are any timing effects 

associated with acute WPH ingestion. This study seeks to address the 

limitations of the pilot study by employing a different strategy to induce muscle 

damage. In line with previous work, this study did continue to show some 

promise associated with the acute ingestion of WPH and a prevention of the 

decrements in muscle performance associated with EIMD within sprint 

performance between 5-10m (p<0.05). However, no timing effects were noted 

with acute WPH ingestion (pre vs. post a bout of eccentric exercise) (p>0.05). 

 

Chapter 7 explores any possible interaction between acute WPH ingestion and 

the repeated bout effect (RBE) phenomena. It was hypothesised that the acute 

ingestion of WPH would serve to enhance the protective effect associated with 

the RBE as identified by previous research, leading to an enhanced recovery of 

muscle function. The results of this study highlighted the presence of a RBE, in 

line with previous work, as well as some beneficial effect in the recovery of 

muscle function (0-10m sprint performance; p<0.05), however no other benefits 

were shown in any other measures of performance or muscle soreness. 

 

The final chapter of this thesis discusses the key findings of all three studies; 

namely that the acute ingestion of WPH may convey some protective effect in 

the recovery of muscle performance following EIMD (in particular sprint 

performance over 5-10m), and that there is some promise in the use of WPH in 

conjunction with the RBE (shown in the recovery of muscle function in 0-10m 

sprint performance). The use of WPH may be considered by some athletic 

populations in lessening the impact of EIMD. Recommendations for future 

research include examining the limitations of the studies detailed within this 

thesis: a larger statistical sample size; a more intense muscle-damaging 

exercise protocol; a more detailed examination of the physiological markers of 

muscle damage (i.e. CK); and more closely controlled dietary intake and 

physical activity throughout the study period (including the period between the 

initial and repeated bout of EIMD). Recommendations for wider research into 
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the area are the examination of continuous WPH supplementation vs. acute 

ingestion; and the exploration of a combination of strategies designed to reduce 

the effects of EIMD, such as WPH ingestion and the RBE. 
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1. Statement of problem and significance 

 

1.1 Statement of Problem 

Exercise-induced muscle damage is a well-documented phenomenon following 

exercise involving eccentric muscle actions (Friden et al., 1983; Newham et al., 

1987).  

Symptoms associated with EIMD include soreness, tenderness, changes in 

range of motion, strength loss, and release of muscle proteins such as creatine 

kinase (Eston et al., 1995).  Soreness becomes apparent between eight and 

twenty four hours following muscle-damaging exercise (Smith, 1991; Newham, 

1988; Hough, 1902). Sensations increase in intensity, reaching a peak between 

24 and 72 hours post-EIMD (Bobbert, Hollander, and Huijing, 1986; Armstrong, 

1984; Assmussen, 1956).  

Strength losses in the muscles directly involved in the muscle-damaging bout 

are evident immediately after exercise. Research shown that the return to pre-

exercise levels may occur over a period of hours (Newham et al., 1983; Davies 

and White, 1981), days (Byrne and Eston, 2002a; Hortobagyi et al., 1998; 

Golden and Dudley, 1992), or weeks (Sayers and Clarkson, 2001; Howell et al., 

1993). The exact mechanisms that account for these differences is unclear, 

however differences in the magnitude of muscle damage, the protocol used to 

induce damage, or the population studied might in some part contribute.    

EIMD is also associated with impaired muscle function and performance (Byrne 

and Eston, 2002a; Clarkson and Hubal, 2002; McHugh, 2003; Connolly, Eston 

and Gleim, 1999; Clarkson, Nosaka, and Braun, 1992; Brynes, Clarkson, White, 

Hsieh, Frykman, and Maughan, 1985; Armstrong, 1984). EIMD is far more likely 

to be experienced, and the associated functional impairments more severe, in 

individuals unaccustomed to regular physical activity than highly trained athletes 

(Lenn et al., 2002; Clarkson et al., 1992; Friden, Sfakianos, and Hargens, 

1986), and among untrained than resistance-trained men (Newton et al. (2008).  

However EIMD does regularly occur among athletic populations, especially 

during periods of overreaching or overtraining (Gleeson, 1998; Kuipers, 1998). 
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Numerous studies have investigated a range of strategies and interventions (i.e. 

dietary interventions, pharmaceutical treatments, and therapeutic modalities) to 

prevent the signs and symptoms of EIMD from developing, or to alleviate them 

once present.  A number of interventions have been shown to reduce the 

symptoms of EIMD and have been the subject of many reviews (Armstrong, 

1984; Byrd, 1991; Howatson & van Someren, 2008).  Strategies such as the 

use of nutritional supplementation (Buckley et al., 2010; Bryer and Goldfarb, 

2006) compression sleeves (Kraemer et al., 2001), light exercise (Sayers et al., 

2000; Gleeson et al., 2003), use of Non-Steroidal Anti-Inflammatory Drugs 

(NSAIDs) (Cannavino et al., 2003; Tokmakidis et al., 2003), massage (Farr et 

al., 2002), interferential therapy (Minder et al., 2002), hyperbaric oxygen therapy 

(Harrison et al., 2001), and cryotherapy (Paddon-Jones & Quigley, 1997).  

These studies demonstrate limited effectiveness and as such, a sound and 

consistent treatment for EIMD has not yet been established. There are, 

therefore, no guidelines as to the optimum intervention, or the most appropriate 

dose/frequency to prevent/treat EIMD.   

Despite the fact that EIMD is a commonly experienced and well-documented 

phenomenon, that can occur in any individual independent of fitness level, the 

exact mechanism(s) responsible is not completely understood. It is believed that 

the damage resulting from eccentric exercise is initiated by mechanical forces 

(Proske & Morgan, 2001) that disrupt the contractile component of the muscle 

at the level of the Z-line (Friden and Lieber, 1992).  Other factors, such as 

calcium influx and reactive oxygen species, may initiate or contribute to the 

damage process (Kendall and Eston, 2002a; Gissel and Clausen, 2001). More 

recently, Tee et al. (2007) have proposed a model for the initiation of EIMD. 

This model states that damage initiation may be either metabolic or mechanical, 

or a combination of both, depending on the mode, intensity and duration of 

exercise and the training status of the individual.  To date, no research has 

been able to conclusively attribute any one mechanism as the primary cause of 

EIMD or its related sensations; however, much of the research has documented 

events similar to those associated with an acute inflammatory response.  

The benefits of minimising the subsequent decrements in performance 

associated with EIMD are of relevance to athletic populations. These 
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populations may presently use nutritional strategies to facilitate recovery of 

muscle function, and these could include protein ingestion. Although protein has 

been shown to facilitate muscle protein synthesis (in combination with 

resistance exercise) (Borsheim et al., 2002; Miller et al., 2003; Tipton et al., 

2003), its effectiveness in attenuating EIMD is presently unknown.  

1.2 Significance 

The decrements in muscular performance associated with EIMD impact on the 

ability to perform sporting activities, as well as everyday tasks. Any intervention 

that was shown to minimise the effects of EIMD, and subsequently increase 

performance following muscle-damaging exercise, would be of great interest.  

The effects of EIMD on strength and power result from alterations in the torque 

angular velocity relationship, having implications for those activities that 

emphasise high power outputs e.g. sprinting (Byrne and Eston, 2002).  

Additionally, the occurrence of reflex inhibition as a protective mechanism may 

hinder technique in common training modalities e.g. Olympic weightlifting; 

impairing training (Byrne et al., 2004).  EIMD has further implications as sports 

involving high intensity intermittent activity, such as football and rugby, can 

result in muscle damage and the functional alteration outlined above 

(Thompson et al., 1999).  As a result, research into EIMD serves to benefit a 

wide audience. Information elicited from these studies provides active 

individuals with valuable information concerning the benefits of whey protein 

hydrolysate ingestion with the goal of managing and treating the clinical signs 

and pain associated with EIMD. 
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2 Aims and Objectives 

The overall aim of this body of work is to ascertain whether the acute 

administration of whey protein hydrolysate has any effect on the recovery of 

muscle function following a bout of exercise designed to elicit EIMD, further to 

previous research that has shown some efficacy of whey protein hydrolysate 

(Buckley et al., 2010; Tipton et al., 2004) in ameliorating the effects of EIMD.  

Previous work has demonstrated the efficacy of branch chain amino acids 

(Howatson et al., 2012) and whey protein hydrolysate (Buckley et al., 2010; 

Tipton et al., 2004) in ameliorating the effects of EIMD. However, the impact of 

whey protein hydrolysate on the recovery of muscle function, the optimal timing 

of ingestion, and any interaction with the repeated bout effect, are at present 

unknown. 

This body of work sets out to test the hypothesis that the ingestion of whey 

protein hydrolysate will lead to enhanced recovery of muscle function. The first 

objective is to determine the effects of acute WPH ingestion on the recovery of 

muscle function following EIMD. The second objective is to examine whether 

there are any timing effects associated with the acute ingestion of WPH in 

relation to the recovery of muscle function following EIMD. The third objective is 

to explore the effects of WPH ingestion with respect to the RBE phenomena to 

determine whether WPH enhances or blunts this response. 
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3 Review of Literature 

The earliest known study of exercise-induced-muscle damage was published in 

1902, in which Hough (1902) hypothesised the aetiology as being the result of 

micro-tears in the muscle. The phenomenon of EIMD continues to be the focus 

of much research and discussion, although the exact cause and optimal 

treatment have yet to be established. 

Numerous studies have examined the various signs/symptoms of EIMD, as well 

as a range of interventions purported to prevent or minimise the effects of 

muscle-damaging exercise. A detailed discussion of each of these is beyond 

the scope of this work, therefore an account of those signs/symptoms and 

interventions (protein ingestion) relevant to the present body of work is 

provided. In addition, a brief summary of those interventions that may exert 

some influence is given as participants will be directed to refrain from partaking 

in these for the duration of the study period.  

3.1 Eccentric Exercise 

Although EIMD is experienced following any unaccustomed exertion, the typical 

means by which it has been induced in scientific studies is via subjecting 

muscle to high-force repetitive eccentric contractions during which the activated 

muscle is forced to elongate while producing tension (Chleboun et al., 1995; 

Newham, 1988; Friden et al., 1986; Komi and Viitasalo, 1977; Assmussen, 

1956; Abbott, Bigland and Ritchie, 1952). Eccentric exercise is defined as the 

force generated by muscle activation involving lengthening of a muscle (Garrett 

and Tidball, 1988).  

During eccentric activity, the force developed in the muscle is approximately 

1.5-1.9 times greater than that developed during isometric contractions 

(Lombardi and Piazzesi, 1990; Edman et al., 1978); however, the total number 

of attached cross bridges in a strongly bound state is only ~10% greater than 

that during an isometric contraction (MacIntyre et al., 1996; Faulkner, Brooks, 

and Opiteck, 1993). As a result, the force is distributed over a smaller cross-

sectional area of muscle, producing greater tension per active motor unit, thus 

increasing the risk for mechanical damage.  
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3.2 Clinical Signs and Symptoms  

Symptoms associated with EIMD include soreness, tenderness, changes in 

range of motion, strength loss, and elevated levels of plasma creatine kinase 

(Eston et al., 1995).  While there is an associated reduction in muscle function 

associated with EIMD, however, there is no evidence that there is any long-term 

damage or permanent reduction of muscle function (Armstrong, 1984). The 

following is an account of the various symptoms associated with EIMD, their 

associated timeframes, as well as the (theorised) mechanisms behind each.  

3.2.1 Pain  

Pain serves to protect by signalling injury to the tissues. However, the pain 

associated with EIMD initiates between 8 and 24 hours post-exercise, with peak 

levels occurring at around 24-72 hours (Newham, 1988; Bobbert et al., 1986). 

Since the soreness appears some time after the activity, it presumably does not 

function to prevent overuse during the bout in which the injury occurs 

(Armstrong, 1984).  

The sensation of pain in skeletal muscle is transmitted by myelinated group III 

and unmyelinated group IV afferent fibres (Armstrong, 1984).  Due to the 

myelination of the axons, the myelinated group III fibres display faster neural 

transmission rates whereas the unmyelinated fibres exhibit a slower 

transmission rate. Whereas unmyelinated axon conduction velocities range 

from about 0.5 to 10 m/s, myelinated axons can conduct at velocities up to 150 

m/s (Purves et al., 2001). Myelinated fibres are believed to transmit sharp pain, 

whereas the unmyelinated fibres transmit dull aching pain more commonly 

associated with muscle damage (Armstrong, 1984). 

The exact mechanism responsible for the delay in pain is not fully understood. 

However, according to Smith (1991) the biochemical explanation is related to 

the delay in macrophage entry into the injured area. In response to eccentric-

based exercise, macrophages are present in large numbers at 24 and 48 hours 

after tissue injury. It is suggested that the sensation of pain was related to the 

synthesis of PGE2 by the macrophage.  PGE2 directly causes the sensation of 

pain by activating pain afferents, most likely myelinated type III and 

unmyelinated type IV pain afferents (Ebbeling and Clarkson, 1989). A 
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subsequent review by Malm and Proske (2001) explained that the current view 

of the mechanism responsible for the pain experienced post-exercise is as a 

result of nociceptor sensitisation (as a result of the tissue breakdown products) 

so that they respond to stimuli that would otherwise be non-noxious.  

In his review, Malm (2001) also lends support to the potential for nociceptors in 

the pain mechanism, citing the work of Marchettini et al. (1996). However, Malm 

(2001) also proposes that pain may not be experienced as a result of muscle 

inflammation or swelling of the muscles fibres that may or may not be caused 

by muscle inflammation, as previously thought. He suggests that muscle pain 

could be inflicted by the release of substances from muscle cells, including 

PGE2, citing previous work by Stebbins et al. (1990), Dray and Perkins (1993) 

and Babenko et al. (1999). This lends support to the biochemical theory outlined 

previously. Malm also suggests a second possible explanation could be muscle 

swelling caused by other factors such as increased protein metabolism in the 

muscle cells and the subsequent increase in osmotic pressure. Interestingly, 

Malm (2001) suggests the presence of pain serves to allow adequate time for 

muscle recovery and adaptation by decreasing the likelihood of undertaking 

strenuous activity. 

3.2.2 Vertical Jump 

The recovery process of the vertical jump appears to differ somewhat to that of 

measures of power.  Avela et al. (1999) and Horita et al. (1999) reported in 

immediate decline in performance followed by small recovery, before further 

reductions in performance noted 48h-72h post-exercise.  The secondary decline 

in performance was suggested by the authors as being associated with the 

secondary, inflammatory phase, of EIMD.  When EIMD was induced using 

plyometric exercise, reduction in maximal force production, ground reaction 

forces, stretch-reflex sensitivity, muscle stiffness, and drop jump performance 

were impaired (Avela et al., 1999; Horita et al., 1999). Byrne and Eston (2002b) 

showed that the period of reduced performance differed according to the type of 

jump; squat jump performance was affected to a greater extent than 

countermovement or drop jump, suggesting that the stretch shortening cycle 

possibly attenuates the decline in performance associated with EIMD (Byrne et 

al., 2004).   
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3.2.3 Sprint Performance 

There has been limited study into the effects of EIMD on sprinting performance; 

the first by Semark et al. (1999) reported no evidence to suggest that muscle 

damage was detrimental to sprint performance at 5, 10, 20, and 30m from a 

standing start, measured at 12h, 24h, 48, and 72h following muscle-damaging 

exercise amongst trained subjects. Pain was significantly elevated at 24h and 

48h however no significant change in CK was noted over the study period.  

Later work by Twist and Eston (2005) employed a plyometric exercise protocol 

to induce EIMD, resulting in significant increases in muscle soreness and CK 

activity.  Performance in repeated sprints (10 x 10 m sprints from a standing 

start) was significantly reduced at 30 min, 24 h and 48 h compared to baseline, 

returning to baseline values by 72h.  Sprint times over 10 m were higher 

(P<0.05) at 30 min, 24 h and 48 h compared to baseline (1.96s) with values 

corresponding to 2.01s, 2.02s and 2.01s at 30 min, 24 h and 48 h, respectively. 

These findings are in support of later work by Highton et al. (2009) who reported 

a significant increase in sprint time (6% over 5m and 5% over 10m) and agility 

time (8% increase in 505-agiilty test time).  The concurrent nature of the 

findings of the latter studies, combined with the lack of an increase in CK, would 

suggest that the exercise protocol used in the preliminary research was not 

sufficient to induce damage, and that EIMD significantly impacts sprint 

performance for up to 3 days following exercise. 

 

3.2.4 Evaluating the magnitude of muscle damage 

Due to the differences in time frame between the onset and dissipation of 

soreness, and functional impairments, DOMS should not be used as an 

indicator of the magnitude and functional impairments (Rodenburg et al., 1993; 

Jones et al., 1986).  Warren et al., (1999) suggest that muscle function provides 

the most effective means of assessing the effects of eccentric exercise, 

particularly when considering damage in the context of athletic performance.  
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Twist and Eston (2005) propose that the effects of eccentric exercise on 

performance measures, such as those employed within sport, are of particular 

interest when attempting to apply and findings to an athletic population. 

 

3.3 Theorised Mechanisms 

3.3.1 Metabolic Waste Accumulation 

Eccentric exercise is thought to cause either ischemia or hypoxia, leading to 

changes in ion concentration, metabolic waste accumulation and adenosine 

triphosphate deficiency, which ultimately result in damage similar to that seen in 

EIMD (Byrnes & Clarkson, 1986; Gordon & Ridgeway, 1978; de Vries, 1966).  

 

This theory was initially based on the assumption that lactic acid continues to be 

produced following exercise. Assmussen (1956) stated that this was due to an 

excessive build-up of lactic acid in the muscle following strenuous eccentric 

activity. This theory has been largely rejected as the higher degree of anaerobic 

metabolism and lactic acid production associated with concentric muscle 

contractions has failed to result in the sensations similar to those experienced 

by individuals following eccentric muscle contractions (Newham et al., 1983). 

Eccentric exercise, which has been shown to produce the largest amount of 

muscle soreness in individuals, requires relatively low energy expenditure. The 

energy used (per unit area of active muscle) is less in eccentric exercise than 

concentric exercise (Newham et al., 1983). Thus, if metabolic waste 

accumulation were the cause of EIMD, symptoms would be expected to be 

greater after exercise with a higher anaerobic metabolic cost (concentric 

exercise) (Szymanski, 2001), which has been shown not to be the case 

(Newham et al., 1983).  Comparisons of uphill and downhill running also serves 

to illustrate this notion, with uphill running showing a higher metabolic cost and 

little signs of damage when compared with downhill running which resulted in 

damage at a lower metabolic cost (Armstrong et al., 1983). The fact that peak 

soreness is experienced 24-72 hours after eccentric exercise (Newham, 1988; 

Bobbert et al., 1986) serves as further evidence against this theory.  At this time 

blood lactate concentration has already returned to pre-exercise levels 
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(Schwane et al., 1983). For these reasons, it is unlikely that lactic acid 

accumulation is the underlying mechanism causing EIMD. 

3.3.2 Mechanical Stress 

Eccentric contractions are capable of generating more force than isometric and 

concentric contractions, requiring less energy per unit of torque (Abbott, Bigland 

and Ritchie, 1952; Bigland-Richie, Woods, 1976).  Lengthening of sarcomeres 

is non-uniform during eccentric contractions which results in some myofilaments 

being stretched and unable to overlap within the sarcomere (Talbot and 

Morgan, 1996).  When filaments are stretched beyond the point of overlap, 

passive structures are placed under greater stress, resulting in Z-band 

streaming (Lieber and Frieden, 1999).  Excessive tension may cause failure of 

the structures, resulting in reduced ability to generate force.  Evidence from 

electron microscope examinations show sarcomeres out of register with one 

another, Z-line streaming, regions of overextended sarcomeres or half-

sarcomeres, regional disorganisation of the myofilaments and t-tubule damage 

(Morgan & Allen, 1999). 

 

3.3.3 Intracellular Ca2+ 

Eccentric exercise results in reduction of sarcoplasmic reticulum membrane 

integrity and the influx of Ca2+ (Nielsen et al., 2005).  The influx of Ca2+ causes 

damage to the cytoskeleton, sarcoplasmic reticulum, mitochondria, and 

myofilaments (Gissel and Clausen, 2001; Byrd, 1992).  Proteolytic and lipolytic 

pathways are activated, leading to the degradation of cell membrane and the 

leakage of intramuscular proteins into the blood (Warren, Lowe and Armstrong, 

1999). 

 

3.3.4 Free Radical Damage 

Contracting skeletal muscles generate free radicals, and prolonged intense 

exercise can result in oxidative cellular damage (Reid et al., 1992; Alessio et al. 

1988). It has been suggested that free radicals are associated with direct tissue 

damage but may also increase the inflammatory response, which in turn may 

result in further cellular damage (Best et al., 1999). 
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It is unlikely that free radicals alone are central to any theory of EIMD, 

particularly when eccentric contractions are employed to induce damage. 

Eccentric exercise results in significantly greater muscle damage than 

concentric exercise, yet requires less oxygen consumption. If free radicals were 

the primary cause of damage, signs and symptoms would be greater following 

those activities with a higher oxygen consumption (Lastayo et al., 1999).  

 

3.3.5 Proposed Model of Damage 

Armstrong (1990) has proposed an integrated model of muscle damage which 

defines four stages: (i) initial events; (ii) autogenic processes; (iii) phagocytic 

stage; (iv) regenerative stage.  It should be noted that these stages overlap, and 

the exact mechanisms responsible are unknown (Kendall and Eston, 2002a).  

The initial events are thought to be a result of either mechanical or metabolic in 

nature (Pyne, 1994; Armstrong, 1990).  Armstrong (1990) suggests that 

mechanical stress results in disruption to the sarcolemma (causing calcium 

entry), the sarcoplasmic reticulum (resulting in impaired calcium sequestration) 

and myofibrillar structures. Metabolic events include increased temperature, 

lowered pH, insufficient mitochondrial respiration and oxygen free radical 

production (Armstrong, 1990). 

The rate of ATP splitting could be reduced and Ca2+ pumping by sarcoplasmic 

reticulum slowed due to a reduction in local ATP and/or reduction in the free 

energy from hydrolysis of ATP, due to increased ADP (Byrd, 1992).  A decrease 

in pH affects the ability of the sarcoplasmic reticulum to take up Ca2+, which has 

been attributed to H+ and Ca2+ ions competing for the Ca2+ binding site on the 

ATPase pump (Byrd, 1992).  Increased temperature (above 38oC) has been 

shown to uncouple the Ca2+ stimulated ATPase activity from Ca2+ transport by 

the sarcoplasmic reticulum (Byrd, 1992), and may also alter the fluidity of the 

lipid membrane surrounding the ATPase pump and alter its ability to sequester 

Ca2+ (Byrd, 1992).  Tee et al. (2007) have recently proposed a model for the 

initiation of EIMD; however this has yet to substantiated. This model states that 

damage initiation may be either metabolic or mechanical, or a combination of 

both, depending on the mode, intensity and duration of exercise and the training 

status of the individual. 
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The autogenic processes that follow originate in the muscle fibres and although 

the underlying mechanisms are unknown the loss of intracellular Ca2+ 

homeostasis could play a primary role (Armstrong, 1990).   Processes proposed 

to explain how muscle could be damaged following elevation of intramuscular 

calcium content include: stimulation of calcium-activated proteases, activation of 

lysosomal proteases, mitochondrial overload and activation of lipolytic enzymes 

(Kendall and Eston, 2002a).  McArdle et al., (1992) consider the two most 

important processes to be the activation of lipolytic enzymes and calcium-

activated proteases, calpain. 

 

An increase in intracellular calcium causes damage to the myofilaments of 

skeletal muscle (Duncan, 1978).  It has been proposed that elevated Ca2+ 

causes a release of muscle enzymes through activation of phospholipase A2, 

which in turn may result in injury to the sarcolemma via the production of 

leukotrienes and prostaglandins through the formation of ROS and/or the 

release of lysophospholipids that exert a detergent-like effect (Armstrong, 

1990).  This affects the integrity of the membrane resulting in a ‘leaky’ 

membrane, loss of intracellular enzymes and an efflux of lysosomal enzymes 

(Jenkins, 1988).  Significant increases in calcium causes ultrastructural changes 

in the muscle cell, including swollen and disrupted mitochondria, dilated t-

tubules and sarcoplasmic reticulum, general cellular oedema and disruption of 

the myofilaments (Byrd, 1992). 

 

Elevated Ca2+ has also been associated with disruption in the excitation-

contraction coupling process, which in turn has been related to the reduction in 

force associated with eccentric exercise (Ingalls et al., 1998).  E-C coupling is 

the sequence of events that begins with the movement of the action potential 

along the plasmalemma and ends with the release of calcium from the 

sarcoplasmic reticulum (Ingalls et al., 1998).  Animal experiments (Ingalls et al., 

1998; Warren et al., 1993) have confirmed a reduced rate of calcium release 

from the sarcoplasmic reticulum and greater reductions in maximally activated 

tetanic force versus maximally activated caffeine-activated force, which 

indicates the loss of force after eccentric contractions is a result of a failure to 

fully activate the contractile machinery rather than damage.  The failure of the 
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E-C coupling had profound effects in these studies; investigators (Ingalls et al., 

1998; Warren et al., 1993) estimated that at least 75% of the reduction in 

maximal titanic force was due to E-C coupling failure immediately post-exercise 

and responsible for at least 57% of the reduction at 5 days post-exercise. 

 

EIMD is associated with disturbances in Ca2+ homeostasis, prompting the 

activation of the non-lysosomal protease Calpain. Belcastro et al. (1998) have 

proposed a calpain hypothesis, suggesting that calpain, a non-lysosomal 

protease results in the selective proteolysis of various contractile, metabolic, 

and structural elements.  They also believe that calpain, or the resultant peptide 

fragments, may be associated with the neutrophil chemotaxis reported to occur 

during or following exercise, aiding the inflammatory response and repair 

process. 

 

Interleukins 1, 2, and 6 and tumour necrosis factor α (TNFα) are believed to be 

the principle mediators of inflammation (Imura et al., 1996).  In particular IL-6, 

which has been shown to increase in concentration following exercise and 

muscle injury, is considered to influence inflammation as well as play a role in 

stimulating protease synthesis (Tidball, 1995). 

 

Leucocytes (neutrophils and monocytes/macrophages) are thought to perform a 

number of functions during the inflammatory stage of muscle damage; within 

the muscle damage and repair cycle of these cells: (i) attack and break down 

debris (neutrophils and macrophages); (ii) removal of cellular debris 

(macrophages); and (iii) regeneration of cells (macrophages) (Clarkson and 

Sayers, 1999; Tidball, 1995).  Neutrophils release a number of 

chemoattractants, amplifying the response by recruiting additional neurophils 

and mononuclear cells, and generating ROS (Pyne, 1994).  Macrophages 

produce ROS and give rise to cytokines, which in turn might exacerbate 

damage by potentiating cytotoxic mechanisms of other inflammatory cells to 

enhance free radical production and enzyme release (Evans and Cannon, 

1991).  Some macrophages may play a role in muscle repair; in animal studies 

ED1+ cells have been shown to act as phagocytes and ED2+ cells regulate the 

consequent repair process (Clarkson and Sayers, 1999). 
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During the phagocytic phase of muscle damage there is an associated division 

of surviving satellite cells, which mature into myoblasts and fuse to form new 

myotubes (Kendall and Eston, 2002a).  It does appear that invasion by 

macrophages is integral to regeneration, particularly with respect to satellite cell 

division (Merly et al., 1999). 

 

3.4 Interventions to Attenuate EIMD 

A number of interventions have been proposed in order to minimise the 

occurrence of damage, with varying degrees of success. One such intervention 

that shows promise is the ingestion of dietary protein. The repeated bout effect 

is another strategy that has been shown to result in diminished EIMD. These 

two strategies form the basis of this body of work, therefore an account of the 

evidence to support their use is included below. 

 

3.4.1 Protein 

Eccentric exercise results in both protein degradation and protein synthesis 

(Sorichter et al., 1999). Therefore, the ingestion of dietary proteins may exert an 

influence by increasing protein synthesis following exercise, or reducing the 

extent of proteolysis (Rennie and Tipton, 2000). While the exact mechanism is 

unclear, a number of authors have shown beneficial effects on minimising the 

effects of EIMD and/or speeding the restoration of muscle function to pre-

exercise levels.   

 

3.4.2 Whey Protein Hydrolysate 

Acute ingestion of protein after exercise results in muscle anabolism following 

resistance exercise (Tipton et al., 2004).  There is also evidence which 

suggests that protein hydrolysates can accelerate the repair of damaged tissue 

(Lee et al. 2006).  Buckley et al. (2010) hypothesised that since the effects of 

eccentric exercise are associated with tissue damage, protein hydrolysates may 

speed recovery of force generating capacity following muscle damaging 

exercise.  Subjects ingested of 25g of whey protein isolate hydrolysate 

immediately after 100 maximal eccentric contractions of the knee extensors, 

again at 6h and 22h post-exercise.  Compared to placebo and 25g of whey 

protein isolate, peak isometric torque (PIT) improved rapidly following 
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supplementation with whey protein hydrolysate.  PIT decreased 23% following 

eccentric exercise, and remained suppressed in the placebo and whey protein 

isolate groups, but recovered fully in the whey protein isolate hydrolysate group 

by 6h post-exercise.  The exact mechanism responsible is unknown; with 

hydrolysate having no effect on muscle soreness, CK, and plasma TNF α.  

Further study is needed into the mechanism by which hydrolysate was able to 

elicit an improvement in the recovery of muscle function in these investigations.   

 

3.4.3 Repeated Bout Effect 

A bout of eccentric exercise performed prior to further eccentric exercise has 

been shown to convey significant protective effects, referred to as the repeated 

bout effect (RBE).  Early studies demonstrated the effects of the RBE on 

indirect indices of damage (CK, muscle soreness and function) (Mair et al. 

1995; Newham et al. 1987; Byrnes et al. 1985). 

 

The proposed mechanisms were the subject of a review by McHugh et al. 

(1999a).  It was posited that the adaptation was a result of neural, connective 

tissue or cellular adaptations.  However, other possible mechanisms include 

adaptation in excitation-contraction coupling or adaptation in the inflammatory 

response.  The neural theory states that following the repeated bout an increase 

in motor unit activation and/or a shift to slow twitch fibre activation distributes 

the contractile stress over a larger number of fibres.  According to the 

connective tissue theory the repeated bout effect results in remodelling of the 

intermediate filaments and/or increased connective tissue.  The cellular theory 

states that there is an increase in the number of sarcomeres in series which 

reduces sarcomere strain, limiting damage. 

 

McHugh et al. (1999a) concluded that it is unlikely that one theory can explain 

all of the various observations of the repeated bout effect found in the literature. 

The RBE occurs in electrically stimulated contractions in an animal model, 

precluding neural adaptation exclusively. Connective tissue and cellular 

adaptations are unlikely explanations when the repeated bout effect is 

demonstrated prior to full recovery, and when the fact that the initial bout does 

not have to cause appreciable damage in order to provide a protective effect is 
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considered. The authors stated that the repeated bout effect occurs through the 

interaction of various neural, connective tissue and cellular factors that are 

dependent on the particulars of the eccentric exercise bout and the specific 

muscle groups involved. 

 

More recently, McHugh (2003) conducted a follow-up review outlining advances 

in the potential mechanisms behind the RBE.  It was stated that although there 

is some evidence to suggest that the RBE is associated with a shift toward 

greater recruitment of slow twitch motor units, it is more likely that a peripheral, 

non-neural adaptation predominates since the RBE has been demonstrated 

with electrically stimulated contractions.   

 

With respect to mechanical adaptations there is evidence that both dynamic and 

passive muscle stiffness increase with eccentric training but there are no 

studies on passive or dynamic stiffness adaptations to a single eccentric bout. It 

is suggested that the role of the cytoskeleton in regulating dynamic stiffness is a 

possible area for future research.  

 

With respect to cellular adaptations there is evidence of longitudinal addition of 

sarcomeres and adaptations in the inflammatory response following an initial 

bout of eccentric exercise.  Inflammatory adaptations are thought to limit the 

proliferation of damage that typically occurs in the days following eccentric 

exercise. McHugh (2003) concludes that a unified theory explaining the 

mechanism or mechanisms for this protective adaptation remains elusive. 

 

The prophylactic effect of the RBE has been shown with relatively high-volume 

eccentric contractions.  Brown and colleagues (1997) set to investigate whether 

a lesser initial bout might convey a similar protective effect.  It was shown that 

10 maximal eccentric contractions of the knee flexors resulted in no change in 

CK activity, whereas higher volume contractions did, indicating significantly less 

muscle damage.  However a single bout of relatively few maximal eccentric 

contractions is sufficient to bring about an adaptation, and increasing the 

number of eccentric muscle repetitions did not result in an increased 

prophylactic effect on skeletal muscle.  These findings are supported by those 
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of Clarkson and Tremblay (1998) and Nosaka et al. (2001a).  The former 

showing that 24 maximal eccentric contractions of the elbow flexors attenuated 

damage from a subsequent bout of 70 contractions, even though minimal 

damage was induced.  The prophylactic effect was evident with as little 2 or 6 

maximal eccentric repetitions during an initial bout, as shown in the latter 

investigation, prior to a repeated bout of 24 contractions of the elbow flexors.  

This hypothesis was supported by a more recent investigation by Howatson, 

van Someren, and Hortob´agyi (2007) that demonstrated no significant 

difference between the protective effect conveyed by a low volume (10 maximal 

eccentric contractions) as compared to a high volume (45 maximal eccentric 

contractions) initial bout protocol. They did note however, that the magnitude of 

the protective effect appears to lessen following the lower volume bout as 

compared with a bout of higher volume. These authors suggest that the 

protective effect is as a result of neural changes, independent of the volume of 

the initial exercise bout. 

 

Nosaka et al. (2001a) sought to examine the length of time that the RBE might 

last.  Subjects performed two bouts of eccentric exercise of the elbow flexors 

separated by either 6, 9, or 12 months.  Recovery of maximal isometric force 

was faster following a second bout performed after 6 or 9 months, as well as 

reduced soreness and smaller increases in upper arm circumference, CK and 

T2 relaxation time.  The authors concluded that the RBE lasts at least 6 months 

but is lost between 9 and 12 months.   

 

It does appear that in order to convey a protective effect, the prior bout must be 

maximal in nature (yet not necessarily inducing considerable damage), as 

shown by Nosaka and Newton (2002).   

   

The majority of early research allowed sufficient time for markers of damage to 

return to resting levels (approx. 2 weeks), however Nosaka and Newton (2002) 

examined the effects of subsequent bouts of eccentric exercise repeated 2 and 

4 days after the initial bout.  Repeated bouts did not result in further muscle 

damage or hinder recovery, findings which were mirrored by Chen (2003).  

Force production was significantly reduced in the subsequent bouts, suggesting 
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that the force produced was insufficient to cause further damage.  If these 

findings were to be applied in a sporting context it is evident that subsequent 

training will not result in further damage, however if the goal is to elicit 

adaptation by overloading the musculature, the force generated is unlikely to be 

sufficient to result in positive adaptation.  Further research into this possibility is 

suggested by Howatson and van Someren (2008) in their review of the 

literature. 

 

In a recent study by Falvo et al. (2008), the RBE was shown to be absent 

among resistance trained men.  Repeated eccentric bouts of the barbell bench 

press exercise (100 repetitions) were performed separated by 14 days.  The 

authors concluded that a prior bout of eccentric exercise does not confer a RBE 

for indirect markers of muscle damage, however the effects of EIMD are most 

pronounced in novel, unaccustomed exercise and therefore unlikely to be 

evident in resistance trained men.  Furthermore, as shown by Nosaka et al. 

(2001a), the prophylactic effects of the repeated bout can be conveyed for up to 

nine months and the magnitude is reduced each time, therefore the RBE is 

likely to have already occurred in resistance trained subjects in previous 

training.  For these reasons, the absence of the RBE in resistance trained 

subjects is expected.  The presence of a RBE may be better examined through 

the eccentric actions of a less commonly stressed muscle group, as the 

pectoralis major is likely to feature heavily in the majority of sporting and 

recreational resistance training programmes. 

 

Newton et al. (2008) have shown that resistance trained men are appreciably 

less susceptible to EIMD than untrained men.  It was noted that the resistances 

employed by those engaged in regular resistance training correspond to 80% or 

greater of their concentric 1 repetition maximum (1RM) yet this represents 

considerably less of their ability to generate force eccentrically, suggesting that 

the majority of eccentric work is performed at a sub-maximal level.  Yet it would 

appear this training did convey a protective effect.  To be classed as resistance 

trained, subjects were required have been engaged in resistance training for 1 

year with a frequency of at least three sessions per week.  These resistance 

trained subjects showed significantly smaller changes in maximal voluntary 



28 
 
 

isometric and isokinetic torque, range of motion, upper arm circumference, 

plasma creatine kinase activity; and faster recovery of muscle function 

compared to the untrained group. 

 

A recent addition to the literature by Chen et al. (2009) sought to examine the 

effects of multiple repeated bouts since little is known about the RBE of more 

than two bouts of eccentric contractions.  In this study 30 maximal eccentric 

contractions of the elbow flexors were performed every four weeks for four 

bouts.  The authors showed that the first bout confers the greatest adaptation 

but further adaptation is induced when the exercise is repeated more than three 

times.  The results show that recovery was significantly faster after the second 

to fourth bouts compared with the first bout, but a significant difference amongst 

the second or third bout and fourth bout was evident only for isometric and 

concentric strength and ROM.  The authors concluded that additional protective 

adaptation was conferred by performing the eccentric exercise more than three 

times, as the magnitude of decrease in muscle strength and ROM immediately 

after exercise was significantly smaller for the fourth bout compared with the 

others. 

 

The prophylactic effect of the repeated bout has been consistently shown in a 

number of studies, perhaps showing greater efficacy than any other 

intervention.  Low-volume, high-intensity eccentric contractions appear sufficient 

to convey a protective effect, however should this be applied in a sporting 

context, sufficient time should be allowed for recovery of muscle function as 

impaired force production may prohibit positive training adaptations. 

 

3.4.4 Additional Interventions 

A range of additional interventions have been studied to assess their 

effectiveness in either lessen the initial damage following EIMD or to speed the 

restoration of muscle function to baseline levels. These are summarised in the 

table below. 
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Author(s) Subjects Study design Treatment Measures Findings 

Antioxidants 

Bryer and Goldfarb 

(1999) 

N=18, 

males 

Randomised, 

placebo controlled 

3g/day Vitamin C for 

2wks prior to and 4 days 

following EIMD 

Muscle strength, range 

of motion, CK, 

gluthathione ratio, 

muscle soreness 

Treatment group 

experienced significantly 

lower muscle soreness (P 

= 0.023) post exercise 

(immediately-post, 4hrs 

and 24hrs) and 

gluthathione ratio at 4hrs 

and 24hrs.  

Silva et al. (2009) N=29 Randomised, 

single-blind, 

placebo controlled 

10mg/kg/day for 2wks 

prior to and 7 days 

following EIMD 

Muscle 
soreness (MS), 
lipoperoxidation, protein 
carbonylation, TNFα, IL-
10 

Some significant effects on 

IL-10 on day 7 however no 

significant effects noted for 

any other measures.  

Mastalouidis et al. 

(2006)  

N=22 Randomised, 

placebo controlled 

1000mg/day Vitamin C 

and 300mg/day of 

Vitamin E supplemented 

Plasma alpha-

tocopherol, ascorbic 

acid, creatine kinase, 

lactate dehydrogenase, 

No significant treatment 

effect noted.  
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for 6 weeks prior to 

EIMD 

maximal voluntary 

contraction of the 

hamstring and 

quadriceps 

Jakeman and 

Maxwell (1993) 

N=24 Randomised, 

placebo controlled, 

double blind 

400mg/day Vitamin C or 

Vitamin E for 21 days 

prior to and 7 days 

following EIMD 

MVC and ratio of force 

generated at 20Hz & 

50Hz tetanic stimulation.  

Vitamin C shown to have 

some (P<0.05) beneficial 

effect on recovery of MVC 

at 24hrs. 

Su et al., (2008) N=16 Randomised, 

placebo controlled, 

double blind 

80mg allicin for 14 days 

prior to and 2 days 

following EIMD 

CK, LDH, IL-6, SOD, 

perceived muscle 

soreness 

Treatment group 

experienced significantly 

lower plasma levels of CK, 

IL-6, and reduced 

perceived muscle soreness 

after exercise (P<0.01) 

Carbohydrate and Protein  

Saunders et al. 

(2007) 

N=13 Counterbalanced, 

randomized, 

double blind 

Carbohydrate and 

protein in combination 

vs. carbohydrate-only 

CK CK did not significantly 

increase immediately post-

exercise in the CHO-PRO 

condition, whereas it did in 

the CHO condition. 
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Betts et al. (2009) N=17 Randomised, 

crossover design 

Carbohydrate vs 

carbohydrate and 

protein consumed for 

4hrs following EIMD 

Peak Isometric Torque, 

CK 

No significant difference 

shown between groups. 

White et al. (2008) N=27 Randomised, 

placebo controlled 

Carbohydrate and 

protein consumed either 

before or after EIMD 

CK, MVC and muscle 

soreness 

No significant difference 

noted 

Hydroxy Beta-Methlybutyrate (HMB) 

Paddon-Jones et al. 

(2001) 

N=17 Randomised, 

placebo controlled 

40mg/kg/d of HMB for 6 

days prior to and 10 

days following EIMD 

Muscle soreness, upper 

arm girth, muscle torque 

No significant difference 

noted 

van Someren et al. 

(2005) 

N=6 Randomised, 

crossover, placebo 

controlled 

HMB (3d/day) and KIC 

(0.3g/day) for 14 days 

prior to EIMD 

1RM, CK, soreness, 

ROM 

Supplementation shown to 

have some significant 

effect on markers of 

muscle damage (P<0.05)  

Wilson et al. (2009) N=16 Randomised, 

crossover, placebo 

controlled 

3g HMB pre or post 

EIMD 

CK, muscle soreness, 

LDH, MVC 

No significant effect noted 

Creatine 
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Rawson et al. (2001) N=23 Randomised, 

placebo controlled, 

double blind 

20g/day creatine for five 

days prior to EIMD 

MVC, ROM, 

circumference, muscle 

soreness, muscle serum 

proteins 

No significant effect noted 

Rawson et al. (2007) N=22 Randomised, 

placebo controlled 

0.3g/kg/day for five days 

pre and 0.03g/kg/day for 

five days post EIMD 

MVC, ROM, soreness, 

C-reactive protein, CK, 

lactate dehydrogenase 

No significant effect noted 

Santos et al. (2004) N=34 Randomised, 

placebo controlled, 

double blind 

5g/day creatine for five 

days prior to EIMD 

CK, LDH, TNFα, PGE2 Significant reductions in 

CK, TNF-α, PGE2 in 

treatment group (P<0.05) 

Rosene et al. (2009) N=20 Randomized, 

placebo controlled 

20g/day for seven day 

followed by 6g/day for 

23 days 

CK, LDH, MVC, ROM, 

muscle soreness 

Significant (p<0.05) 

treatment effect for 

isometric force  

NSAIDs 

Hasson et al. (1993) N=20 Randomised, 

placebo controlled 

400mg Ibruprofen 4h 

before or immediately 

after EIMD 

Muscle soreness, CK, 

knee extensor torque 

Treatments group 

displayed significantly 

(p<0.05) reduced pain and 

strength loss as compared 

to placebo at 24h. 
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Sayers et al. (2001) N=48 Randomised, 

placebo controlled 

25mg or 100mg prior to 

EIMD 

Muscle soreness, 

maximal isometric force, 

myoelectric activity 

Treatment conveyed 

significant effect on muscle 

soreness and force 

recovery (p<0.05) 

O’Grady et al. (2000) N=54 Randomised, 

double blind, 

placebo controlled 

150mg diclofenac 

sodium twice daily for 

27 days 

CK Treatment group 

demonstrated significantly 

lower CK scores (p<0.03) 

Tokmakidis et al. 

(2003) 

N=19 Randomised, 

double blind, 

placebo controlled 

400mg ibruprofen every 

8hrs for 48hrs following 

EIMD 

Muscle soreness, CK, 

WBC, MVC, vertical 

jump 

Treatment group 

experienced significantly 

lower muscle soreness and 

CK (p<0.05), however now 

significant effect on any 

other measures 

Stretching 

Jayaraman et al. 

(2004) 

N=32 Randomised, 

control group 

Static stretching and/or 

topical heat application 

MVC, muscle soreness, 

T2 relaxation time 

No significant effect noted 

Eston et al. (2007) N=14 Randomised, 

control group 

PNF stretching 

performed for 5 weeks 

prior to EIMD 

MVC, muscle soreness, 

ROM 

Recovery of strength at 

longer muscle lengths in 

treatment group (p<0.05) 

Massage 



34 
 
 

Smith et al. (1994) N=14 Randomised 

design with control 

group 

30 mins sports 

massage, 2h post-EIMD 

Muscle soreness, CK, 

neutrophil and cortisol 

levels 

Massage group displayed 

significantly lower (p<0.05) 

muscle soreness, CK, 

neutrophil and cortisol 

levels  

Zainuddin et al. 

(2005) 

N=10 Crossover design 10mins sports massage 

3h post-EIMD 

Muscle soreness, CK, 

MVC, ROM, limb 

circumference 

Massage group displayed 

significantly lower (p<0.05) 

muscle soreness and CK 

only 

Jönhagen et al. 

(2004) 

N=16 Randomized Sports massage given 

daily for three days 

post-EIMD 

Muscle soreness, 

vertical jump 

No significant effects noted 

Mancinelli et al. 

(2006) 

N=22 Randomized, 

control group 

Sports massage given 

post-EIMD 

Vertical jump, shuttle 

run, ROM, muscle 

soreness 

Some significant effects 

noted in treatment group 

for vertical jump and 

muscle soreness (p<0.05) 

Exercise 

Nosaka & Clarkson 

(1997) 

N=9 Contralateral limb 

served as control 

Concentric exercise 

performed immediately 

prior to EIMD 

Muscle soreness, MVC, 

CK, relaxed and flexed 

Treatment resulted in lower 

level of soreness, faster 

recovery of force 
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joint angle, 

circumference 

generation, smaller 

decrease in joint angle and 

CK (p<0.05) 

Zainuddin et al. 

(2006) 

N=14 Contralateral limb 

served as control 

Light, concentric 

exercise performed daily 

for four days following 

EIMD 

MVC, ROM, muscle 

soreness, circumference 

Some effect on indices of 

muscle soreness (p<0.05) 

Saxton and Donnelly 

(1995) 

N=8 Contralateral limb 

served as control 

Light, concentric 

exercise performed daily 

for four days following 

EIMD 

CK, joint angle, MVC Some effect on indices of 

muscle soreness (p<0.05) 

Compression 

Kraemer et al. (2001) N=20 Randomised, 

controlled design 

Compression garment 

worn for 5 days 

following EIMD 

1RM, circumference, 

joint angle, serum 

cortisol, CK, LDH, 

muscle soreness 

Significant effects noted 

(p<0.05) for loss of elbow 

extension, reduced 

soreness and swelling and 

more rapid force recovery 

Gill et al. (2006) N=12 Randomized, 

controlled design 

Compression sleeve 

worn for 12 hours 

following EIMD 

CK Treatment associated with 

significantly lower CK 

scores (p<0.05)  
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Of the numerous interventions proposed to either limit the effects of, or speed 

the recovery from EIMD, protein ingestion and the RBE have consistently been 

shown to be effective. Investigations thus far are yet to establish the timings 

effects of acute protein ingestion, as well as any interactions with the repeated 

bout effect.  

This body of work sets out to test the hypothesis that the ingestion of whey 

protein hydrolysate will lead to enhanced recovery of muscle function, that a 

timing effect exists and that the ingestion of WPH prior to eccentric exercise 

conveys a protective effect, and finally that WPH enhances the RBE. 

 

4. Methodology and Study Design 

Ethical approval 

Ethical approval was sought prior to any research being conducted. An 

application was made to the University of Exeter ethical approval committee for 

all studies in February 2010. The studies outlined as part of the application 

satisfied all criteria (path B) and ethical approval was granted in March 2010. 

Risk assessment 

Prior to subject recruitment and data collection, risk assessment of the dietary 

intervention (WPH), the testing procedures and the muscle-damaging bout of 

exercise were undertaken. This was in the format of the risk assessment pro-

forma from the University of Exeter, and included as part of the ethics 

application. An example of a completed risk assessment form can be found in 

Appendix 1. 

Nature of supplementation 

The studies involved the administration of a dietary supplement that is widely 

available commercially.  No other dietary modifications were required.  The 

supplement contained nutrients that occur naturally in the diet and were 

administered once, within the recommended servings as set out by the 

manufacturer.  The nutritional supplement has been the focus of previous 

research (Buckley et al., 2010; Tipton et al.2007), and no complications arising 

from its ingestion have been noted by these investigators.  As part of the 
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screening process, those with any previous allergic or sensitivity response to 

dairy proteins were ineligible to take part in the study. 

WPH supplementation was in the form of a commercially available powder 

(Myprotein, Manchester, UK) with a degree of hydrolysis of 13%, mixed with 

200ml of water as per the manufacturer’s directions immediately prior to 

consumption, administered orally at the stated time.  Dosages were within the 

manufacturer’s recommended range and in line with those given in previous 

studies (25g, Buckley et al., 2010; 100g, Etheridge et al., 2008).  Sucrose 

placebo was in the form of a commercially available powder (Myprotein, 

Manchester, UK), mixed with 200ml of water.  All supplements were prepared 

by an independent third party at the testing site immediately prior to ingestion. 

The identification of each supplement was blinded to the investigator.  

Subject recruitment  

Subjects (males aged 18-23 years) were recruited via public advertisement. 

Due to the nature of the muscle-damaging protocol and associated tests, 

volunteers were excluded from the study if in the past three months they had 

undertaken regular (once a week or more) resistance training of the quadriceps 

muscles; had/have a knee, quadriceps or other musculoskeletal or medical 

problem which might interfere in their ability to perform the required exercise 

and tests; had any previous allergic or sensitivity response to dairy proteins, or 

been diagnosed with liver damage, malnutrition, or a defect of amino acid 

metabolism. 

Prior to participation all subjects received information regarding the studies, 

completed a health questionnaire and gave written informed consent. Examples 

of these forms can be found in Appendices 2, 3 and 4. 

Testing procedures 

All subjects undertook two familiarisation sessions. The first consisting of an 

explanation, demonstration and then a warm-up followed by three opportunities 

to practice performing each of the measures. The second familiarisation session 

consisted of a warm-up and three further attempts at each of the performance 

measures.  
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Warm-Up 

Prior to each bout of testing, subjects completed a warm-up consisting of 

5x10m of light jogging and dynamic stretches (2x10m carioca step; 10m walking 

lunges, alternating legs; 10m heel flicks; 10m high knee jogging). 

Squat Jump 

Squat jump height was measured using a Globus Ergotester Jump Mat 

(Cordogne, TV, Italy). Volunteers were instructed to hold a squat position (90 

degree hip and knee flexion) for three seconds before jumping as high as 

possible using an arm swing.  Subjects performed three trials separated by 

1min of recovery.  The best of the three trials was recorded. 

Ground Contact Time 

Time in contact with the ground was assessed using an Optojump device 

(Microgate, Bolzano, Italy).  Volunteers were instructed to step from a 50cm 

box, land two-footed and jump immediately over a 12” hurdle placed 50cm in 

front of the box.  Subjects performed three trials separated by 1min of recovery.  

The best of the three trials was recorded. 

Sprint Performance 

Sprint performance was assessed using a set of wireless timing gates (Brower, 

Draper, Utah, USA).  For all distances, subjects began from a standing start, 1m 

behind a set of timing gates.  Subjects performed two 10m sprints separated by 

2mins of recovery with the best time recorded.  Timings were taken for 0-5m, 5-

10m and 0-10m.  Subjects performed two 20m sprints separated by 2mins of 

recovery with the best 0-20m time recorded.   

Muscle Soreness 

Muscle soreness was evaluated using a 100mm visual analogue scale (VAS) 

which has been used as a valid indicator of pain in previous research (Ohtani et 

al., 2006; Wojcik wt al., 2001) having obtained reliability scores as high as r = 

0.97 for assessing soreness (Ohtani et al., 2006), as well as correlating with 

MVC (Nosaka et al., 2006).  The VAS consisted of a horizontal line with anchor 

points consisting of ‘no soreness’ on the left and ‘worst pain ever experienced’ 
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on the right.  Volunteers were instructed to hold a squat position (90 degrees of 

hip and knee flexion) for two seconds and return to standing (Howatson et al., 

2010; Goodall & Howatson, 2008).  The volunteers placed a mark at the point 

on the VAS corresponding to their perception of the soreness in the quadriceps 

muscles of the leg. The extent of the muscle soreness was quantified using the 

measured distance (in mm) from the left hand end of the continuum to the mark 

made by the volunteer. 

Study design 

All studies used a randomised, double-blind, placebo controlled, parallel design. 

Group allocation and supplement preparation was conducted by an 

independent third party. 

All data was collected at Sussex Downs College (Eastbourne, East Sussex) by 

the primary investigator (Kristoph Thompson). This data was stored separately 

to all participant information thus satisfying all data protection concerns, as well 

as the double-blind nature of the studies. 

Statistical analysis 

A mixed model repeated measures analysis of variance (ANOVA) was used to 

determine the effects of supplement timing on the dependent measures over 

time (SPSS Statistical Analysis for Windows Version 21.0). Post hoc analysis 

was conducted to identify differences between means using Tukey’s test.  

Statistical significance was set at an α-level of P<0.05.   
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5. Study 1 - The effects of whey protein hydrolysate on muscular 

performance following a bout of eccentric exercise – a pilot study 

Abstract 

Purpose: This purpose of this pilot study was to determine if the acute 

ingestion of Whey Protein Hydrolysate (WPH) would have an effect on muscle 

damage, function and soreness. A secondary objective was to identify whether 

the timing of WPH ingestion would have any effect on muscle function and 

soreness following EIMD. 

Methods: Twenty three untrained males (x̄ age = 18.8±0.4y) received a 

supplement before or after eccentric exercise (ECC).  Subjects were randomly 

allocated to one of four groups; group 1 consuming 200ml of flavoured water 

(FW) with 25g whey protein hydrolysate immediately pre-ECC (Pro-Pre, n=5); 

group 2 consuming 200 ml of FW with 25 g whey protein hydrolysate 

immediately post-ECC (Pro-Post, n=4); group 3 consuming 200 ml of FW with 

25 g sucrose placebo immediately pre-ECC (Plac-Pre, n=7); group 4 consuming 

200 ml of FW with 25 g sucrose placebo immediately post-ECC (Plac-Post 

n=7).  Subjects performed 100 countermovement jumps in a 10x10 protocol.  

Measures of sprint, squat and depth jump performance as well as muscle 

soreness were performed pre, and at 24, 48, and 120h post-exercise.  Mixed 

model repeated measures ANOVA were used to analyse data. 

Results: Measures of muscle function were significantly reduced as a result of 

muscle-damaging exercise (P<0.05), returning to baseline values by 120h for all 

four groups. There were some group by time interactions for sprint 

performance, squat jump and ground contact time at 24h and 48h, with WPH 

exerting some effect on the recovery of muscle function as compared to 

placebo (P<0.05). 

Conclusion: WPH ingestion appeared to facilitate the enhanced recovery of 

muscle function as compared to a carbohydrate placebo. There was no 

significant effect associated with the timing of ingestion (pre or post-EIMD).  
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Introduction 

Dietary protein supplementation has received significant focus in relation to its 

ergogenic properties; the first protein supplement marketed as an ergogenic aid 

appeared in the 1950’s and initial research in the 1960’s and 70’s examined the 

effects of differing protein intakes on body mass, nitrogen balance and athletic 

performance (Consolazio et al., 1975; Gontzea et al., 1975; Rasch et al., 1969; 

Rasch and Pierson, 1964).  This initial research yielded conflicting results 

however this may in part be due to the variety of study designs, populations, 

and training interventions employed by the various studies.  More recent 

research (Willoughby et al., 2007; Cadow et al., 2006) has illustrated the 

benefits of adequate protein intake and time of ingestion in augmenting the 

training effect. 

 

The effect of exercise on protein turnover has been well researched; exercise 

has been shown to increase protein catabolism and dietary protein 

requirements (Friedman and Lemon, 1989; Meredith et al., 1989; Tarnopolsky 

et al., 1988).  EIMD results in damage to contractile proteins (Lieber and Fridén, 

1999). Protein supplementation increases the availability and utilisation of 

branched chain amino acids (BCAA) and has been hypothesised to reduce 

catabolism during resistance training (Krieder, 1999, Krieder et al., 1996).  

Whey protein ingestion has been found to result in a rapid increase in plasma 

levels of amino acids, stimulating protein synthesis and little change in protein 

catabolism (Boirie et al., 1997).  As a result, these changes in protein synthesis 

associated with protein ingestion should reduce markers of EIMD and facilitate 

the return of muscle function to baseline levels (Saunders, 2007).  

 

WPH was shown to enhance the recovery of force generating capacity following 

a bout of EIMD (Buckley et al., 2010) when a single dose of WPH was 

administered immediately after the muscle damaging bout. The effects of acute 

WPH administration warrant further research as it is unclear whether the timing 

of WPH administration conveys any effect on performance measures following 

a bout of EIMD.   
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The purpose of this study was to investigate the timing effect of WPH ingestion 

on the recovery of muscle function following a bout of muscle damaging 

exercise. It is hypothesised that WPH ingestion would result in reduced 

symptoms of EIMD and loss of functional performance as compared to placebo, 

supporting the findings of Buckley et al. (2010), and that WPH consumed 

immediately after exercise would ameliorate the effects of EIMD to a greater 

extent than when consumed prior to exercise.    

 

Methods 

Twenty-three males (x̄ age = 18.8 ± 0.4y; height = 1.79 ± 0.1m; mass = 73.4 ± 

3.4kg) were recruited via public advertisement (Table 5.1).  The study used a 

randomised, double-blind, placebo controlled, parallel design.  Following 

familiarisation sessions, measures of sprint, squat and depth jump performance 

as well as muscle soreness were taken prior to undertaking muscle-damaging 

exercise. Countermovement jumps have been shown to elicit muscle damage in 

previous research (Jakeman et al., 2009; Twist and Eston, 2009) and were 

therefore employed in this study. Subjects performed 100 maximal 

countermovement jumps in a 10x10 protocol (ECC). 

These measures were repeated at 24, 48, and 120 h following ECC.  These 

time points were chosen as they are in line with the generally delayed response 

of the indicators of muscle damage used within the present study, that peak at 

24-48 hours following eccentric exercise, with a return to baseline noted at 120h 

after the completion of the exercise bout (Avela et al., 1999; Semark et al., 

1999; Newham et al., 1988).  

Previous work has shown that administration of 25g WPH conveyed a 

significant effect on markers of muscle damage (Buckley et al., 2010), as well 

as increasing protein synthesis (Kerksick et al., 2006). Subjects were randomly 

allocated to one of four groups; group 1 consumed 200ml of flavoured water 

(FW) with 25 g whey protein hydrolysate immediately pre ECC (Pro-Pre); group 

2 consumed 200ml of FW with 25 g whey protein hydrolysate immediately post 

ECC (Pro-Post); group 3 consumed 200ml of FW with 25 g sucrose placebo 

immediately pre ECC (Pro-Pre); group 4 consumed 200ml of FW with 25 g 

sucrose placebo immediately post ECC (Pro-Post).   
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Volunteers were excluded from the study if in the past three months they had 

undertaken regular (once a week or more) resistance training of the quadriceps 

muscles; had/have a knee, quadriceps or other musculoskeletal or medical 

problem which might interfere in their ability to perform the required exercise 

and tests; had any previous allergic or sensitivity response to dairy proteins, or 

been diagnosed with liver damage, malnutrition, or a defect of amino acid 

metabolism. 

Ethics approval was gained from the University of Exeter prior to commencing 

the study.  All volunteers completed written informed consent prior to 

participation. 

Muscle-damaging protocol 

Muscle damage was induced using 100 (10x10, 1min rest between sets) 

maximal countermovement jumps. Subjects lowered to 90 degrees of hip and 

knee flexion before jumping as high as possible. This was repeated immediately 

upon landing until ten repetitions had been completed. This protocol has been 

previously shown to elicit muscle damage (Jakeman et al., 2009; Highton, Twist 

and Eston, 2009).  

Warm-Up 

Prior to each bout of testing, subject completed a warm-up consisting of 5x10m 

of light jogging and dynamic stretches (2x10m carioca step; 10m walking 

lunges, alternating legs; 10m heel flicks; 10m high knee jogging), 

Squat Jump 

Squat jump height was measured using a Globus Ergotester Jump Mat 

(Cordogne, TV, Italy), volunteers were instructed to hold a squat position (90 

degree hip and knee flexion) for three seconds before jumping as high as 

possible using an arm swing.  Subjects performed three trials separated by 

1min of recovery.  The best of the three trials was recorded. 

Ground Contact Time 

Time in contact with the ground was assessed using an Optojump device 

(Microgate, Bolzano, Italy).  Volunteers were instructed to step from a 50cm 
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box, land two-footed and jump immediately over a 12” hurdle placed 50cm in 

front of the box.  Subjects performed three trials separated by 1min of recovery.  

The best of the three trials was recorded. 

Sprint Performance 

Sprint performance was assessed using a set of wireless timing gates (Brower, 

Draper, Utah, USA).  For all distances, subjects began from a standing start, 1m 

behind a set of timing gates.  Subjects performed two 10m sprints separated by 

2mins of recovery with the best time recorded.  Timings were taken for 0-5m, 5-

10m and 0-10m.  Subjects performed two 20m sprints separated by 2mins of 

recovery with the best 0-20m time recorded.   

Muscle Soreness 

Muscle soreness was evaluated using a 100mm visual analogue scale (VAS).  

The VAS consisted of a horizontal line with anchor points consisting of ‘no 

soreness’ on the left and ‘worst pain ever experienced’ on the right.  Volunteers 

were instructed to hold a squat position (90 degrees of hip and knee flexion) for 

two seconds and return to standing.  The volunteers placed a mark at the point 

on the VAS corresponding to their perception of the soreness in the quadriceps 

muscles of the leg. The extent of the muscle soreness was quantified using the 

measured distance (in mm) from the left hand end of the continuum to the mark 

made by the volunteer. 

Statistical Analysis 

Baseline parameters for each group was compared using one-way analysis of 

variance (ANOVA).  Mixed model repeated measures ANOVA was used to 

determine the effects of supplement timing on the dependent measures over 

time.  Post hoc analysis was conducted to identify differences between means 

using Tukey’s test.  Statistical significance was set at an α-level of P<0.05.  All 

data are shown as mean ±S.E.M. 

Table 5.1: Subject Characteristics (n=23) 

Group Age (yr) Height (m) Weight (kg) 

Protein Pre (n=5) 18.1  0.39 1.77 ± 0.08 74.2 ± 3.70 
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Protein Post (n=4) 18.4 ± 1.14 1.75 ± 0.12 75.8 ± 6.78 

Placebo Pre (n=7) 18 ± 0 1.78 ± 0.11 72.6 ± 2.90 

Placebo Post (n=7) 18.8 ± 0.65 1.76 ± 0.02 76.7 ± 3.41 

Values shown are means ± standard deviation 
†significant difference between groups 
 

 

Results 

 

Table 5.2: Muscle Soreness, VAS, SJ, Sprint Performance, GCT following the 

muscle damaging protocol 

Variables Group 0 24hrs 48hrs 120hrs 

Visual 

Analogue 

Scale 

(cm) 

Protein Pre 0.46 ± 0.40 0.9 ± 1.21 1.04 ± 1.55 0.44 ± 0.30 

Protein Post 0.88 ± 1.03 0.91 ± 0.68 1.28 ± 1.21 0.25 ± 0.1 

Placebo Pre 0.54 ± 0.73 0.72 ± 1.06 0.67 ± 0.73 0.81 ± 0.97 

Placebo Post 0.59 ± 0.89 1.84 ± 1.8 1.94 ± 2.27 0.43 ± 0.63 

      

Squat Jump Protein Pre 43.9 ± 10.59 41.7 ± 9.92 42.64 ± 10.9 43.96 ± 10.57 

(cm) Protein Post 39.13 ± 1.62 37.6 ± 1.85 36.45 ± 1.28 37.95 ± 1.81 

 Placebo Pre 45.18 ± 8.44 43.76 ± 8.35 43.7 ± 7.70 43.43 ± 7.60 

 Placebo Post 36.91 ± 3.21 35.45 ± 3.10 32.59 ± 3.59* 36.71 ± 4.11 

      

0-5m Sprint Protein Pre 1.13 ± 0.08 1.18 ± 0.08 1.17 ± 0.11 1.12 ± 0.08 

(secs) Protein Post 1.17 ± 0.07 1.15 ± 0.03 1.20 ± 0.04 1.18 ± 0.05 

 Placebo Pre 1.13 ± 0.1 1.16 ± 0.09 1.15 ± 0.06 1.14 ± 0.07 

 Placebo Post 1.19 ± 0.08  1.23 ± 0.09 1.24 ± 0.07 1.2 ± 0.07 

      

5-10m Sprint Protein Pre 0.8 ± 0.04 0.8 ± 0.04 0.77 ± 0.04 0.83 ± 0.08 

(secs) Protein Post 0.81 ± 0.02 0.79 ± 0.05 0.81 ± 0.03 0.87 ± 0.06 

 Placebo Pre 0.77 ± 0.06 0.81 ± 0.06* 0.79 ± 0.08 0.81 ± 0.06 

 Placebo Post 0.8 ± 0.02 0.84 ± 0.03* 0.82 ± 0.03 0.82 ± 0.05 

      

0-10m Sprint Protein Pre 1.94 ± 0.12 2.0 ± 0.09 1.97 ± 0.14 1.94 ± 0.12 

(secs) Protein Post 2.0 ± 0.04 1.93 ± 0.07 1.99 ± 0.08 2.02 ± 0.05 

 Placebo Pre 1.93 ± 0.12 1.98 ± 0.12 1.95 ± 0.11 1.97 ± 0.11 

 Placebo Post 2.03 ± 0.04 2.08 ± 0.11 2.07 ± 0.1 2.08 ± 0.06 

      

0-20m Sprint Protein Pre 3.29 ± 0.16 3.32 ± 0.12 3.37 ± 0.08 3.34 ± 0.17 
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(secs) Protein Post 3.35 ± 0.05 3.35 ± 0.1 3.44 ± 0.16 3.42 ± 0.07 

 Placebo Pre 3.32 ± 0.22 3.32 ± 0.23 3.33 ± 0.21 3.34 ± 0.21 

 Placebo Post 3.42 ± 0.05 3.53 ± 0.13* 3.54 ± 0.13* 3.51 ± 0.08* 

      

Ground 

Contact Time 

(secs)  

Protein Pre 0.22 ± 0.02 0.24 ± 0.03 0.23 ± 0.02 0.22 ± 0.02 

Protein Post 0.2 ± 0.02 0.21 ± 0.03 0.2 ± 0.02 0.2 ± 0.02 

Placebo Pre 0.19 ± 0.02 0.21 ± 0.04* 0.21 ± 0.03 0.2 ± 0.02 

Placebo Post 0.21 ± 0.04 0.23 ± 0.06 0.23 ± 0.05* 0.21 ± 0.04 

Values shown are means ± standard deviation 
*treatment group significantly different to baseline 
 

Muscle Soreness 

There was no significant difference between groups at baseline and while some 

increase in soreness was noted at 24h and 48h there were no significant 

differences noted in either treatment or control groups.  

Squat Jump 

There was no significant main effect for time noted. There was some group x 

time interaction however, with post hoc analysis revealing scores in the Plac-

Post group being significantly lower at 48h as compared to baseline (p=0.046). 

No other significant group differences were noted at this time point. 

Sprint Performance 

There was no significant main effect for time or group x time interaction for 0-

5m. There was a significant group by time interaction noted for 5-10m sprint 

performance with post-hoc analysis revealing that performance in the Plac-Pre 

and Plac-Post groups was significantly lower at 24h as compared to baseline 

(p=.045; p=.045). Performance in 0-20m sprint was significantly lower across all 

time points for the Plac-Post group (24h, p=.047; 48h, p=.032; 120h, p=.009) as 

compared to baseline. 

Ground Contact Time 

There was some group by time interaction with post-hoc analysis revealing that 

scores were significantly higher for the Plac-Pre group at 24h (p=.04) and Plac-

Post group at 48h (p=.02) as compared to baseline.  
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Discussion 

The present study sought to examine if the acute administration of WPH would 

lead to a reduction in the effects of EIMD following a bout of eccentric exercise 

designed to bring about muscle damage.  Additionally, the study set out to 

investigate whether any timing effect was noted between treatment groups, 

indicating a performance advantage in the administration of WPH immediately 

before or after a bout of strenuous exercise. 

 

Ingestion of WPH appeared to convey some protective effect against a bout of 

muscle damaging exercise. This was as evidenced by significantly worsened 

scores in performance measures (sprint performance, squat jump and ground 

contact time) at 24h and 48h amongst those subjects not consuming WPH, as 

compared to those groups consuming WPH.  

 

These findings are in concurrence with those of previous work (Buckley et al., 

2010; Etheridge et al., 2008) that have shown the protective effects associated 

with WPH ingestion.  If WPH were to result in any protective effect or enhanced 

recovery, it would only extend to measures of muscle performance and not 

muscle soreness.  

 

It would appear that there is no timing effect associated with any protective 

effects, or the recovery of muscle function associated with acute WPH ingestion 

following 100 CMJs. 

 

 

Conclusion 

 

Although the acute ingestion of WPH may have some effect on the recovery of 

muscle function following a bout of muscle-damaging exercise, the timing of this 

dose of WPH appears to have no significant effect. The findings may have 

some direct application to those engaged within sports or activities where sprint 

and/or jump performance is linked to overall performance.  
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6. Study 2: Timing effects of whey protein hydrolysate on muscular 

performance following a bout of eccentric exercise 

 

Abstract 

Purpose: To determine if timing of Whey Protein Hydrolysate (WPH) ingestion 

would have an effect on muscle damage, function and soreness. 

Methods: Twenty untrained males (18.5 ± 0.6 y) received a supplement before 

or after eccentric exercise (ECC).  Subjects were randomly allocated to one of 

four groups; group 1 consuming 200ml of flavoured water (FW) with 25g whey 

protein hydrolysate immediately pre-ECC (Pro-Pre, n=5); group 2 consuming 

200 ml of FW with 25 g whey protein hydrolysate immediately post-ECC (Pro-

Post, n=5); group 3 consuming 200 ml of FW with 25 g sucrose placebo 

immediately pre-ECC (Plac-Pre, n=5); group 4 consuming 200 ml of FW with 25 

g sucrose placebo immediately post-ECC (Plac-Post n=5).  Subjects performed 

100 eccentric leg extensions at 80% of eccentric 1RM, each lasting 5 s in a 

10x10 protocol.  Measures of sprint, squat and depth jump performance as well 

as muscle soreness were performed pre- and again at 24, 48, and 120h post-

exercise.  Mixed model ANOVA was used to analyse data. 

Results: Muscle soreness increased and muscle function were significantly 

reduced as a result of muscle-damaging exercise, as compared to baseline 

values. WPH exerted some effect on the recovery of muscle function at 48h as 

compared to placebo. 5-10m sprint speed was significantly higher at 48h 

amongst those that received the placebo (p<0.01 & p<0.006), as compared to 

those receiving WPH. 

Conclusion: Ingestion of an acute dose of WPH may convey facilitate the 

recovery of muscle function (sprint speed) at 48h, therefore may have some 

application to those engaged in activities where sprint performance impacts 

overall sporting performance.  
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Introduction 

Symptoms associated with EIMD include soreness, tenderness, changes in 

range of motion, strength loss, and release of muscle proteins such as creatine 

kinase (Eston, Mickleborough & Baltzopoulos, 1995). All of these result in 

impaired muscle function of the local area and performance in tasks such as 

squat jump and sprints (Byrne and Eston, 2002b; Clarkson & Hubal, 2002; 

McHugh et al., 1999b; Clarkson, Nosaka & Braun 1992; Byrnes et al., 1985; 

Armstrong, 1984).   

Whey protein hydrolysate (WPH) has been shown to enhance protein synthesis 

(Tang et al., 2009). It is absorbed at a faster rate from the small intestine than 

whole milk proteins delivered as a milk solution (Buckley et al., 2010), and can 

accelerate recovery of muscle function following a bout of muscle damage 

inducing exercise (Buckley et al., 2010; Etheridge, Philp & Watt, 2008).   

Amino acids are thought to exert their protective effects through a combination 

of direct and indirect mechanisms.  Directly, amino acids may depress 

pathways responsible for Z-Line disruption during the metabolic cascade 

triggered by mechanical trauma (Helman et al., 2003; Belcastro, Shewchuk & 

Raj 1998) while indirect mechanisms relate to formation of specific amino acid 

derived metabolites, such as Beta-Hydroxy-Beta-Methylbutyrate, shown in 

studies to lower indices of muscle damage (Nissen et al., 1996). 

Whilst there appears to be some evidence supporting the acute administration 

of WPH (Buckley et al., 2010; Etheridge, Phil & Watt, 2008) in ameliorating the 

effects of EIMD, the timing effect of hydrolysate ingestion on performance 

measures following a bout of EIMD is currently unknown.  Study 1 within this 

body of work sought to examine whether any the timing of WPH administration 

conveyed any effects on muscle function. The extent of muscle damage 

conveyed was relatively small; <5% as compared to 15% reduction in squat 

jump performance (Byrne & Eston, 2002b). The purpose of this study was to 

investigate the timing effect of WPH ingestion on the recovery of muscle 

function following a bout of muscle damaging exercise where an alternative 

muscle damaging protocol was employed. 
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Methods 

Twenty males (x̄ age = 18.5 ± 0.6y; height = 1.76 ± 0.05m; mass = 75.05 ± 

4.69kg) were recruited by public advertisement.  The study used a randomised, 

double-blind, placebo controlled, parallel design.  Baseline measures of sprint, 

squat and depth jump performance as well as muscle soreness were taken prior 

to undertaking 100 eccentric leg extensions (ECC) at 80% of eccentric 1RM, 

each lasting 5 s in a 10x10 protocol. These measures were repeated at 24, 48, 

and 120 h following ECC.  Subjects were randomly allocated to one of four 

groups; group 1 consumed 200ml of flavoured water (FW) with 25 g whey 

protein hydrolysate immediately pre ECC (Pro-Pre); group 2 consumed 200ml 

of FW with 25 g whey protein hydrolysate immediately post ECC (Pro-Post); 

group 3 consumed 200ml of FW with 25 g sucrose placebo immediately pre 

ECC (Pro-Pre); group 4 consumed 200ml of FW with 25 g sucrose placebo 

immediately post ECC (Pro-Post).   

Volunteers were excluded from the study if in the past three months they had 

undertaken regular (once a week or more) resistance training of the quadriceps 

muscles; had/have a knee, quadriceps or other musculoskeletal or medical 

problem which might interfere in their ability to perform the required exercise 

and tests; had any previous allergic or sensitivity response to dairy proteins, or 

been diagnosed with liver damage, malnutrition, or a defect of amino acid 

metabolism. 

Ethics approval was gained from the University of Exeter prior to commencing 

the study.  All volunteers completed written informed consent prior to 

participation. 

Muscle-damaging protocol 

Muscle fatigue and muscle damage was induced using 100 (10x10, 1min rest 

between sets) eccentric leg extensions, each lasting 5 s at 80% of eccentric 

1RM using a seated leg extension machine adjusted for each individual (ST750, 

Vision Fitness, Stoke-On-Trent, Staffordshire, UK).  This protocol has been 

previously employed and shown to be effective in eliciting muscle damage 

(Jamurtas et al., 2005; Paschalis et al., 2005). Subjects began each movement 

with both knees extended at 180 degrees, lowering both to a count of five to 90 
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degrees of flexion. The knee extensors were relaxed at the end of each 

eccentric phase and the relaxed legs were returned to the starting position by 

the experimenter.   

Warm-Up 

Prior to each bout of testing, subject completed a warm-up consisting of 5x10m 

of light jogging and dynamic stretches (2x10m carioca step; 10m walking 

lunges, alternating legs; 10m heel flicks; 10m high knee jogging). 

Squat Jump 

Squat jump height was measured using a Globus Ergotester Jump Mat 

(Cordogne, TV, Italy) which measures flight time and in turn calculates vertical 

jump height. This device has previously been shown to be a valid and reliable 

means of assessing vertical jump (ICC = 0.972 – 0.990, (Santos-Lozano et al., 

2014)). Volunteers were instructed to hold a squat position (90 degree hip and 

knee flexion) for three seconds before jumping as high as possible using an arm 

swing.  Subjects performed three trials separated by 1min of recovery.  The 

best of the three trials was recorded. 

Ground Contact Time 

Time in contact with the ground was assessed using an Optojump device 

(Microgate, Bolzano, Italy).  This device has previously been shown to be a 

valid and reliable tool with intraclass correlation coefficients of 0.997-0.998 and 

test-retest reliability ICC’s ranging from 0.982-0.989 (Glatthorn et al., 2011). 

Volunteers were instructed to step from a 50cm box, land two-footed and jump 

immediately over a 12” hurdle placed 50cm in front of the box.  Subjects 

performed three trials separated by 1min of recovery.  The best of the three 

trials was recorded. 

Sprint Performance 

Sprint performance was assessed using a set of wireless timing gates (Brower, 

Draper, Utah, USA).  For all distances, subjects began from a standing start, 1m 

behind a set of timing gates.  Subjects performed two 10m sprints separated by 

2mins of recovery with the best time recorded.  Timings were taken for 0-5m, 5-
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10m and 0-10m.  Subjects performed two 20m sprints separated by 2mins of 

recovery with the best 0-20m time recorded.   

Muscle Soreness 

Muscle soreness was evaluated using a 100mm visual analogue scale (VAS).  

The VAS consisted of a horizontal line with anchor points consisting of ‘no 

soreness’ on the left and ‘worst pain ever experienced’ on the right.  Volunteers 

were instructed to hold a squat position (90 degrees of hip and knee flexion) for 

two seconds and return to standing.  The volunteers placed a mark at the point 

on the VAS corresponding to their perception of the soreness in the quadriceps 

muscles of the leg. The extent of the muscle soreness was quantified using the 

measured distance (in mm) from the left hand end of the continuum to the mark 

made by the volunteer. 

Statistical Analysis 

Baseline parameters for each group was compared using one-way analysis of 

variance (ANOVA).  Mixed model repeated measures ANOVA was used to 

determine the effects of supplement timing on the dependent measures over 

time.  Post hoc analysis was conducted to identify differences between means 

using Tukey’s test.  Statistical significance was set at an α-level of P<0.05.  All 

data are shown as mean ±S.E.M. 

 

Table 6.1: Subject Characteristics (n=20) 

Group Age (yr) Height (m) Weight (kg) 

Protein Pre (n=5) 18.4  0.89 1.79 ± 0.06 78.2 ± 3.70 

Protein Post (n=5) 19.4 ± 1.14 1.73 ± 0.02 75.4 ± 7.44 

Placebo Pre (n=5) 18 ± 0 1.77 ± 0.09 70.4 ± 3.85 

Placebo Post (n=5) 18.2 ± 0.45 1.74 ± 0.02 76.2 ± 3.77 

Values shown are means ± standard deviation 
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Results 

Muscle Soreness 

There was no difference in muscle soreness between groups at baseline 

(P=0.53).  As compared to baseline, muscle soreness increased in all groups at 

24h and 48h, returning to baseline values at 120h.   There was no significant 

group x time interaction on muscle soreness (F(9, 48) = 1.99, P=0.061). There 

was a main effect for time (F(3,48) = 17.64). P<0.01).  Post Hoc analysis 

showed that muscle soreness  scores were significantly elevated at 24h 

(p<0.01) and 48h (p =<0.01) as compared to baseline.  

Figure 6.1: Changes in muscle Soreness (VAS) after exercise-induced muscle 

damage, measured at 24h, 48h and 120h and expressed as mean scores (±S.E.M.)      

* Significantly different (p<0.05) from baseline.  

 

Squat Jump 

There was no difference in squat jump between groups at baseline (P=0.595) 

but squat jump scores were significantly reduced at 24h and 48h as compared 

to baseline (p<0.01). There was no group by time interaction (F (4.83, 25.76) = 

2.10, P=0.100).  
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Figure 6.2: Changes in Squat Jump after exercise-induced muscle damage, measured 

at 24h, 48h and 120h and expressed as mean scores (±S.E.M.) * Significantly different 

(p<0.05) from baseline.  

 

Ground Contact Time (GCT)  

As shown in figure 6.3, ground contact time increased from baseline values 

across all groups, peaking at 24h and returning to baseline values by 120h.  

There was a main effect for time (F (1.42, 22.641) = 16.05, p<0.01) with values 

significantly higher than baseline for all groups at 24h (p<0.001) and 48h 

(p<0.001). There was no group by time interaction (F (4.23, 22.64) = 0.76, 

P=.569) or main effect for group (F (3, 16) = 1.26, p=0.323).   
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Figure 6.3: Changes in Ground Contact Time after exercise-induced muscle damage, 

measured at 24h, 48h and 120h and expressed as mean scores (±S.E.M.) * 

Significantly different (p<0.05) from baseline.  

 

Sprint Performance 

0-5m 

There was a main effect for time with scores significantly elevated as compared 

to baseline at 24h (F (1.7, 3) = 63.43, p<0.01) however there was no group x 

time interaction.   
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Figure 6.4: Changes in 0-5m sprint time after exercise-induced muscle damage, 

measured at 24h, 48h and 120h and expressed as mean scores (±S.E.M.)                     

* Significantly different (p<0.05) from baseline.  

5-10m 

There was a main effect for time (F (1.75, 3) = 87.93, p=<0.01), with a 

significant group x time interaction (F (5.18, 27.61) = 2.68, p=0.04). The most 

striking differences between groups were evident between 24 and 48hrs.  Post-

hoc analysis revealed no significant differences between treatment groups at 

either 24h (p=0.887) or 48h (p=0.761), indicating no timing effect of WPH.  As 

shown in figure 6.6, no significant difference was noted between Pro-Pre 

(p=0.061) or Pro-Post (p=0.368) between the two time points, however both 

placebo groups significantly increased 5-10m sprint times between these time 

points (Plac-Pre p=0.01; Plac-Post p=0.006).  This indicates that WPH may 

have in some way protected against further decrements in sprint performance 

between 24 and 48h post-eccentric exercise. 
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Figure 6.5: Changes in 5-10m sprint time after exercise-induced muscle damage, 

measured at 24h, 48h and 120h and expressed as mean scores (±S.E.M.)                     

* Significantly different (p<0.05) from baseline.  

 

Figure 6.6: Changes in 5-10m sprint time after exercise-induced muscle damage, 

measured at 24h, 48h and 120h and expressed % change in mean scores (±S.E.M.)                     

* Significantly different (p<0.05) from baseline.  
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0-10m 

There was a main effect for time with scores significantly elevated for all groups 

at 24h as compared to baseline (F (2.15, 3) = 97.65, p<0.01). There was no 

group x time interaction (F= (6.46, 34.44) = 1.28, p=0.289). 

Figure 6.7: Changes in 0-10m sprint time after exercise-induced muscle damage, 

measured at 24h, 48h and 120h and expressed as mean scores (±S.E.M.)                     

* Significantly different (p<0.05) from baseline.  

0-20m 

As shown in figure 6.8, there was a main effect for time with scores significantly 

elevated at 24h as compared to baseline (F (1.47, 3) = 49.53, p<0.01) however 

there was no group x time interaction (F (4.41, 23.55) = 1.97, p=0.13).  
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Figure 6.8: Changes in 0-20m sprint time after exercise-induced muscle damage, 

measured at 24h, 48h and 120h and expressed as mean scores (±S.E.M.)                     

* Significantly different (p<0.05) from baseline.  

Discussion 

This study set out to determine whether the timing of ingestion of a WPH 

supplement influenced the extent of EIMD. Specifically, we compared the 

symptoms of EIMD when WPH was ingested immediately prior to eccentric 

resistance exercise or immediately following eccentric resistance exercise. 
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hydrolysate had some effect on sprint speed, as compared to the placebo.  No 

significant difference was noted between treatment groups. 
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between 8 and 24 hours post-exercise, with peak levels occurring at around 24-

72 hours (Newham et al., 1988; Bobbert et al., 1986). Since the soreness 

appears some time after the activity, it presumably does not function to prevent 

overuse during the activity bout in which the injury occurs (Bobbert et al., 1986).   

In the present study, muscle soreness increased above baseline for all groups 

for time points 24h and 48h, returning to baseline values by 120h, with the 

supplement timing having no effect on soreness scores.   

Previous studies, employing a range of methods to induce damage, have 

reported increases in muscle soreness much greater than those elicited from 

the muscle damaging protocol used in the present study (Davies et al., 2008; 

Marginson et al., 2005, Rowlands et al., 2001).  Scores of muscle soreness, as 

measured by VAS, amongst control groups have been reported by increase by 

a factor of 12-20 after 24h.  The muscle damaging protocol in the present study 

resulted in a threefold increase in ratings of muscle soreness.  It is possible that 

the protocol was not severe enough to elicit damage and that the effect of WPH 

was masked by the lack of substantial changes in muscle function as a result. 

The absence of a timing effect supports the results of the work by White and 

colleagues (White et al., 2008) who noted no difference in muscle soreness with 

the ingestion of protein either before or after exercise.  These findings are also 

in line with those of Shimomura et al. (2006) who reported a reduction in muscle 

soreness following the ingestion of 5g of BCAA prior to exercise, yet previous 

work examining the effects of WPH (Buckley et al., 2010; Etheridge et al., 2008) 

showed no changes in muscle soreness across the study period.  The 

mechanism responsible for the reduction in soreness at 48h is unclear, further 

research into this area is needed to elucidate the means by which protein 

ingestion may reduce the muscle soreness experienced on the days following 

eccentric exercise. 

Squat Jump 

Squat Jump performance has been shown to correlate with plasma, functional, 

and reported indices of muscle damage, supporting its validity as an indirect 

measure of muscle damage (Jakeman, Byrne & Eston, 2010; Garcia-Lopez et 

al., 2006; Byrne & Eston, 2002).  In the present study, SJ was significantly lower 
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at 24 and 48h time points for all groups as compared to baseline values. This 

would suggest that the muscle damaging protocol employed in the present 

study resulted in appreciable damage, addressing one of the limitations of the 

pilot study. No significant timing effect was associated with WPH administration.  

These findings are in line with those of White and colleagues (2008), who 

showed no timing effects of a combination of protein and carbohydrate on 

muscular strength and soreness. 

Ground Contact Time 

Ground contact time increased significantly (p<0.05) at 24h and 48h as 

compared to baseline for all groups, returning to baseline levels at 120h.  The 

time frame and magnitude of damage is in line with previous research (Byrne & 

Eston 2002b; Avela et al., 1999) investigating the effects of EIMD on ground 

contact time following a drop jump.   

When the two treatment and control groups were combined to form one 

treatment and one control group, there appeared to be some evidence to 

suggest that the ingestion of WPH either immediately before or after a muscle-

damaging bout of exercise does have some effect on the restoration of muscle 

function.  There was no significant difference between groups at baseline 

(p=0.162), with the bout of damaging exercise significantly increasing GCT in 

both treatment (p=0.016) and control (p=0.02) groups at 24H.  However at 48H 

GCT in the control group was still significantly elevated (p=.0.04) whereas GCT 

in the treatment group was not significantly elevated (p=0.127), returning to 

values approaching that of baseline. 

The effect of EIMD is less pronounced in vertical jumps that incorporate an 

active pre-stretch (Byrne & Eston, 2002b), which enhances the final muscle 

action.  Byrne and Eston (2002b) suggest that one or more of the mechanisms 

proposed by Van Ingen Schenau et al. (1997) attenuate the detrimental 

performance effects of exercise-induced muscle damage.  Whether WPIH might 

serve to enhance these mechanisms is unclear.  It is also possible that WPIH 

may facilitate the recovery of excitation-contraction coupling first suggested by 

Edwards et al. (1977) as a theory to explain the loss of strength associated with 

EIMD.  Further research is needed to examine the exact mechanisms by which 
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WPH may facilitate the recovery of muscle function following muscle-damaging 

exercise. 

Sprint Performance 

The ingestion of WPH appeared to offer some protective effect, as noted by the 

return to sprint times towards baseline values at 48h for those receiving WPH. 

These findings are in line with those of the pilot study, as well as Etheridge and 

colleagues (2008) and Buckley et al. (2010). 

No group by time interactions were evident, suggesting that timing of 

supplement ingestion had no effect on sprint performance measures.  There 

was however some evidence to suggest that ingestion of WPH might limit 

further decrements in performance noted between 24h and 48h.  Twist & Eston 

(2005) and Highton et al. (2009) have previously investigated the effects of 

muscle damage on sprint performance.  Both of these investigations have 

shown a reduction in sprint performance at 24h and 48h following a muscle 

damaging bout of exercise.  Interestingly, in the present study, 5-10m sprint 

performance was significantly reduced (p<0.05) for the both placebo groups 

(Plac-Pre p=0.01; Plac-Post p=0.006) from time points 24h and 48h, whilst no 

significant differences were noted between treatment groups between these 

same time points. 

The exact mechanism responsible for reductions in sprint performance is 

unclear, Twist & Eston (2005) suggested that a reduced reflex sensitivity during 

the stretch-shortening cycle (SSC) may impair the ability to utilise ground 

impact forces, thus producing less force during the propulsive phase of the leg 

movement phase and increasing contact time with the ground.  It is possible 

that an acute dose of WPH might in some way facilitate the recovery of SSC 

reflex sensitivity, therefore resulting in a more rapid recovery of muscle function.  

Previous studies (Chen et al., 2007; Dutto & Braun, 2004) have shown a 

reduction in force production, stride length and stride frequency in sub-maximal 

running following EIMD.  However, it is still unclear whether these kinematic 

changes are evident during sprint running performance, further research is 

needed to investigate whether the ingestion of WPIH has any effect on these 

mechanisms. 
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Conclusion 

The present study showed that there was no significant difference in the effect 

conveyed by the ingestion of WPH either immediately prior to, or immediately 

following a bout of EIMD. While there was some evidence to suggest that the 

acute ingestion of WPH was associated with the restoration of muscle function 

towards baseline levels as compared to a placebo, the effects did not extend to 

all of the markers of muscle function examined.  

This finding is in line with a recent body of research that has shown the 

ingestion of supplementary protein conveys no additional benefits when dietary 

protein needs are met (Phillips and Van Loon, 2011). Whilst the present study 

did not measure subjects’ protein intake, it is likely that their protein needs were 

met from their daily diet based on the ranges shown to be sufficient to maintain 

lean body mass during periods of training. These ranges spanned from 

0.37g/lb/body mass (Tarnopolsky et al., 1988) to 0.82g/lb/body mass (Phillips 

and Van Loon, 2011), even during periods of negative energy balance. This 

would equate to a requirement of 59 – 131g/day based on the mean body mass 

of those subjects in the present study. Research has shown the average daily 

protein intake for UK adults is 91g/day (Halkjaer et al., 2009), well within the 

accepted range. It is therefore likely that the 25h WPH provided in the present 

study did not serve to provide any additional benefits since participants were not 

restricted in their daily dietary protein consumption, nor was their daily energy 

intake restricted. 

If acute WPH ingestion were to convey and positive effects on EIMD, the 

absence of any timing effect surrounding the administration of WPH (pre- or 

post-EIMD) could be related to the duration of the muscle damaging bout. The 

eccentric bout of exercise in the present study lasted approximately 18 minutes 

which may not have been sufficient to allow for the digestion of whole proteins 

in order for a significant protective effect to be detected between treatment 

groups, despite the increased rate of gastric emptying and absorption rate of 

hydrolysates (Calbet and MacLean, 2002).  The eccentric bout of muscle 

damaging exercise employed by White and colleagues (2008) was similar to the 

present study, lasting <10mins.  
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If WPH were indeed to exert any positive influence on markers of muscle 

damage associated with EIMD, and a timing effect were to exist, it may become 

apparent during muscle-damaging protocols of an extended duration. This may 

be an avenue for future research.  
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7. Study 3: The Effects of Whey Protein Hydrolysate on the Repeated 

Bout Effect 

 

Abstract 

Purpose: To determine if the acute administration Whey Protein Hydrolysate 

(WPH) would have an effect on muscle damage, function and soreness; 

impacting upon the repeated bout effect phenomenon following a repeated bout 

of muscle damaging exercise. 

Methods: Ten untrained males (18.1 ± 0.23 y) received a WPH supplement 

immediately after a repeated bout of eccentric exercise (ECC).  Subjects were 

randomly allocated to one of two groups; group 1 consuming 200ml of flavoured 

water (FW) with 25g sucrose placebo immediately post-ECC (control, n=5); 

group 2 consuming 200 ml of FW with 25g whey protein hydrolysate 

immediately post-ECC (treatment, n=5).  Subjects performed 100 eccentric leg 

extensions at 80% of eccentric 1RM, each lasting 5s in a 10x10 protocol.  

Measures of sprint, squat and depth jump performance as well as muscle 

soreness were taken at baseline and then repeated at 24h, 48h, and 120h post-

exercise.  A mixed model ANOVA was used to analyse data. Post hoc analysis 

was conducted to identify differences between means using Tukey’s test.  

Statistical significance was set at an α-level of P<0.05. 

Results: Muscle soreness increased and muscle function was significantly 

reduced as a result of muscle-damaging exercise.  0-10m sprint scores among 

those given WPH were not significantly elevated at 48h, returning to baseline 

levels at this point. This may indicate that WPH exerted some effect on the 

recovery of muscle function at 48h as compared to a flavoured water placebo. 

Conclusion: Eccentric exercise caused significant loss of muscle function and 

increased soreness during the initial and repeated bouts.  The effects were less 

pronounced following the repeated bout, highlighting the presence of the 

repeated bout effect illustrated by previous research.  The ingestion of WPH did 

facilitate the recovery of sprint speed at 48h but had no effect on any other 

measures of performance or muscle soreness. These findings would 
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corroborate those of the previous two studies within the present body of work, 

that acute WPH administration does not serve to reduce the symptoms 

associated with EIMD or facilitate the restoration of muscle function.  
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Introduction 

The concept of EIMD has been outlined previously in this body of work, as have 

those interventions proposed to either minimise the immediate effects of the 

damaging bout of activity, or to facilitate the recovery of muscle function post-

exercise. The present study sought to explore the interactions between two 

such interventions; the administration of WPH and the repeated bout effect.  

Of the many interventions examined or proposed to ameliorate the effects of 

EIMD, the Repeated Bout Effect (RBE) seems to be well supported by the 

literature.  A prior bout of eccentric exercise would appear to provide a 

protective effect on indices of damage; CK, muscle soreness and function (Mair 

et al., 1995; Newham et al., 1987; Byrnes et al., 1985).   

 

The previous findings associated with WPH administration have been 

addressed within previous chapters however its interaction with the repeated 

bout effect is presently unknown.  

 

 

Hypothisis 

This study will test the hypothesis that WPH supplementation will enhance the 

RBE, resulting in less of a decrement in muscle function and performance.  In 

order for WPH to enhance the effects of the RB it must exert some influence 

over one or more of the mechanisms proposed to explain the RBE.  The 

findings outlined above would suggest that the anabolic effect of protein and the 

ability of WPH to enhance the recovery of muscle function following EIMD 

would be based upon cellular adaptations and the potential greater manufacture 

of contractile proteins.  It is considered that WPH would enhance the RBE by 

increasing the cellular adaptations associated with the RBE. 

  

Methods 

 

Ten males aged 18-22 ( 18± 0.45yrs, 176± 0.06cm, 73.3± 3.81kg) were 

recruited by public advertisement.  This study used a double-blind, randomised, 

placebo controlled design, examining the effects of WPH on the RBE.  All 
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subjects completed 2 bouts of damage inducing exercise, an initial and 

repeated bout, separated by 21 days.  Subjects were randomly assigned to a 

treatment or control group and received either:  

 

1. Control 25g sucrose placebo immediately post the repeated bout 

2. Treatment 25g WPH immediately post the repeated bout 

 

Baseline measures of squat jump (SJ), time in contact with the ground following 

drop jump (60cm), sprint performance (20m), acceleration (5-10m), and muscle 

soreness (Visual Analogue Scale - VAS) were recorded.  Subjects took part in 

two identical bouts of muscle-damaging exercise, separated by 21 days. 

Measures of squat Jump (SJ), time in contact with the ground following drop 

jump (50cm), sprint performance (10m & 20m), acceleration (5-10m), and 

muscle soreness (VAS) would be taken at 24h, 48h, 72h, and 120h after the 

second bout of muscle-damaging exercise.  

Volunteers were excluded from the study if in the past three months they had 

undertaken regular (once a week or more) resistance training of the quadriceps 

muscles; had/have a knee, quadriceps or other musculoskeletal or medical 

problem which might interfere in their ability to perform the required exercise 

and tests; had any previous allergic or sensitivity response to dairy proteins, or 

been diagnosed with liver damage, malnutrition, or a defect of amino acid 

metabolism. 

Ethics approval was gained from the University of Exeter prior to commencing 

the study.  All volunteers completed written informed consent prior to 

participation. 

Muscle muscle damage was induced using 100 (10x10, 1min rest between 

sets) eccentric leg extensions, each lasting 5secs at 80% of eccentric 1RM 

using a seated leg extension machine adjusted for each individual (ST750, 

Vision Fitness, Stoke-On-Trent, Staffordshire, UK).  The knee extensors were 

relaxed at the end of each eccentric phase and the relaxed leg was returned to 

the starting position by the experimenter.   
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Squat jump height was measured using a Globus Ergotester Jump Mat 

(Cordogne, TV, Italy). Volunteers were instructed to hold a squat position (90 

degree hip and knee flexion) for three seconds before jumping as high as 

possible using an arm swing.  Time in contact with the ground was assessed 

using an Optojump device (Microgate, Bolzano, Italy).  Volunteers were 

instructed to step from a 50cm box, land two-footed and jump immediately over 

a 12” hurdle.  Sprint performance was assessed using a set of wireless timing 

gates (Brower, Draper, Utah, USA).  Muscle soreness was evaluated using a 

100mm visual analogue scale (VAS).  The VAS consisted of a horizontal line 

with anchor points consisting of ‘no soreness’ on the left and ‘worst pain ever 

experienced’ on the right.  Volunteers were instructed to hold a squat position 

for two seconds and return to standing.  The volunteers placed a mark at the 

point on the VAS corresponding to their perception of the soreness in the 

quadriceps muscles of the leg. The extent of the muscle soreness was 

quantified using the measured distance (in mm) from the left hand end of the 

continuum to the mark made by the volunteer. The validity and reliability of 

these measures has been previously addressed. 

Statistical Analysis 

Baseline parameters for each group was compared using one-way analysis of 

variance (ANOVA).  A mixed model ANOVA was used to determine the effects 

of supplement ingestion on the performance related markers of muscle 

damage.  Post hoc analysis was conducted to identify differences between 

means using Tukey’s test.  Statistical significance was set at an α-level of 

P<0.05.  All data are shown as mean ±S.E.M. 

Table 7.1: Subject Characteristics (n=10) 

Group Age (yr) Height (m) Weight (kg) 

1. Placebo Post (n=5) 18 ± 0 1.77 ± 0.09 70.4 ± 3.85 

2.   Protein Post (n=5) 18.2 ± 0.45 1.74 ± 0.02 76.2 ± 3.77 

Values shown are means ± standard deviation 
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Results 

Muscle Soreness  

During the initial and repeated bouts muscle soreness increased for both 

groups at 24 and 48h as compared to baseline, returning to baseline values by 

120h.  As compared to baseline, ratings of soreness were significantly higher at 

24h for group 1 during the initial (P=0.042) and repeated (P=0.004) bout, and at 

48h for both bouts (initial P=0.046 and repeated P=0.015).  The same was true 

of group 2 with muscle soreness increasing significantly above baseline values 

for both the initial (P= 0.021) and repeated bouts (P= 0.004).  Soreness 

remained significantly elevated above baseline at 48h during both the initial 

(P=0.03) and the repeated bouts (P=0.01).  No significant differences were 

noted between groups at any time period across the two bouts. 

Figure 7.1: Changes in Muscle Soreness (VAS) after exercise-induced muscle damage, 
measured at 24h, 48h and 120h and expressed as mean scores (±S.E.M.)                                   

* Significantly different (p<0.05) from baseline.   

Squat Jump 

As is evident from figure 7.2, muscular power declined following both bouts of 

eccentric exercise, remaining depressed at 24 and 48h before returning to 

baseline levels at 120h.  Mean scores for all groups and bouts were significantly 

reduced at 24h and 48h as compared to baseline (p<0.05). Following the 

repeated bout of eccentric exercise, mean scores across both groups were 
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significantly higher at 24h and 48h as compared to the initial bout (p=0.04), 

indicating the presence of some repeated bout effect. 

Figure 7.2: Changes in Squat Jump after exercise-induced muscle damage, measured at 24h, 

48h and 120h and expressed as mean scores (±S.E.M.)                                                                       

* Significantly different (p<0.05) from baseline.   

 

Ground Contact Time 

There was a main effect for time [Wilks’ Lambda = .15, F(3,6)= 11.41, P=.007, 

multivariate partial eta squared =.85] with GCT increasing significantly across all 
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values at 120h.  The was a significant effect for bout noted [Wilks’ Lambda 

=.49, F(3,6)= 8.21, P=0.02 multivariate partial eta squared =.51], with the 

decrement in performance following the repeated bout being less pronounced 

than the initial bout at 24h and 48h, demonstrating the repeated bout effect 

shown in previous research.  There was no group x time or group x time x bout 
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Figure 7.3: Changes in Ground Contact Time (GCT) after exercise-induced muscle damage, 

measured at 24h, 48h and 120h and expressed as mean scores (±S.E.M.)                                   

* Significantly different (p<0.05) from baseline.  

Sprint Performance 

As can be seen in figures 7.4 – 7.7, sprint performance declined across all 

groups at 24h and 48h with scores being significantly lower than baseline 

(p<0.05). The repeated bout effect was evident in 0-10m (p=0.002) and 0-20m 

(p=0.007) sprint performance at 24h and 48h (p=0.04). There was no significant 

interactions associated with the ingestion of WPH.    

 

Figure 7.4: Changes in 0-5m sprint performance after exercise-induced muscle damage, 

measured at 24h, 48h and 120h and expressed as mean scores (±S.E.M.)                                                        

* Significantly different (p<0.05) from baseline.  
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Figure 7.5: Changes in 5-10m sprint performance after exercise-induced muscle damage, 

measured at 24h, 48h and 120h and expressed as mean scores (±S.E.M.)                                                        

* Significantly different (p<0.05) from baseline.  

Figure 7.6: Changes in 0-10m sprint performance after exercise-induced muscle damage, 

measured at 24h, 48h and 120h and expressed as mean scores (±S.E.M.)                                                        

* Significantly different (p<0.05) from baseline.  
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Figure 7.6: Changes in 0-10m sprint performance after exercise-induced muscle damage, 

measured at 24h, 48h and 120h and expressed as mean scores (±S.E.M.)                                                        

* Significantly different (p<0.05) from baseline.  

 

 

Discussion 

This study set out to determine whether the ingestion of a protein hydrolysate 

supplement influenced the extent of EIMD following a repeated bout of eccentric 

exercise. Specifically, it compared the symptoms of EIMD when WPH was 

ingested immediately prior to a bout of eccentric resistance exercise, performed 

21 days after an initial bout. Muscle damage was inferred through squat jump, 

sprint performance, ground contact time, and muscle soreness through the use 

of a VAS.  

Results showed the presence of a RBE, however WPH ingestion was found not 

to exert any effect on a repeated bout of eccentric exercise. The present 

findings showing the presence of a RBE are in line with previous research Mair 

et al., 1995; Newham et al., 1987; Byrnes et al., 1985). 

McHugh and colleagues’ (1999a) review of the possible mechanisms behind the 

RBE posited that the adaptation was a result of neural, connective tissue or 

cellular adaptations.  However, other possible mechanisms include adaptation 

in excitation-contraction coupling or adaptation in the inflammatory response.   
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McHugh et al. (1999b) concluded it is unlikely that one theory can explain all of 

the observations of the repeated bout effect found in the literature. The RBE 

occurs in electrically stimulated contractions in an animal model, precluding 

neural adaptation exclusively. Connective tissue and cellular adaptations are 

unlikely explanations when the repeated bout effect is demonstrated prior to full 

recovery, and when the fact that the initial bout does not have to cause 

appreciable damage in order to provide a protective effect is considered. 

McHugh and colleagues (1999b) stated that the repeated bout effect occurs 

through the interaction of various neural, connective tissue and cellular factors 

that are dependent on the particulars of the eccentric exercise bout and the 

specific muscle groups involved. 

 

More recently, McHugh (2003) conducted a follow-up review outlining advances 

in the potential mechanisms behind the RBE.  It was stated that although there 

is some evidence to suggest that the RBE is associated with a shift toward 

greater recruitment of slow twitch motor units, it is more likely that a peripheral, 

non-neural adaptation predominates since the RBE has been demonstrated 

with electrically stimulated contractions.  With respect to mechanical 

adaptations there is evidence that both dynamic and passive muscle stiffness 

increase with eccentric training but there are no studies on passive or dynamic 

stiffness adaptations to a single eccentric bout. It is suggested that the role of 

the cytoskeleton in regulating dynamic stiffness is a possible area for future 

research. With respect to cellular adaptations there is evidence of longitudinal 

addition of sarcomeres and adaptations in the inflammatory response following 

an initial bout of eccentric exercise.  Inflammatory adaptations are thought to 

limit the proliferation of damage that typically occurs in the days following 

eccentric exercise. A unified theory explaining the mechanism or mechanisms 

for this protective adaptation therefore remains elusive. 
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Muscle Soreness 

Soreness was present following both bouts of exercise, with scores significantly 

elevated at 24h and 48h and then returning to baseline by 120h.  The exact 

mechanism responsible for muscle soreness has yet to be fully defined however 

it is accepted that it is secondary to the initial damage that occurs and serves to 

protect by signalling injury to the tissues (Tipton et al., 2007).  However, the 

pain associated with EIMD initiates between 8h and 24h post-exercise, with 

peak levels occurring at around 24-72h (Newham et al., 1988; Bobbert et al., 

1986). Since the soreness appears sometime after the activity, it presumably 

does not function to prevent overuse during the activity bout in which the injury 

occurs (Bobbert et al., 1986). 

Squat Jump 

Squat Jump performance has been shown to correlate with plasma, functional, 

and reported indices of muscle damage, supporting its validity as an indirect 

measure of muscle damage (Jakeman et al., 2010; Garcia-Lopez et al., 2006; 

Byrne & Eston, 2002b).  In the present study, SJ was lower at 24h and 48h for 

all groups as compared to baseline values, however no significant effect was 

associated with protein ingestion.  In line with the present study, White and 

colleagues (2008) have previously shown that protein ingestion immediately 

following a bout of muscle-damaging exercise had no effect on muscular 

soreness following a bout of damaging exercise.   

Previous work has shown that chronic BCAA ingestion may exert a beneficial 

effect on markers if EIMD (Ohtani et al., 2002; Coombes et al., 2000). In this 

instance, BCAA’s were provided in addition to subjects’ normal diet (which 

analysis showed to already meet the RDA of BCAA). Therefore, while there 

may be some beneficial effects to be seen via the ingestion of supplementary 

BCAA’s, their actions are either as a result of the cumulative effects (as 

opposed to acute ingestion) or as a result of mechanisms unrelated to acute 

protein ingestion.  
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Ground Contact Time 

WPH ingestion was shown to have no effect on GCT during either the initial or 

repeated bout. The lack of any effect is was noted for other markers of muscle 

damage examined in the present study, but this may be as a result of the nature 

of the drop-jump task.  Previous research has shown the detrimental 

performance effects of a bout of muscle damaging exercise to be masked by 

jumps that involve an active pre-stretch, therefore employing the stretch 

shortening cycle (Byrne & Eston, 2002b). 

 

Byrne and Eston (2002b) suggest that one or more of the mechanisms 

proposed by Van Ingen Schenau et al. (1997) (the storage and release of 

elastic energy, available time for force production and potentiation of the 

contractile machinery) attenuates the detrimental performance effects of 

exercise-induced muscle damage.  Ettema et al. (1990) supports Byrne and 

Eston (2002b) in suggesting that these mechanisms combine to enhance 

performance.  It is possible that by enhancing the final muscle action, the pre-

stretch somehow masks the decline in performance following muscle damaging 

exercise, in some way explaining the lack of difference between protein and 

control groups.   If acute ingestion of WPH did not serve to enhance this 

mechanism it might explain the lack of treatment effect. 

 

Sprint performance 

There were no significant interactions across 5-10m and 0-20m distances, 

highlighting the absence of any effect of the acute administration of WPH.  

There was some however some evidence to suggest that WPH might facilitate 

the recovery of muscle function over a ten metre distance.  There was some 

evidence of the RBE phenomenon noted by previous researchers, with a 

significant difference noted for bout across 0-10m.   

The mechanisms responsible for reductions in sprint performance following 

muscle damaging exercise are unclear.  Twist & Eston (2005) suggested that a 

reduced reflex sensitivity during the stretch-shortening cycle (SSC) may impair 

the ability to utilise ground impact forces, thus producing less force during the 

propulsive phase of the leg movement phase and increasing time in contact 
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with the ground.  The increase in GCT noted in the present study would support 

this hypothesis. Previous studies (Chen et al., 2007; Dutto & Braun, 2004) have 

shown a reduction in force production, stride length and stride frequency in sub-

maximal running following EIMD.  If indeed these mechanisms are responsible 

for the decrements in sprint performance, the present study imparts some 

evidence that WPH may exert an influence on one or more of these.  However, 

since it is still unclear whether these kinematic changes are evident during 

sprint running performance, further research is needed to investigate whether 

the ingestion of WPH has any effect on these mechanisms.    

Conclusion 

The acute administration of WPH following a repeated bout of damaging 

exercise appears to have no effect on the recovery of muscle function; however 

there is some evidence to suggest that WPH may facilitate the recovery of 

sprint performance at 48h.   

These findings are in line with those of studies one and two in the present body 

of work showing that acute WPH ingestion has no effect on markers of EIMD, 

as well as those that support the presence of a RBE.  
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8. General discussion, conclusions and recommendations for further 

study 

This body of work set out to examine the effects of WPH on the recovery of 

muscle function following a bout of eccentric exercise, whether a timing effect 

exists, and finally if the ingestion of WPH enhances the RBE.  

All three studies showed that acute WPH ingestion conveyed no significant 

effect on the recovery of muscle function (GCT, squat jump), or ratings of 

muscle soreness following EIMD. There was limited evidence to suggest that 

WPH ingestion may convey some benefits to 5-10m sprint performance during 

the recovery from EIMD.  

These findings are in line with the literature that shows protein consumption 

conveys no additional performance benefits when daily dietary protein needs 

are met (Phillips and Van Loon, 2011). One limitation of the present body of 

work is lack of dietary analysis to determine the subjects’ total energy and 

protein intakes. As stated previously, given the protein requirements to maintain 

performance and the average daily protein intake in the UK, it is unlikely that 

subjects’ diets were in an energy or protein deficit. However, confirmation of this 

would enhance the application of the findings of this body of work.  

In explanation for the lack of effect noted; one possible hypothesis is the 

positive effect WPH has on the recovery of muscle glycogen (Morifuji, 2009). 

Morifuji (2009) suggested that if whey protein hydrolysate induces a strong 

insulinotropic effect it may result in enhanced performance or recovery via the 

stimulation of glycogen formation.  Insulin may facilitate glucose entry into cells 

in greater amounts than needed for cellular respiration, leading to increased 

muscle glycogen concentrations prior to exercise and in the post-exercise 

recovery period. Each of studies in the present body of work used performance 

measures of muscle function to assess the impact of WPH. These were 

maximal in nature and of relatively short duration, therefore performance would 

not be affected by muscle glycogen concentrations. Additionally, the 

carbohydrate placebo used may in itself exert an insulinotropic effect, 

essentially mirroring the effects of the treatment group.  
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The inflammatory response is central to the model of muscle damage (Peake, 

Nasaka and Suzuki, 2011) with neutrophils and macrophages contributing to 

the degradation of damaged muscle tissue via the release of ROS (Cannon and 

St. Pierre, 1998). The inflammatory response is evident within several hours 

(Beaton et al., 2002) and remains for up to 14 days (Jones et al., 1986). The 

inflammatory response over this time period would not be influenced by acute 

WPH ingestion which may in part explain the lack of effects noted on the 

recovery of muscle function.  

 

Finally, acute protein ingestion may only increase muscle protein synthesis for 

up to a few hours post-ingestion (Rasmussen et al., 2000). It is therefore 

unlikely to exert any influence over the recovery of muscle function during five 

days.  

 

Given the various explanations in support of the lack of a treatment effect 

associated with the acute ingestion of WPH following EIMD, and the findings of 

this body of work, it is clear that there are no benefits to be achieved from 

ingesting WPH to facilitate the recovery from muscle damaging exercise.  

 

  



81 
 
 

References 

Abbott, B.C., Bigland, B. Ritchie, J.M. (1952). The physiological cost of negative 

work. The Journal of Physiology. 117(3):380-90. 

 

Adameic, L. (1977). Effect of hyperbaric oxygen therapy in some basic vital 

functions. Acta Physiologica Polonica. 28:215–224. 

 

Algafly, A.A., George, K.P.  The effect of cryotherapy on nerve conduction 

velocity, pain threshold and pain tolerance. British Journal of Sports Medicine. 

41(6):365-9. 

 

Allen, J.D., Mattacola, C.G., Perrin, D.H. (1999). Effect of Microcurrent 

Stimulation on Delayed-Onset Muscle Soreness: A Double-Blind Comparison. 

Journal of Athletic Training. 34(4):334-337. 

 

Alessio HM, Goldfarb AH, Cutler RG. (1988). MDA content increases in fast- 

and  

slow-twitch skeletal muscle with intensity of exercise in a rat. American Journal 

of 

Physiology and Cell Physiology. 255:C874–C877 

 

Antonio, J., Street, C. (1999). Glutamine: a potentially useful supplement for 

athletes. Canadian Journal of Applied Physiology. 24(1):1-14. 

 

Armstrong, R.B., Laughlin, M.H., Rome, L., Taylor, C.R. (1983). Metabolism of 

rats running up and down an incline. Journal of Applied Physiology: Respiratory, 

Environmental and Exercise Physiology. 55(2):518-21. 

 

Armstrong, R.B. (1984). Mechanisms of exercise-induced delayed onset 

muscular soreness: a brief review. Medicine and Science in Sports and 

Exercise. 16(6):529-38. 

 

Armstrong, R.B. (1990). Initial events in exercise-induced muscular injury. 

Medicine and Science in Sports and Exercise. 22(4):429-35. 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Antonio%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Street%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus


82 
 
 

 

Asmussen, E. (1956). Observations on experimental muscular soreness. Acta 

Rheumatologica Scandinavica. 2(2):109-16. 

 

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(5):1482-5. 

 

Asp, S., Daugaard, J.R., Kristiansen, S., Kiens, B., Richter, E.A. (1998). 

Exercise metabolism in human skeletal muscle exposed to prior eccentric 

exercise. Journal of Physiology. 15;509:305-13. 

 

Asp, S., Daugaard, J.R., Rohde, T., Adamo, K., Graham, T. (1999). Muscle 

glycogen accumulation after a marathon: roles of fiber type and pro- and 

macroglycogen. Journal of Applied Physiology. 86(2):474-8. 

  

Avela, J., Kyröläinen, 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):1292-300. 

 

Babenko, V., Graven-Nielsen, T., Svensson, P., Drewes, A.M., Jensen, T.S. &  

Arendt-Nielsen, L. (1999). Experimental human muscle pain and muscular  

hyperalgesia induced by combinations of serotonin and bradykinin. Pain. 82:1-

8. 

 

Babul, S., Rhodes, E.C., Taunton, J.E., Lepawsky, M. (2003). Effects of 

intermittent exposure to hyperbaric oxygen for the treatment of an acute soft 

tissue injury. Clinical Journal of Sports Medicine. 13(3):138-47. 

 

Bach, S., Bilgrav, K., Gottrup, F., Jorgensen, T.E. (1991). The effect of electrical 

current on healing skin incision: an experimental study. European Journal of 

Surgery. 157:171-174. 

 



83 
 
 

Baechle, T.R., Earle, R.W. (2000) Essentials of Strength Training and 

Conditioning: 2nd Edition. Champaign, IL: Human Kinetics 
 

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(11):1163-70. 

 

Bakhtiary, A.H., Safavi-Farokhi, Z., Aminian-Far, A. Influence of vibration on 

delayed onset of muscle soreness following eccentric exercise. British Journal 

of Sports Medicine. 41(3):145-8. 

  

Balsom, P.D., Soderlund, K., Sjodin, B., Ekblom, B. (1995). Skeletal muscle 

metabolism during short duration high-intensity exercise:influence of creatine 

supplementation. Acta Physiologica Scandinavica. 154:303–310. 

 

Bates, A. & Hanson, N. (1996). Aquatic exercise therapy. 2nd Edition. W.B. 

Saunders. Philadelphia, PA 

 

Beaton, L.J., Tarnopolsky, M.A., and Phillips, S.M. (2002). Contraction-induced 

muscle damage in humans following calcium channel blocker administration. J 

Physiol. 544: 849-859. 

 

Belcastro, A.N., Shewchuk, L.D., Raj, D.A. (1998). Exercise-induced muscle 

injury: a calpain hypothesis. Molecular and Cellular Biochemistry. 179:135-145. 

 

Berg, A., Keul, J. (1981). Physiological and metabolic responses of female 

athletes during laboratory and field exercise. Medicine and Sport. 14:77-96. 

 

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. 



84 
 
 

 

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(4):773-8. 

 

Bigland-Ritchie, B., Woods, J.J. (1976). Integrated electromyogram and oxygen 

uptake during positive and negative work. Journal of Physiology. 260(2):267-77. 

 

Biolo, G., Tipton, K.D., Klein, S., Wolfe, R.R. (1997). An abundant supply of 

amino acids enhances the metabolic effect of exercise on muscle protein. 

American Journal of Physiology. 273(1 Pt 1):E122-9.  

 

Bobbert, M.F., Hollander, A.P., Huijing, P.A. (1986). Factors in delayed onset 

muscular soreness of man. Medicine and Science in Sports and Exercise. 

18(1):75-81. 

 

Boirie, Y., Dangin, M., Gachon, P., Vasson, M.P., Maubois, J.L., Beaufrère, B. 

(1997). Slow and fast dietary proteins differently modulate postprandial protein 

accretion. Proceeding of the National Academy of Sciences of the USA. 

94(26):14930-5. 

 

Børsheim, E., Tipton, K.D., Wolf, S.E., Wolfe, R.R. (2002). Essential amino 

acids and muscle protein recovery from resistance exercise. American Journal 

of Physiology Endocrinology and Metabolism. 283(4):E648-57. 

 

Bosco, C., Cardinal, M., Tsarpela, O. (1999). Influence of vibration on 

mechanical power and electromyogram activity in human arm flexor muscles. 

European Journal of Applied Physiology. 79:306-11. 

 

Boza, J.J., Moënnoz, D., Vuichoud, J., Jarret, A.R., Gaudard-de-Weck, D., 

Ballèvre, O. (2000). Protein hydrolysate vs. free amino acid-based diets on the 

nutritional recovery of the starved rat. European Journal of Nutrition. 39(6):237-

43.  

http://www.ncbi.nlm.nih.gov/pubmed/3959868
http://www.ncbi.nlm.nih.gov/pubmed/3959868


85 
 
 

 

Brighton, C.T., Friedenberg, Z.B., Mitchell, E.l., Booth, R.E. (1977). Treatment 

of nonunion with constant direct current. Clinical Orthopaedics. 124:106-123. 

 

Bryer, S.C., Goldfarb, A.H. (2006). Effect of high dose vitamin C 

supplementation on muscle soreness, damage, function, and oxidative stress to 

eccentric exercise. International Journal of Sport Nutrition, Exercise and 

Metabolism. 16(3):270-80.  

 

Brock Symons, T., Clasey, J.L., Gater, D.R., Yates, J.W. (2004). Effects of deep 

heat as a preventative mechanism on delayed onset muscle soreness. Journal 

of Strength and Conditioning Research. 18(1):155-6.  

 

Brockett, C., Warren, N., Gregory, J.E., Morgan, D.L., Proske, U. (1997). A 

comparison of the effects of concentric versus eccentric exercise on force and 

position sense at the human elbow joint. Brain Research. 771(2):251-8. 

 

Brown, S.J., Child, R.B., Day, S.H., Donnelly, A.E. (1997). Exercise-induced 

skeletal muscle damage and adaptation following repeated bouts of eccentric 

muscle contractions. Journal of Sports Sciences. 15(2):215-22. 

 

Buckley, J.D., Thomson, R.L., Coates, A.M., Howe, P.R., Denichilo, M.O., 

Rowney, M.K. (2010). Supplementation with a whey protein hydrolysate 

enhances recovery of muscle force generating capacity following eccentric 

exercise. Journal of Science and Medicine in Sport. 13(1):178-81. 

 

Bulford, B.N., Koch, A.J. (2004). Glycine-arginine-alpha-ketoisocaproic acid 

improves performance of repeated cycling sprints. Medicine and Science in 

Sports and Exercise. 36:583-587. 

 

Butterfield, D.L., Draper, D.O., Ricard, M.D., Myrer, J.W., Schulthies, S.S., 

Durrant, E. (1997). The Effects of High-Volt Pulsed Current Electrical 

Stimulation on Delayed-Onset Muscle Soreness.  

Journal of Athletic Training. 32(1):15-20. 

javascript:AL_get(this,%20'jour',%20'Int%20J%20Sport%20Nutr%20Exerc%20Metab.');
javascript:AL_get(this,%20'jour',%20'Int%20J%20Sport%20Nutr%20Exerc%20Metab.');


86 
 
 

 

Byrd, S. K. (1992). Alterations in the sarcoplasmic reticulum: a possible link to 

exercise induced muscle damage. Medicine and Science in Sports and 

Exercise. 24(5):531-536. 

 

Byrne, C., Eston, R.G., Edwards, R.H. (2001). Characteristics of isometric and 

dynamic strength loss following eccentric exercise-induced muscle damage. 

Scandinavian Journal of Medicine and Science in Sports. 11(3):134-40. 

 

Byrne, C., Eston, R. (2002a). Maximal-intensity isometric and dynamic exercise 

performance after eccentric muscle actions. Journal of Sports Sciences. 

20(12):951-9. 

 

Byrne C, Eston R. (2002b). The effect of exercise-induced muscle damage on 

isometric and dynamic knee extensor strength and vertical jump performance. 

Journal of Sports Sciences. 20(5):417-25. 

 

Byrne, C., Twist, C., Eston, R. (2004). Neuromuscular function after exercise-

induced muscle damage: theoretical and applied implications. Sports Medicine. 

34(1):49-69. 

 

Byrnes, W.C., Clarkson, P.M., White, S., Hsieh. S.S., Frykman, P.N., Maughan, 

R.J. (1985). Delayed onset muscle soreness following repeated bouts of 

downhill running. Journal of Applied Physiology. 59(3):710-5. 

 

Byrnes, W.C., Clarkson, P.M. (1986). Delayed onset muscle soreness and 

training. Clinics in Sports Medicine. 5(3):605-14. 

 

Calbet, J.A.L., MacLean, D.A. (2002). Plasma glucagons and insulin responses 

depend on the rate of appearance of amino acids after ingestion of different 

protein solutions in humans. Journal of Nutrition. 132:2174-2182. 

 



87 
 
 

Candow, D.G., Burke, N.C., Smith-Palmer, T., et al. (2006). Effect of whey and 

soy protein supplementation combined with resistance training in young adults. 

Int J Sport Nutr Exerc Metab. 16:233–44. 

 

Cannon, J.G., St. Pierre, B.A. (1998). Cytokines in exertion-induced skeletal 

muscle injury. Mol Cell Biochem. 179:159-167. 

 

Carley, P.J., Wainapel, S.F. (1985). Electrotherapy for acceleration of wound 

healing: low intensity direct current. Archives of Physical and Medical 

Rehabilitation. 66:443-446. 

 

Charge, S.B.P, Rudnicki, M.A. (2004). Cellular and molecular regulation of 

muscle regeneration. Physiological Reviews. 84(1):209–238. 

 

Chaudière, J., Ferrari-Iliou, R. (1999). Intracellular Antioxidants: from chemical 

to biochemical mechanisms. Food and Chemical Toxicology. 37(9-10):949–62 

Chen, T.C. (2003). Effects of a second bout of maximal eccentric exercise on 

muscle damage and electromyography activity. European Journal of Applied 

Physiology. 89:115-21. 

 

Chen, T. C., Nosaka, K., & Tu, J. H. (2007). Changes in running economy 

following downhill running. Journal of Sports Sciences. 25(1), 55-63. 

 

Chen, T. C., Nosaka, K., & Wu, C. C. (2008). Effects of a 30-min running 

performed daily after downhill running on recovery of muscle function and 

running economy. Journal of Sports Science and Medicine. 11(3), 271-279. 

 

Chen, T.C., Chen, H., Lin, M., Wu, C., Nosaka, K. (2009). Muscle damage 

responses of the elbow flexors to four maximal eccentric exercise bouts 

performed every 4 weeks. European Journal of Applied Physiology. 106:267-

275. 

 



88 
 
 

Cheung, K., Hume, P., Maxwell, L. (2003). Delayed onset muscle soreness : 

treatment strategies and performance factors. Sports Medicine. 33(2):145-64. 

 

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(4):301-8. 

 

Chleboun,  G.S., Howell, J.N., Baker H.L., Ballard, T.N., Graham, J.L., Hallman, 

H.L., Perkins, L.E., Schauss, J.H., Conatser, R.R. (1995). Intermittent 

pneumatic compression effect on eccentric exercise-induced swelling, stiffness, 

and strength loss. Archives of Physical Medicine and Rehabilitation. 76(8):744-

9. 

 

Ciccone, C.D., Leggin, B.G., Callamaro, J.J. (1991). Effects of ultrasound and 

trolamine salicylate phonophoresis on delayed-onset muscle soreness. Physical 

Therapy. 71(9):666-75. 

 

Clarkson, P.M., Nosaka, K., Braun, B. (1992). Muscle function after exercise-

induced muscle damage and rapid adaptation. Medicine and Science in Sports 

and Exercise. 24(5):512-20. 

 

Clarkson P.M., Tremblay I. (1998). Exercise-induced muscle damage, modes 

repair, and adaptation in humans. Journal of Applied Physiology. 65: 1-6. 

 

Clarkson, P.M., Sayers, S.P. (1999). Etiology of exercise-induced muscle 

damage. Canadian Journal of Applied Physiology. 24(3):234-48. 

 

Clarkson, P.M., Hubal, M.J. (2002). Exercise-induced muscle damage in 

humans. American Journal of Physical and Medical Rehabilitation. 81(11 

Suppl):S52-69. 

 

Cleak, M.J., Eston, R.G. (1992). Muscle soreness, swelling, stiffness and 

strength loss after intense eccentric exercise. British Journal of Sports 

Medicine. 26(4), 267-272. 

http://www.ncbi.nlm.nih.gov/pubmed/9663954
http://www.ncbi.nlm.nih.gov/pubmed/9663954
http://www.ncbi.nlm.nih.gov/pubmed/9663954
http://www.ncbi.nlm.nih.gov/pubmed/10364418
http://www.ncbi.nlm.nih.gov/pubmed/10364418


89 
 
 

 

Cochrane, D.J. (2004). Alternating hot and cold water immersion for athlete 

recovery: a review. Physical Therapy in Sport.  5:26–32. 

 

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(4):775-83. 

 

Connolly, D.A.J., McHugh, M.P., Padilla-Zakour, O.I. (2006). Efficacy of a tart 

cherry juice blend in preventing the symptoms of muscle damage. British 

Journal of Sports Medicine. 40: 679-83. 

 

Consolazio, C.F., Johnson, H.L., Nelson, R.A., Dramise, J.G., Skala, J.H. 

(1975). Protein metabolism during intensive physical training in the young adult. 

American Journal of Clinical Nutrition. 28(1):29-35. 

 

Coombes, J.S., McNaughton, L.R. (2000). Effects of branched-chain amino acid 

supplementation on serum creatine kinase and lactate dehydrogenase after 

prolonged exercise. Journal of Sports Medicine and Physical Fitness. 40:240-

246. 

 

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(1):46-50. 

 

Craig, J.A., Cunningham, M.B., Walsh, D.M., Baxter, G.D., Allen, J.M. (1996). 

Lack of effect of transcutaneous electrical nerve stimulation upon 

experimentally induced delayed onset muscle soreness in humans. Pain. 67(2-

3):285-9. 

 

Davies, C.T., White, M.J. (1981). Muscle weakness following eccentric work in 

man. European Journal of Physiology. 392(2):168-71. 

 

http://www.ncbi.nlm.nih.gov/pubmed/1115014?ordinalpos=3&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum


90 
 
 

Davies. R.C., Eston, R.G., Poole, D.C., Rowlands, A.V., DiMenna, F., 

Wilkerson, D.P., Twist, C., Jones, A.M. (2008). The effect of eccentric exercise-

induced muscle damage on the dynamics of muscle oxygenation and 

pulmonary oxygen uptake. Journal of Applied Physiology.  105(5): 1413-1421. 

 

Davies, R. C., Rowlands, A. V., Eston, R. G. (2009). Effect of exercise-induced 

muscle damage on ventilatory and perceived exertion responses to moderate 

and severe intensity cycle exercise. European Journal of Applied Physiology. 

107(1), 11-19. 

 

De Meirleir, Naaktgeboren, N., van Steirteghem, A., Block, P. (1985). Plasma 

beta-endorphin levels after exercise. Journal of Endocrinological Investigation. 

8(1):89. 

 

De Vries, H.A. Quantitative electromyographic investigation of the spasm theory 

of muscle pain. American Journal of Physical Medicine. 45(3):119-34. 

 

Deldicque, L., Louis, M., Theisen, D., Nielens, H., Dehoux, M., Thissen, J.P., 

Rennie, M.J., Francaux, M. (2005). Increased IGF mRNA in human skeletal 

muscle after creatine supplementation.  Medicine and Science in Sports and 

Exercise. 37:731–736. 

 

Denegar, C. R., Perrine, C.H., Rogol, A.D., Rutt, R. (1989). Influence of 

transcutaneous nerve stimulation on pain, range of motion, and serum cortisol 

concentration in females experiencing delayed onset muscle soreness. Journal 

of Orthopaedic, Sports and Physical Therapy. 11:100–103. 

 

Denegar, C.R., Perrin, D.H..(1992). Effect of Transcutaneous Electrical Nerve 

Stimulation, Cold, and a Combination Treatment on Pain, Decreased Range of 

Motion, and Strength Loss Associated with Delayed Onset Muscle Soreness. 

Journal of Athletic Training. 27(3):200-206. 

 

Denegar, C.R. (2000). Therapeutic Modalities for Athletic Injuries. Champaign, 

IL: Human Kinetics.  



91 
 
 

 

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 the Neurological Sciences. 

174(2):92-9. 

 

Di Pasquale, M.G. (1997). Amino acids and proteins for the athlete: The 

anabolic edge. Boca Raton, FL: CRC Press. 

 

Donnelly, A.E., McCormick, K., Maughan, R.J., Whiting, P.H., Clarkson, P.M. 

(1988). Effects of a non-steroidal anti-inflammatory drug on delayed onset 

muscle soreness and indices of damage. British Journal of Sports Medicine. 

22:35-38. 

 

Donnelly, A.E., Maughan, R.J., Whiting, P.H. (1990). Effects of ibuprofen on 

exercise induced muscle soreness and indices of muscle damage. British 

Journal of Sports Medicine. 24:191-195. 

 

Donovan, R. & Andrew, G. (1987).  Plasma beta endorphin immunoreaction 

during graded cycle ergometry. Medicine and Science in Sports and Exercise. 

19:229. 

 

Dray, A. & Perkins, M. (1993). Bradykinin and inflammatory pain. Trends  

Neuroscience. 16:99-104. 

 

Duncan, C.J. (1978). Role of intracellular calcium in promoting muscle damage: 

a strategy for controlling the dystrophic condition. Experientia. 34(12):1531-5. 

 

Dutto, D.J., Braun, W.A. (2004). DOMS associated changes in ankle and knee 

joint dynamics during running. Medicine and Science in Sports and Exercise. 

36:560–6. 

 



92 
 
 

Ebbeling, C.B., Clarkson, P.M. (1989). Exercise-induced muscle damage and 

adaptation. Sports Medicine. 7:207-234. 

 

Edman, K.A., Elzinga, G., Noble, M.I. (1978). Enhancement of mechanical 

performance by stretch during tetanic contractions of vertebrate skeletal muscle 

fibres. The Journal of Physiology. 281:139-55. 

 

Edwards, R.H.T., Hill, D.K., Jones, D.A., Merton, P.A. (1977). Fatigue of long 

duration in human skeletal muscle after exercise. Journal of Physiology. 272:  

769-778. 

 

Enoka, R.M. (1996). Eccentric contractions require unique activation strategies 

by the nervous system. Journal of Applied Physiology. 81(6):2339-46. 

 

Enoka, R.M.  (2002). Activation order of motor axons in electrically evoked 

contractions. Muscle and Nerve. 25(6):763-4. 

 

Esmarck, B., Andersen, J.L., Olsen, S., Richter, E.A., Mizuno, M., Kjaer, M. 

(2001). Timing of postexercise protein intake is important for muscle 

hypertrophy with resistance training in elderly humans. Journal of Physiology. 

15;535(Pt 1):301-11.  

 

Eston, R.G., Mickleborough, J., Baltzopoulos, V. (1995). Eccentric activation 

and muscle damage: biomechanical and physiological considerations during 

downhill running. British Journal of Sports Medicine. 29(2):89-94. 

 

Eston, R., Peters, D. (1999). Effects of cold water immersion on the symptoms 

of exercise-induced muscle damage. Journal of Sports Sciences. 17(3):231-8. 

 

Eston, R., Byrne, C., Twist, C. (2004). Muscle function after exercise-induced 

muscle damage: Considerations for athletic performance in children and adults. 

Journal of Exercise Science and Fitness. 1(2):85-96. 

 



93 
 
 

Eston, R.G., Rowlands, A.V., Coulton, D., McKinney, J.M., Gleeson, N. (2007). 

Effect of flexibility training on symptoms of exercise-induced muscle damage: a 

preliminary study. Journal of Exercise Science and Fitness. 5(1):33-40. 

 

Etheridge, T., Philp, A., Watt, P.W. (2008). A single protein meal increases 

recovery of muscle function following an acute eccentric exercise bout. Applied 

Physiology Nutrition and Metabolism. 33(3):483-8. 

 

Ettema, G.J.C., van Soest, A.J. and Huijing, P.A (1990). The role of series 

elastic structures in pre-stretch induced work enhancement during isotonic and 

isokinetic contractions. Journal of Experimental Biology.  154: 121-136. 

 

Evans, B.W., Cureton, K.J., Purvis, J.W. (1978). Metabolic and circulatory 

responses to walking and jogging in water. Research Quarterly. 49:442-449. 

 

Evans, R.K., Knight, K.L., Draper, D.O., Parcell, A.C. (2002). Effects of warm-up 

before eccentric exercise on indirect markers of muscle damage. Medicine and 

Science in Sports and Exercise. 34(12):1892-9. 

 

Falvo, M.J., Schilling, B.K., Bloomer, R.J., Smith, W.A. (2009). Repeated bout 

effect is absent in resistance trained men: an electromyographic analysis. 

Journal Electromyography and Kinesiology. 19(6):e529-35. 

 

Faulkner, J.A., Brooks, S.V., Opiteck, J.A. (1993). Injury to skeletal muscle 

fibers during contractions: conditions of occurrence and prevention. Physical 

Therapy. 73(12):911-21. 

 

Fleischli, J.G., Laughlin, T.J. (1997). Electrical stimulation in wound healing. 

Journal of Foot and Ankle Surgery. 36(6):457-61. 

 

French, D.N., Thompson, K.G., Garland, S.W., Barnes, C.A., Portas, M.D., 

Hood, P.E., Wilkes, G. (2008). The effects of contrast bathing and compression 

therapy on muscular performance. Medicine and Science in Sports and 

Exercise. 40(7):1297-306. 



94 
 
 

 

Fridén, J., Lieber, R.L. (2001). Eccentric exercise-induced injuries to contractile 

and cytoskeletal muscle fibre components. Acta Physiologica Scandinavica. 

171(3):321-6. 

 

Fridén, J., Lieber, R.L. (1992). Structural and mechanical basis of exercise-

induced muscle injury. Medicine and Science in Sports and Exercise. 24(5):521-

30. 

 

Fridén, J., Sjöström, M., Ekblom, B. (1981). A morphological study of delayed 

muscle soreness. Experientia. 15;37(5):506-7. 

 

Fridén, J., Sjöström, M., Ekblom, B. (1983). Myofibrillar damage following 

intense eccentric exercise in man. International Journal of Sports Medicine. 

4(3):170-6. 

 

Fridén, J., Sfakianos, P.N., Hargens, A.R. (1985). Muscle soreness and 

intramuscular fluid pressure: comparison between eccentric and concentric 

load. Journal of Applied Physiology. 61(6):2175-9. 

 

Friedman, J.E., Lemon, P.W. (1989). Effect of chronic endurance exercise on 

retention of dietary protein. International Journal of Sports Medicine. 

Apr;10(2):118-23. 

 

Gallagher, P.M., Carrithers, J.A., Godard, M.P., Schulze, K.E., Trappe, S.W. 

(2000). Beta-hydroxy-beta-methylbutyrate ingestion, Part I: effects on strength 

and fat free mass. Medicine and Science in Sports and Exercise. 32(12):2109-

15. 

 

García-López, D., de Paz, J.A., Jiménez-Jiménez R., Bresciani, G., De Souza-

Teixeira, F., Herrero, J.A., Alvear-Ordenes, I., González-Gallego, J. (2006).  

Early explosive force reduction associated with exercise-induced muscle 

damage. Journal of Physiology and Biochemistry. 62(3):163-9. 

 

http://www.ncbi.nlm.nih.gov/pubmed/6629599
http://www.ncbi.nlm.nih.gov/pubmed/6629599


95 
 
 

Garrett, W., J.G. Tidball (1988). Structure, loading and failure at muscle-tendon 

junctions Injury and Repair of the Musculoskeletal Soft Tissues.  171-207 

 

Gibala, M.J., MacDougall, J.D., Tarnopolsky, M.A., Stauber, W.T., Elorriaga, A. 

(1985). Changes in human skeletal muscle ultrastructure and force production 

after acute resistance exercise. Journal of Applied Physiology. 78(2):702-8. 

 

Gill, N.D., Beaven, C.M., Cook, C.  (2006). Effectiveness of post-match 

recovery strategies in rugby players. British Journal of Sports Medicine. 40:260-

263. 

 

Gissel, H., Clausen, T. (2001). Excitation-induced Ca2+ influx and skeletal 

muscle cell damage. Acta Physiologica Scandinavica. 171(3):327-34. 

 

Glatthorn, J.F., Gouge, S., Nussbaumer, S., Stauffacher, S., Impellizzeri, F.M., 

Maffiuletti, N.A. (2011). Validity and reliability of Optojump photoelectric cells for 

estimating vertical jump height. J Strength Cond Res. 25(2):556-60.  

 

Gleeson, M., Blannin, A. K., Zhu, B., Brooks, S., Cave, R. (1995). 

Cardiorespiratory, hormonal and haematological responses to submaximal 

cycling performed 2 days after eccentric or concentric exercise bouts. Journal of 

Sports Sciences. 13(6), 471-479. 

 

Gleeson, M. (1998). Overtraining and stress responses. Sports, Exercise and 

Injury. 4:62-68. 

 

Gleeson, M., Blannin, A. K., Walsh, N. P., Field, C. N. E., Pritchard, J. C. 

(1998). Effect of exercise-induced muscle damage on the blood lactate 

response to incremental exercise in humans. European Journal of Applied 

Physiology. 77(3), 292-295. 

 

Gleeson, M. (2008). Dosing and efficacy of glutamine supplementation in 

human exercise and sport training. Journal of Nutrition. 138(10):2045S-2049S. 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Gleeson%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus


96 
 
 

 

Grossman, J.M., Arnold, B.L., Perrin, D.H., Kahler, D.M. (1995). Effect of 

ibuprofen on delayed onset muscle soreness of the elbow flexors. Journal of 

Sport Rehabilitation. 4:253-263. 

 

Golden, C.L., Dudley, G.A. (1992). Strength after bouts of eccentric or 

concentric actions. Medicine and Science in Sports and Exercise. 24(8):926-33. 

 

Goldfarb, A.H. (1999). Nutritional antioxidants as therapeutic and preventive 

modalities in exercise-induced muscle damage. Canadian Journal of Applied 

Physiology. 24:249-66. 

 

Gontzea, I., Sutzescu, P., Dumitrache, S. (1975).  The influence of adaptation to 

physical effort on nitrogen balance in man. Nutrition Reports International. 

11:231-236. 

 

Goodall, S., Howatson, G. (2008). The effects of multiple cold water immersions 

on indices of muscle damage. Journal of Sports Science and Medicine. 7: 235-

241. 

 

Gordon AM, Ridgway EB. Calcium transients and relaxation in single muscle 

fibers. European Journal of Cardiology. 7 Suppl:27-34. 

 

Griffiths, R.I. (1991). Shortening of muscle fibres during stretch of the active cat 

medial gastrocnemius muscle: the role of tendon compliance. Journal of 

Physiology. 436:219-36. 

 

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 Sports Nutrition Exercise and Metabolism. 18(1):1-18. 

 

Greenhaff, P.L., Bodin, K., Soderlund, K., Hultman, E. (1994). Effect of oral 

creatine supplementation on skeletal muscle phosphocreatine resynthesis. 

American Journal of Physiology. 266:E725–E730. 

http://www.ncbi.nlm.nih.gov/pubmed/1406179
http://www.ncbi.nlm.nih.gov/pubmed/1406179
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Green%20MS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Corona%20BT%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Doyle%20JA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ingalls%20CP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus


97 
 
 

 

Halkjaer, J., Olsen, A., Bjerregaard, L.J., Deharveng, G., Tjønneland, A., Welch, 

A.A., Crowe, F.L., Wirfält, E., Hellstrom, V., Niravong, M., Touvier, M., 

Linseisen, J., Steffen, A., Ocké, M.C., Peeters, P.H., Chirlaque, M.D., 

Larrañaga, N., Ferrari, P., Contiero, P., Frasca, G., Engeset, D., Lund, E., 

Misirli, G., Kosti, M., Riboli, E., Slimani, N., Bingham, S. (2009). Intake of total, 

animal and plant proteins, and their food sources in 10 countries in the 

European Prospective Investigation into Cancer and Nutrition. Eur J Clin Nutr. 

63(Suppl 4):S16-36 

 

Harris, R.C., Söderlund, K., Hultman, E. (1992). Elevation of creatine in resting 

and exercised muscle of normal subjects by creatine supplementation. Clinical 

Science.  83(3):367-74. 

 

Harrison, B.C., Robinson, D., Davison, B.J., Foley, B., Seda, E., Byrnes, W.C. 

(2001). Treatment of exercise-induced muscle injury via hyperbaric oxygen 

therapy. Medicine and Science in Sports and Exercise. 33(1):36-42. 

 

Hasson, S., Mundorf, R., Barnes, W., Williams, J., Fujii, M. (1990). Effect of 

pulsed ultrasound versus placebo on muscle soreness perception and muscular 

performance. Scandinavian Journal of Rehabilitative Medicine. 22(4):199-205. 

 

Hasson, S.M., Daniels, J.C., Divine, J.G., Niebuhr, B.R., Richmond, S., Stein, 

P.G., Williams, J.H. (1993). Sayers 

Medicine and Science in Sports and Exercise. 25(1):9-17. 

 

Hall, J., Bisson, D., O’Hare, P. (1990). The physiology of immersion. 

Physiotherapy. 76:517-521. 

 

Helman, E.E., Huff-Lonergan, E., Davenport, G.M., Lonergan, S.M. (2003). 

Effect of dietary protein on calpastatin in canine skeletal muscle. Journal of 

Animal Sciences. 81:2199-2205. 

 



98 
 
 

Higgins, D., Kaminski, T.W. (1998). Contrast therapy does not cause 

fluctuations in human gastrocnemius intramuscular temperature. Journal of 

Athletic Training. 33(4):336–340. 

 

High, D.M., Howley, E.T., Franks, B.D. (1989). The effects of static stretching 

and warm-up on prevention of delayed-onset muscle soreness. Research 

Quarterly in Exercise and Sport. 60(4):357-61. 

 

Highton J.M., Twist, C., and Eston, R.G. (2009). The effects of exercise-induced 

muscle damage on agility and sprint running performance. Journal of Exercise 

Science and Fitness. 7(1), 24-30. 

 

Horita, T., Komi, P.V., Nicol, C., Kyröläinen, H. (1999). Effect of exhausting 

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 and Occupational Physiology. 79(2):160-7. 

 

Hortobagyi, T., Houmand, J., Fraser, D., Dudek, R., Lambert, J., Tracy, J. 

(1998). Normal forces and myofibrillar disruption after repeated eccentric 

exercise. Journal of Applied Physiology. 84(2):492-498. 

 

Hough, T. (1902) Ergographic studies in muscular soreness. American Journal 

of Physiology 7:76–92. 

 

Howatson, G., Van Someren, K.A. (2003). Ice massage. Effects on exercise-

induced muscle damage. Journal of Sports Medicine and Physical Fitness. 

43(4):500-5. 

 

Howatson, G., Gaze, D., van Someren, K.A. (2005). The efficacy of ice 

massage in the treatment of exercise-induced muscle damage. Scandinavian 

Journal of Medicine and Science in Sports. 15(6):416-22. 

 



99 
 
 

Howatson G, van Someren KA, Hortob´agyi T. (2007). Repeated bout effect 

after maximal eccentric exercise. International Journal of Sports Medicine. 28: 

557-63. 

 

Howatson, G., van Someren, K.A. (2008). The prevention and treatment of 

exercise-induced muscle damage. Sports Medicine. 38(6):483-503. 

 

Howatson, G., Goodall, S., van Someren, K.A. (2009). The influence of cold 

water immersions on adaptation following a single bout of damaging exercise. 

European Journal of Applied Physiology. 105(4):615-21. 

 

Howatson, G., Hough, P., Pattison, J., Hill, J.A., Blagrove, R., Glaister, M., 

Thompson, K.G. (2010). Trekking poles reduce exercise-induced muscle injury 

during mountain walking. Medicine & Science in Sports & Exercise. 43: 140-

145. 

 

Howatson, G., Hoad, M., Goodall, S., Tallent, J., Bell, P.G., French, D.N. 

(2012). Exercise-induced muscle damage is reduced in resistance-trained 

males by branched chain amino acids: a randomized, double-blind, placebo 

controlled study. Journal of the International Society of Sports Nutrition. 9:20-

27. 

 

Howell, J.N., Chila, A.G., Ford, G., David, D., Gates, T. (1985). An 

electromyographic study of elbow motion during postexercise muscle soreness. 

Journal of Applied Physiology. 58(5):1713-8 

 

Howell, J.N., Chleboun, G., Conatser, R. (1993). Muscle stiffness, strength loss, 

swelling and soreness following exercise-induced injury in humans. Journal of 

Physiology. 464:183-96. 

 

Imura, A., Hori, T., Imada, K., Ishikawa, T., Tanaka, Y., Maeda, M., Imamura, 

S., Uchiyama, T. (1996). The human OX40/gp34 system directly mediates 

adhesion of activated T cells to vascular endothelial cells. Journal of 

Experimental Medicine. 183(5):2185-95. 



100 
 
 

  

Ingalls, C.P., Warren, G.L., Williams, J.H., Ward, C.W., Armstrong, R.B. (1998). 

E-C coupling failure in mouse EDL muscle after in vivo eccentric contractions. 

Journal of Applied Physiology. 85(1):58-67. 

 

Ingram, J., Dawson, B., Goodman, C., Wallman, K., Beilby, J. (2009). Effect of 

water immersion methods on post-exercise recovery from simulated team sport 

exercise. Journal of Science and Medicine in Sport. 12:417-421. 

 

Isabell, W.K., Durrant, E., Myrer, W., Anderson, S. (1992). The effects of ice 

massage, ice massage with exercise, and exercise on the prevention and 

treatment of delayed onset muscle soreness.  

Journal of Athletic Training. 27(3):208-17. 

 

Issurin, V.B., Tenenbaum, G. (1999). Acute and residual effects of vibratory 

stimulation on explosive strength in elite and amateur athletes. Journal of 

Sports Sciences. 17:177-82. 

 

Issurin, V.B., Liebermann, D.G., Tenenbaum, G. (1994). Effect of vibratory 

stimulation training on maximal force and flexibility. Journal of Sports Sciences. 

12:561-6. 

 

Ivanenko, Y.P., Grasso, R., Iacquaniti, F. (2000). Influence of leg muscle 

vibration human walking. Journal of Neurophysiology. 84:1737-47. 

 

Jakeman, J.R., Macrae, R., Eston, R. (2009). A single 10-min bout of cold-water 

immersion therapy after strenuous plyometric exercise has no beneficial effect 

on recovery from the symptoms of exercise-induced muscle damage. 

Ergonomics. 52(4):456-460. 

 

Jakeman, J.R., Byrne, C., Eston, R.G. (2010). Efficacy of lower limb 

compression and combined treatments of manual massage and lower limb 

compression on symptoms of exercise-induced muscle damage in women.  

Journal of Strength and Conditioning Research. 24(11):3157-65. 



101 
 
 

 

Jakeman, P., Maxwell, S. (1993). Effect of antioxidant vitamin supplementation 

on muscle function after eccentric exercise. European Journal of Applied 

Physiology and Occupational Physiology. 67(5):426-30. 

 

James, P.B., Scott, B., Allen, M.W. (1993). Hyperbaric oxygen therapy in sports 

injuries: A preliminary study. Physiotherapy. 79:571–572. 

 

Jamurtas, A.Z., Theocharis, V., Tofas, T., Tsiokanos, A., Yfanti, C., Paschalis, 

V., Koutedakis, Y., Nosaka, K. (2005). Comparison between leg and arm 

eccentric exercises of the same relative intensity on indices of muscle damage. 

Eur J Appl Physiol. 95(2-3):179-85.  

 

Jayaraman, R.C., Reid, R.W., Foley, J.M., Prior, B.M., Dudley, G.A., Weingand, 

K.W., Meyer, R.A. (2004). MRI evaluation of topical heat and static stretching as 

therapeutic modalities for the treatment of eccentric exercise-induced muscle 

damage. European Journal of Applied Physiology. 93(1-2):30-8. 

 

Jenkins RR. (1988). Free radical chemistry. Relationship to exercise. Sports 

Medicine. 5(3):156-70. 

 

Johansson, P.H., Lindström, L., Sundelin, G., Lindström, B. (1999). The effects 

of pre-exercise stretching on muscular soreness, tenderness and force loss 

following heavy eccentric exercise. Scandinavian Journal of Medicine and 

Science in Sports. 9(4):219-25. 

 

Johnston, R.M., Bishop, B., Coffey, G.H. (1970). Mechanical vibration of 

skeletal muscles. Physical Therapy. 50:499-505. 

 

Jones, D.A., Newham, D.J., Round, J.M., Tolfree, S.E. (1986). Experimental 

human muscle damage: morphological changes in relation to other indices of 

damage. The Journal of Physiology. 375:435-48. 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Theocharis%20V%5BAuthor%5D&cauthor=true&cauthor_uid=16007451
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tofas%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16007451
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tsiokanos%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16007451
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yfanti%20C%5BAuthor%5D&cauthor=true&cauthor_uid=16007451
http://www.ncbi.nlm.nih.gov/pubmed/?term=Paschalis%20V%5BAuthor%5D&cauthor=true&cauthor_uid=16007451
http://www.ncbi.nlm.nih.gov/pubmed/?term=Paschalis%20V%5BAuthor%5D&cauthor=true&cauthor_uid=16007451
http://www.ncbi.nlm.nih.gov/pubmed/?term=Koutedakis%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=16007451
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nosaka%20K%5BAuthor%5D&cauthor=true&cauthor_uid=16007451
http://www.ncbi.nlm.nih.gov/pubmed/16007451


102 
 
 

Jones, D.A., Round, J. (1990). Skeletal muscle in health and disease. 

Manchester University Press: Manchester 

 

Jönhagen, S., Ackermann, P., Eriksson, T., Saartok, T., Renström, P.A. (2004). 

Sports massage after eccentric exercise. American Journal of Sports Medicine. 

32(6):1499-503. 

 

Jówko, E., Ostaszewski, P., Jank, M., Sacharuk, J., Zieniewicz, A., Wilczak, J., 

Nissen, S. (2001). Creatine and beta-hydroxy-beta-methylbutyrate (HMB) 

additively increase lean body mass and muscle strength during a weight-

training program. Nutrition. 17(7-8):558-66. 

 

Kendall, B., Eston, R.G. (2002a). Exercise-induced muscle damage and the 

potential protective role of estrogen. Sports Medicine. 32(2):103-123. 

 

Kendall, B.K., Eston, R.G. (2002b). The effect of menstrual cycle status and oral 

contraceptive use on exercise induced muscle damage. Journal of Sports 

Science. 20:53-54. 

 

Kerksik, C.M. et al., (2006). The effects of protein and amino acid 

supplementation on performance and training adaptations during ten weeks of 

resistance training. Journal of Strength and Conditioning Research. 20(3): 643-

653 

 

Knitter, A.E., Panton, L., Rathmacher, J.A., Petersen, A., Sharp, R. (2000). 

Effects of beta-hydroxy-beta-methylbutyrate on muscle damage after a 

prolonged run. Journal of Applied Physiology. 89(4):1340-4. 

 

Komi, P.V., Viitasalo, J.T. (1977). Changes in motor unit activity and 

metabolism in human skeletal muscle during and after repeated eccentric and 

concentric contractions. Acta Physiologica Scandinavica. 100(2):246-54. 

 

Kraemer, W.J., Bush, J.A., Wickham, R.B., Denegar, C.R., Gómez, A.L., 

Gotshalk, L.A., Duncan, N.D., Volek, J.S., Putukian, M., Sebastianelli, W.J. 

http://www.ncbi.nlm.nih.gov/pubmed/11448573
http://www.ncbi.nlm.nih.gov/pubmed/11448573
http://www.ncbi.nlm.nih.gov/pubmed/11448573


103 
 
 

(2001). Influence of compression therapy on symptoms following soft tissue 

injury from maximal eccentric exercise. Journal of Orthopaedic and Sports 

Physical Therapy. 31(6):282-90. 

 

Kraemer, W.J., Joseph, M.F., Volek, J.S., Hoffman, J.R., Ratamess, N.A., 

Newton, R.U., Fragala, M.S., French, D.N., Rubin, M.A., Scheett, T.P., 

McGuigan, M.R., Thomas, G.A., Gomez, A.L., Häkkinen, K., Maresh, C.M. 

(2010).  Endogenous opioid peptide responses to opioid and anti-inflammatory 

medications following eccentric exercise-induced muscle damage. Peptides. 

31(1):88-93. 

 

Koh, T.J., Brooks, S.V. (2001). Lengthening contractions are not required to 

induce protection from contraction-induced muscle injury. American Journal of 

Physiology: Regulative, Integrative and Comparative Physiology. 281(1):R155-

61.  

 

Kregel, K.C. (2002). Heat shock proteins: modifying factors in physiological 

stress responses and acquired thermotolerance. Journal of Applied Physiology. 

92(5):2177-2186. 

 

Kreider, R.B, Klesges, R., Harmon, K., Grindstaff, P., Ramsey, L., Bullen, D., 

Wood, L., Li, Y., Almada, A. (1996). Effects of ingesting supplements designed 

to promote lean tissue accretion on body composition during resistance training. 

International Journal of Sports Nutrition. 6(3):234-46. 

 

Kreider, R.B., Ferreira, M., Wilson, M., Grindstaff, P., Plisk, S., Reinardy, J., 

Cantler, E., Almada, A.L. (1998). Effects of creatine supplementation on body 

composition, strength, and sprint performance. Medicine and Science in Sports 

and Exercise. 30:73–82. 

 

Kreider, R.B. (1999). Dietary supplements and the promotion of muscle growth 

with resistance exercise. Sports Medicine. 27(2):97-110. 

 



104 
 
 

Kuipers, H., Keizer, H.A., Verstappen, F.T., Costill, D.L. (1985). Influence of a 

prostaglandin-inhibiting drug on muscle soreness after eccentric work. 

International Journal of Sports Medicine. 6:336-339. 

 

Kuipers, H. Training and overtraining: an introduction. (1998). Medicine and 

Science in Sports and Exercise. 30:1137-1139. 

 

Lambert, M.I., Marcus, P., Burgess, T., Noakes, T.D. (2002). Electro-membrane 

microcurrent therapy reduces signs and symptoms of muscle damage. Medicine 

and Science in Sports and Exercise. 34(4):602-7. 

 

LaRoche, D.P., Connolly, D.A. (2006). Effects of stretching on passive muscle 

tension and response to eccentric exercise. American Journal of Sports 

Medicine. 34(6):1000-7. 

 

Lee, S., Posthauer, M., Dorner, B, Redovian, B., Maloney, M.J. (2006). 

Pressure ulcer healing with a concentrated, fortified, collagen protein 

hydrolysate supplement:  a randomised controlled trial. Advances in Skin and 

Wound Care. 19:92-6. 

 

Lehmann, J.F., Warren, C.G., Scham, S.M. (1974). Therapeutic heat and cold. 

Clinical Orthopaedics and Related Research. Mar-Apr;(99):207-45  

 

Lenn, J., Uhl, T., Mattacola, C., Boissonneault, G., Yates, J., Ibrahim, W., 

Bruckner, G. (2002). The effects of fish oil and isoflavones on delayed onset 

muscle soreness. Medicine and Science in Sports and Exercise. 34(10):1605-

13. 

 

Lieber, R.L., Fridén, J. (1999). Mechanisms of muscle injury after eccentric 

contraction. Journal of Science and Medicine in Sport. 2(3):253-65. 

 

Lieber, R.L., Fridén, J. (1988). Selective damage of fast glycolytic muscle fibres 

with eccentric contraction of the rabbit tibialis anterior. Acta Physiologica 

Scandinavica. 133(4):587-8. 



105 
 
 

 

Lombardi, V., Piazzesi, G. (1990). The contractile response during steady 

lengthening of stimulated frog muscle fibres. The Journal of Physiology. 

431:141-71. 

 

MacIntyre, D.L., Reid, W.D., Lyster, D.M., Szasz, I.J., McKenzie, D.C. (1985). 

Presence of WBC, decreased strength, and delayed soreness in muscle after 

eccentric exercise. Journal of Applied Physiology. 80(3):1006-13. 

 

Mair, J., Mayr, M., Müller, E., Koller, A., Haid, C., Artner-Dworzak, E., Calzolari, 

C., Larue, C., Puschendorf, B. (1995). Rapid adaptation to eccentric exercise-

induced muscle damage. International Journal of Sports Medicine. 16(6):352-6. 

 

Malm, C. (2001). Exercise-induced muscle inflammation: fact or fiction? Acta 

Physiologica Scandinavica.171:233-239  

 

Mancinelli, C.A., Davis, D.S., Aboulhosn, L., Brady, M., Eisenhoffer, J., Foutty, 

S. (2006). The effects of massage on delayed onset muscle soreness and 

physical performance in female collegiate athletes. Physical Therapy in Sport. 

7:5–13. 

 

Manninen, A.H. (2004). Protein hydrolysates in sport: a brief review. Journal of 

Sports Science and Medicine. 3:60-63. 

 

Marchettini, p., Simone, D.A, Caputi, G., Ochoa, J.L. (1996). Pain from 

excitation of identified muscle nociceptors in humans. Brain Research. 740(1-

2):109-116 

 

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(6), 662-671. 

 

Marginson, V., Rowlands, A.V., Gleeson, N.P., Eston, R.G. (2005). Comparison 

of the symptoms of exercise-induced muscle damage after an initial and 

http://www.ncbi.nlm.nih.gov/pubmed?term=Szasz%20IJ%5BAuthor%5D&cauthor=true&cauthor_uid=8964718


106 
 
 

repeated bout of plyometric exercise in men and boys. Journal of Applied 

Physiology. 99(3):1174-81. 

 

Mastaloudis, A., Traber, M.G., Carstensen, K., Widrick, J.J. (2006). Antioxidants 

did not prevent muscle damage in response to an ultramarathon run. Medicine 

and Science in Sports and Exercise. 38(1):72-80. 

 

Mates, J.M., Perez-Gomez, C., De Castro, I.N. (1999). Antioxidant enzymes 

and human diseases. Clinical Biochemistry. 32(8):595–603 

 

McArdle, A., Edwards, R.H., Jackson, M.J. (1992). Accumulation of calcium by 

normal and dystrophin-deficient mouse muscle during contractile activity in vitro. 

Clinical Science. 82:455–459. 

 

McArdle, W.D., Katch, F.I., Katch, V.L. (1996). Exercise Physiology. 4th Ed. 

Williams and Wilkins. Maryland, USA. 

 

McCall, M.R., Frei, B. (1999). Can antioxidant vitamins materially reduce 

oxidative damage in humans? Free Radical Biology and Medicine. 1999;26(7-

8):1034–53 

 

McComas, A.J. (1996). Skeletal muscle form and function. Human Kinetics: 

Champaign, USA. pp 315-317 

 

McHugh, M.P., Connolly, D.A., Eston, R.G., Gleim, G.W. (1999a). Exercise-

induced muscle damage and potential mechanisms for the repeated bout effect. 

Sports Medicine. 27(3):157-70. 

 

McHugh, M.P., Connolly, D.A., Eston, R.G., Kremenic, I.J., Nicholas, S.J., 

Gleim, G.W. (1999b). The role of passive muscle stiffness in symptoms of 

exercise-induced muscle damage. American Journal of Sports Medicine. 

27(5):594-9. 

 



107 
 
 

McHugh, M.P., Connolly, D.A., Eston, R.G., Gartman, E.J., Gleim, G.W. (2001). 

Electromyographic analysis of repeated bout effect. Journal of Sports Sciences. 

19: 163-70. 

 

McHugh, M.P., Tetro, D.T. (2003). Changes in the relationship between joint 

angle and torque production associated with the repeated bout effect. Journal of 

Sports Sciences. 21(11):927-32. 

 

McHugh, M.P. (2003). Recent advances in the understanding of the repeated 

bout effect: the protective effect against muscle damage from a single bout of 

eccentric exercise. Scandinavian Journal of Medicine and Science in Sports. 

13(2):88-97.  

 

McHugh, M.P., Nesse, M. (2008). Effect of stretching on strength loss and pain 

after eccentric exercise. Medicine and Science in Sports and Exercise. 

40(3):566-73. 

 

McLeay, Y., Barnes, M.J., Mundel, T., Hurst, S.M, Hurst, R.D., Stannard, S.R. 

(2012). Effect of New Zealand blueberry consumption on recovery from 

eccentric exercise-induced muscle damage.  Journal of the International Society 

of Sports Nutrition. 9(1):19-32. 

 

McMahon, T.A. (1984). Muscles, Reflexes, and Locomotion. Princeton 

University Press: New Jersey 

 

Meeusen, R., Lievens, P. (1986). The use of cryotherapy in sports injuries. 

Sports Medicine. 3: 398-414. 

 

Mekjavic, I.B., Exner, J.A., Tesch, P.A., Eiken, O. (2000). Hyperbaric oxygen 

therapy does not affect recovery from delayed onset muscle soreness. Medicine 

and Science in Sports and Exercise. 32(3):558-63. 

 



108 
 
 

Meredith, C.N., Zackin, M.J., Frontera, W.R., Evans, W.J. (1989). Dietary 

protein requirements and body protein metabolism in endurance-trained men. 

Journal of Applied Physiology.66(6):2850-6. 

 

Merly, F., Lescaudron, L., Rouaud, T., Crossin, F., & Gardahaut, M. F. (1999).  

Macrophages enhance muscle satellite cell proliferation and delay their  

differentiation. Muscle and Nerve, 22:724-732. 

 

Merrick, M.A., Rankin, J.M., Andres, F.A., A preliminary examination of 

cryotherapy and secondary injury in skeletal muscle. Medicine and Science in 

Sports and Exercise. 31: 1515-21. 

 

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):1003-8. 

 

Miles, M.P., Ives, J.C., Vincent, K.R. (1997). Neuromuscular control following 

maximal eccentric exercise. European Journal of Applied Physiology and 

Occupational Physiology. 76(4):368-74. 

 

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 Sports Nutrition, Exercise 

and Metabolism. 17(6):507-20. 

 

Millard-Stafford, M., Warren, G.L., Thomas, L.M., Doyle, J.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(6):610-24. 

 

Miller, S.L., Tipton, K.D., Chinkes, D.L., Wolf, S.E., Wolfe, R.R. (2003). 

Independent and combined effects of amino acids and glucose after resistance 

exercise. Medicine and Science in Sports and Exercise. 35(3):449-55. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Millard-Stafford%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Warren%20GL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Thomas%20LM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Doyle%20JA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Snow%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Snow%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hitchcock%20K%22%5BAuthor%5D


109 
 
 

 

Morgan, D.L., Allen, D.G. (1985). Early events in stretch-induced muscle 

damage. Journal of Applied Physiology. 87(6):2007-15. 

 

Morgan, D.L. (1990). New insight into the behaviour of muscle during active 

lengthening. Biophysical Journal. 57:209-21. 

 

Morgan, D.L., Allen, D.G. (1999). Early events in stretch-induced muscle 

damage. Journal of Applied Physiology. 87(6):2007-15 

 

Morifuji, M., Kanda, A., Koga, J., Kawanaka, K., Higuchi, M. (2009). Post-

exercise carbohydrate plus whey protein hydrolysates supplementation 

increases skeletal muscle glycogen level in rats. Amino Acids. Jul 11. [Epub 

ahead of print] 

 

Moysi, J. S., Garcia-Romero, J. C., Alvero-Cruz, J. R., Vicente-Rodriguezl, G., 

Ara, I., Dorado, C., et al. (2005). Effects of eccentric exercise on cycling 

efficiency. Canadian Journal of Applied Physiology. 30(3), 259-275. 

 

Myrer, J.W., Measom, G., Durrant, E., Fellingham, G.W. (1997). Cold- and hot-

pack contrast therapy: subcutaneous and intramuscular temperature change. 

Journal of Athletic Training. 32(3):238-41.  

 

Nielsen, J. S., Madsen, K., Jorgensen, L. V., Sahlin, K. (2005). Effects of 

lengthening contraction on calcium kinetics and skeletal muscle contractility in 

humans. Acta Physiologica Scandanavia. 184(3):203-214. 

 

Nissen, S., Sharp, R., Ray, M., Rathmacher, J.A., Rice, D., Fuller, J.C. Jr., 

Connelly, A.S., Abumrad, N. (1996). Effect of leucine metabolite betahydroxy- 

beta-methylbutyrate on muscle metabolism during resistance-exercise training. 

Journal of Applied Physiology. 81:2095-2104. 

 

Nissen, S., Abumrad, N. (1997). Nutritional role of HMB. Journal of Nutritional 

Biochemistry. 8:300-310. 

http://www.ncbi.nlm.nih.gov/pubmed/10601142
http://www.ncbi.nlm.nih.gov/pubmed/10601142


110 
 
 

 

Nessler, J.P., Mass, D.P. (1987). Direct-current stimulation of tendon healing in 

vitro. Clinical Orthopaedics. 217:303-312. 

 

Newham, D.J., Mills, K.R., Quigley, B.M., Edwards, R.H. (1983). Pain and 

fatigue after concentric and eccentric muscle contractions. Clinical Science. 

64(1):55-62. 

 

Newham, D.J., Jones, D.A., Clarkson, P.M. (1987). Repeated high-force 

eccentric exercise: effects on muscle pain and damage. Journal of Applied 

Physiology. 63(4):1381-6.  

 

Newham, D.J. (1988). The consequences of eccentric contractions and their 

relationship to delayed onset muscle pain. European Journal of Applied 

Physiology and Occupational Physiology. 57(3):353-9. 

 

Newham, D.J., Jones, D.A., Ghosh, G., Aurora, P. (1988). Muscle fatigue and 

pain after eccentric contractions at long and short length. Clinical Science. 

74(5):553-7.  

 

Newton, M.J., Morgan, G.T., Sacco, P., Chapman, D.W., Nosaka, K. (2008). 

Comparison of responses to strenuous eccentric exercise of the elbow flexors 

between resistance-trained and untrained men. Journal of Strength and 

Conditioning Research. 22(2):597-607. 

 

Nosaka, K., Clarkson, P.M. (1996). Variability in serum creatine kinase 

response after eccentric exercise of the elbow flexors. International Journal of 

Sports Medicine. 17(2):120-7. 

 

Nosaka, K., Clarkson, P.M. (1997). Influence of previous concentric exercise on 

eccentric exercise-induced muscle damage. Journal of Sports Sciences. 

15(5):477-83. 

 



111 
 
 

Nosaka, K., Sakamoto, K., Newton, M., Sacco, P. (2001a). How long does the 

protective effect on eccentric exercise-induced muscle damage last? Medicine 

and Science in Sports and Exercise. 33(9), 1490-1495. 

 

Nosaka, K., Sakamoto, K., Newton, M., Sacco, P. (2001b). The repeated bout 

effect of reduced-load eccentric exercise on elbow flexor muscle damage. 

European Journal of Applied Physiology. 85(1-2):34-40. 

 

Nosaka, K., Sakamoto, K. (2001). Effect of elbow joint angle on the magnitude 

of muscle damage to the elbow flexors. Medicine and Science in Sports and 

Exercise. 33(1):22-9. 

 

Nosaka K, Newton M. (2002). Concentric or eccentric training effect on 

eccentric exercise-induced muscle damage. Medicine and Science in Sports 

and Exercise. 34: 63-9. 

 

Nosaka, K., Sakamoto, K., Newton, M., Sacco, P. (2004). Influence of Pre-

Exercise Muscle Temperature on Responses to Eccentric Exercise. Journal of 

Athletic Training. 39(2):132-137. 

 

Nosaka, K., Chapman, D., Newton, M., Sacco, P. (2006). Is isometric strength 

loss immediately after eccentric exercise related to changes in indirect markers 

of muscle damage?. Appl Physiol Nutr Metab. 31: 313-319. 10.1139/H06-005  

 

Nosaka, K., Muthalib, A., Lavender, A., Laursen, P.B. (2007). Attentuation of 

muscle damage by preconditioning with muscle hyperthermia 1-day prior to 

eccentric exercise. European Journal Applied Physiology. 99(2):183-192. 

 

O'Grady, M., Hackney, A.C., Schneider, K., Bossen, E., Steinberg, K., Douglas, 

J.M., Murray, W.J., Watkins, W.D. (2000). Diclofenac sodium (Voltaren) 

reduced exercise-induced injury in human skeletal muscle. Medicine & Science 

in Sports & Exercise. 32(7):1191-1196. 

http://www.ncbi.nlm.nih.gov/pubmed/11513318?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/11513318?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/11194107
http://www.ncbi.nlm.nih.gov/pubmed/11194107


112 
 
 

O'Reilly, K. P., Warhol, M. J., Fielding, R. A., Frontera, W. R., Meredith, C. N., 

Evans, W. J. (1987). Eccentric exercise-induced muscle damage impairs 

muscle glycogen repletion. Journal of Applied Physiology. 63(1):252-256. 

 

Ohtani, M., Sugita, M., Maruyama, K. (2006).  Amino acid mixture improves 

training efficiency in athletes. Journal of Nutrition. 136:538S-543S. 

 

Paddon-Jones, D., Keech, A., Jenkins, D. (2001). Short-term beta-hydroxy-

beta-methylbutyrate supplementation does not reduce symptoms of eccentric 

muscle damage. International Journal of Sports Nutrition Exercise and 

Metabolism. 11(4):442-50. 

 

Parry-Billings, M., Budgett, R., Koutedakis, Y., Blomstrand, E., Brooks, S., 

Williams, C., Calder, P.C., Pilling, S., Baigrie, R., Newsholme, E.A. (1992). 

Plasma amino acid concentrations in the overtraining syndrome: possible 

effects on the immune system. Medicine and Science in Sports and Exercise. 

24(12):1353-8. 

 

Paschalis, V., Koutedakis, Y., Baltzopoulos, V., Mougios, V., Jamurtas, A. Z., 

Theoharis, V. (2005). The effects of muscle damage on running economy in 

healthy males. International Journal of Sports Medicine. 26(10), 827-831. 

 

Paschalis, V., Koutedakis, Y., Jamurtas, A. Z., Mougios, V., Baltzopoulos, V.,  

(2005). Equal volumes of high and low intensity of eccentric exercise in relation 

to muscle damage and performance. J Strength Cond Res. 19(1):184-8. 

 

Philippou, A., Maridaki, M., Bogdanis, G.C. (2003). Angle-specific impairment of 

elbow flexors strength after isometric exercise at long muscle length. Journal of 

Sports Sciences. 21(10):859-65. 

 

Phillips, S.M., Van Loon., L.J. (2011). Dietary protein for athletes: From 

requirements to optimal adaptation. Journal of Sports Sciences. 29(Suppl 1): 

S29-38 

 

http://www.ncbi.nlm.nih.gov/pubmed/14620029
http://www.ncbi.nlm.nih.gov/pubmed/14620029


113 
 
 

Phillips, S.M., Tipton, K.D., Aarsland, A., Wolf, S.E., Wolfe, R.R. (1997). Mixed 

muscle protein synthesis and breakdown after resistance exercise in humans. 

American Journal of Physiology. 273(1 Pt 1):E99-107. 

 

Pizza, F.X., Cavender, D., Stockard, A., Baylies, H., Beighle, A. (1999). Anti-

inflammatory doses of ibuprofen: effect on neutrophils and exercise-induced 

muscle injury. International Journal of Sports Medicine. 20(2):98-102.  

 

Pizza, F.X., Koh, T.J., McGregor, S.J., Brooks, S.V. (2002). Muscle 

inflammatory cells after passive stretches, isometric contractions, and 

lengthening contractions. Journal of Applied Physiology. 92(5):1873-8. 

 

Proske, U., Morgan, D.L. (2001). Muscle damage from eccentric exercise: 

mechanism, mechanical signs, adaptation and clinical applications. The Journal 

of Physiology. 537(Pt 2):333-45. 

 

Proske, U., Weerakkody, N.S., Percival, P., Morgan, D.L., Gregory, J.E., Canny, 

B.J. (2003). Force-matching errors after eccentric exercise attributed to muscle 

soreness. Clinical and Experimental Pharmacology and Physiology. 30(8):576-

9. 

 

Purves D, Augustine GJ, Fitzpatrick D, et al., (2001). Neuroscience. 

Sunderland: MA  

 

Pyne DB. (1994). Exercise-induced muscle damage and inflammation: a review. 

Australian Journal of Science and Medicine in Sport. 26(3-4):49-58. 

 

Rasch, P.J., Pierson, W.R. (1962). Effect of a protein dietary supplement on 

muscular strength and hypertrophy. American Journal of Clinical Nutrition. 

11:530-532. 

 

Rasch, P.J., Hamby, J.W., Burns, H.J. Jr. (1969). Effect of protein dietary 

supplementation on the physical performance of Marine Corps officer 

http://www.ncbi.nlm.nih.gov/pubmed/12890182
http://www.ncbi.nlm.nih.gov/pubmed/12890182


114 
 
 

candidates. MF12.524.009-8006B.1. Research Reports of the US Naval 

Medical Field Research Laboratories. Mar: 1-21. 

 

Rasmussen, B.B., Tipton, K.D., Miller, S.L., Wolf, S.E., Wolfe, R.R. (2000). An 

oral essential amino acid-carbohydrate supplement enhances muscle protein 

anabolism after resistance exercise. Journal of Applied Physiology. 88(2):386-

92.   

 

Rawson, E.S., Gunn, B., Clarkson, P.M. (2001). The effects of creatine 

supplementation on exercise induced muscle damage. Journal of Strength and 

Conditioning Research. 15:178-184. 

 

Rawson, E.S., Conti, M.P., Miles, M.P. (2007). Creatine supplementation does 

not reduce muscle damage or enhance recovery from resistance exercise. 

Journal of Strength and Conditioning Research. 21(4):1208-1214. 

 

Reid MB, Shoji T, Moody MR, Entman ML. (1992). Reactive oxygen in skeletal 

muscle. II. Extracellular release of free radicals. Journal of Applied Physiology. 

73:1805–1809. 

 

Reisman, S., Walsh, L.D., Proske, U. (2005). Warm-up stretches reduce 

sensations of stiffness and soreness after eccentric exercise. Medicine and 

Science in Sports and Exercise. 37(6):929-36. 

 

Ren, J.C., Fan, X.L., Song, X.A., Li, Q. (2004). Influence of 100Hz sinusoidal 

vibration on muscle spindle afferents of soleus muscles in suspended situation 

rat. Space Medicine and Medical Engineering. 17:340-4. 

Rennie, M.J., Tipton, K.D. (2000). Protein and amino acid metabolism during 

and after exercise and the effects of nutrition. Annual Reviews Nutrition. 20: 

457-483. 

Rietjens S, Beelen M, Koopman R, Van Loon L, Bast A, and Haenen G. (2007). 

A Single Session of Resistance Exercise Induces Oxidative Damage in 

Untrained Men. Medicine & Science in Sports & Exercise. 39(12):2145-2151. 



115 
 
 

 

Roberts, T.J., Marsh, R.L., Weyand, P.G., Taylor, C.R. (1997). Muscular force 

in running turkeys: the economy of minimizing work. Science. 275(5303):1113-

5. 

 

Robertson, A., Watt, J.M., Galloway, S.D. (2004). Effects of leg massage on 

recovery from high intensity cycling exercise. British Journal of Sports Medicine. 

38:173–176. 

 

Rodenburg, J. B., Bar, P. R., De Boer, R. W. (1993). Relations between muscle 

soreness and biochemical and functional outcomes of eccentric exercise. 

Journal of Applied Physiology. 74(6):2976-2983. 

 

Rodenburg, J.B., Steenbeck, D., Schierek, P., Bar, P.R. (1994). Warm-up, 

stretching and massage diminish harmful effects of eccentric exercise. 

International Journal of Sports Medicine. 15(7):414-419. 

 

Roeckl-Wiedmann, I., Bennett, M., Kranke, P. (2005). Systematic review of 

hyperbaric oxygen in the management of chronic wounds. British Journal of 

Surgery. 92(1):24-32. 

 

Rogers, M.A., Stull, F.S., Apple, F.S. (1985). Creatine kinase isoenzyme 

activities in men and women following a marathon race. Medicine and Science 

in Sports and Exercise. 17:679-682. 

 

Rosene, J., Matthews, T., Ryan C., Belmore, K., Bergsten, K., Bergsten, A., 

Blaisdell, J., Gaylord, J., Love, R., Marrone, M., Ward, K., Wlison, E. (2009). 

Short and longer-term effects of creatine supplementation on exercise induced 

muscle damage. Journal of Sports Science and Medicine. 8:89-96. 

 

Rowlands, A.V., Eston, R.G., Tilzey, C. (2001). Effect of stride length 

manipulation on symptoms of exercise-induced muscle damage and the 

repeated bout effect. Journal of Sports Sciences. 19: 333-340. 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Roberts%20TJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Marsh%20RL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Weyand%20PG%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus


116 
 
 

Samuelson, B., Jorfeldt, L., Ahlborg, B. (1989). Influence of vibration on 

endurance of maximal isometric contraction. Clinical Physiology. 9:21-5. 

Santos, R.V., Bassit, R.A., Caperuto, E.C., Costa Rosa, L.F. (2004). The effect 

of creatine supplementation upon inflammatory and muscle soreness markers 

after a 30km race. Life Sciences. 75:1917-1924. 

 

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(7):1233-8.  

 

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(3):678-84. 

 

Saunders, M.J. (2007). Coingestion of carbohydrate–protein during endurance 

exercise: influence on performance and recovery. Int J Sport Nutr Exerc Metab. 

17:S87–103 

 

Santos-Lozano, A., Gascon, R., Lopez, I., Garatachea-Vallejo, N. (2014). 

Comparison of two systems designed to measure vertical ump height. 

International Journal of Sport Science. 36(4):123-130. 

 

Sargeant, A.J., Dolan, P. (1987). Human muscle function following prolonged 

eccentric exercise. European Journal of Applied Physiology and Occupational 

Physiology. 56(6):704-11. 

 

Sayers, S.P., Knight, C.A., Clarkson, P.M., Van Wegen, E.H., Kamen, G. 

(2001). Effect of ketoprofen on muscle function and sEMG activity after 

eccentric exercise. Medicine & Science in Sports & Exercise. 33(5):702-710. 

 

Sayers, S.P., Clarkson, P.M. (2001). Force recovery after eccentric exercise in 

males and females. European Journal of Applied Physiology. 84(1-2):122-6. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Saunders%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kane%20MD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Todd%20MK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/11394240
http://www.ncbi.nlm.nih.gov/pubmed/11394240


117 
 
 

 

Saxton, J.M., Clarkson, P.M., James, R., Miles, M., Westerfer, M., Clark, S., 

Donnelly, A.E. (1995). Neuromuscular dysfunction following eccentric exercise. 

Medicine and Science in Sports and Exercise. 27(8):1185-93. 

 

Saxton, J.M., Donnelly, A.E. (1995). Light concentric exercise during recovery 

from exercise-induced muscle damage. International Journal of Sports 

Medicine. 16(6):347-51. 

 

Saxton, J.M., Donnelly, A.E. (1996). Length-specific impairment of skeletal 

muscle contractile function after eccentric muscle actions in man. Clinical 

Science. 90(2):119-25. 

 

Schneider, D. A., Berwick, J. P., Sabapathy, S., Minahan, C. L. (2007). Delayed 

onset muscle soreness does not alter O2 uptake kinetics during heavy-intensity 

cycling in humans. International Journal of Sports Medicine. 28(7), 550-556. 

 

Schwane, J.A., Johnson, S.R., Vandenakker, C.B., Armstrong, R.B. (1983). 

Delayed-onset muscular soreness and plasma CPK and LDH activities after 

downhill running. Medicine and Science in Sports and Exercise. 15(1):51-6. 

 

Semark, A., Noakes, T.D., St Clair Gibson, A., Lambert. M.I. (1999). The effect 

of a prophylactic dose of flurbiprofen on muscle soreness and sprinting 

performance in trained subjects. Journal of Sports Sciences. 17(3):197-203. 

 

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 Sports Nutrition Exercise and Metabolism. 15(5):528-36. 

 

Sellwood, K.L., Brukner, P., Williams, D., Nicol, A., Hinman, R. (2007). Ice-

water immersion and delayed onset muscle soreness: a randomised control 

trial. British Journal of Sports Medicine. 41(6): 392–397. 

 

http://www.ncbi.nlm.nih.gov/pubmed/7591383?ordinalpos=35&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/7591383?ordinalpos=35&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8829881
http://www.ncbi.nlm.nih.gov/pubmed/8829881
http://www.ncbi.nlm.nih.gov/pubmed/?term=Noakes%20TD%5BAuthor%5D&cauthor=true&cauthor_uid=10362386
http://www.ncbi.nlm.nih.gov/pubmed/?term=St%20Clair%20Gibson%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10362386
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lambert%20MI%5BAuthor%5D&cauthor=true&cauthor_uid=10362386
http://www.ncbi.nlm.nih.gov/pubmed/?term=semark+1999


118 
 
 

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: Respiratory, Environmental and Exercise Physiology. 57(6):1668-

73. 

 

Shimomura, Y., Yamamoto, Y., Bajotto, G., Sato, J., Murakami, T., Shimomura, 

N., Kobayashi, H., Mawatari, K. (2006). Nutraceutical effects of branched-chain 

amino acids on skeletal muscle. Journal of Nutrition. 136:529S-532S. 

 

Shumate, J.B., Brooke, M.H., Carroll, J.E., Carroll, J.E., Davis, J.E. (1979). 

Increased serum creatine kinase after exercise: a sex-linked phenomenon. 

Neurology. 29:902-4. 

Sies, H., Stahl, W., Sevanian, A. (2005). Nutritional, dietary and post-prandial 

oxidative stress. Journal of Nutrition. 135(5:969–72 

 

Silva, L.A., Silveira, P.C., Pinho, C.A., Tuon, T., Dal Pizzol, F., Pinho, R.A. 

(2008). N-acetylcysteine supplementation and oxidative damage and 

inflammatory response after eccentric exercise. International Journal of Sport 

Nutrition Exercise and Metabolism. 18(4):379-88.  

 

Skurvydas, A., Kamandulis, S., Stanislovaitis, A., streckis, V., Mamkus, G., 

Drazdauskus, A. (2008). Leg immersion in warm water, stretch shortening 

exercise, and exercise-induced muscle damage. Journal of Athletic Training. 

43(6):592-599. 

 

Smith, L.L. (1991). Acute inflammation: the underlying mechanism in delayed 

onset muscle soreness? Medicine and Science in Sports and Exercise. 

23(5):542-51. 

 

Smith, L.L., Keating, M.N., Holbert, D., Spratt, D.J., McCammon, M.R., Smith, 

S.S., Israel, R.G. (1994). The effects of athletic massage on delayed onset 



119 
 
 

muscle soreness, creatine kinase, and neutrophil count: a preliminary report.  

Journal of Orthopaedic Sports and Physical Therapy. 19(2):93-9. 

 

Sorichter, S., Puschendorf, B., Mair, J. (1999). Skeletal muscle injury induced 

by eccentric muscle action: muscle proteins as markers of muscle fiber injury. 

Exercise Immunology Review. 5: 5-21. 

 

Sorichter, S., Mair, J., Koller, A., Müller, E., Kremser, C., Judmaier, W., Haid, 

C., Calzolari, C., Puschendorf, B. (2001). Creatine kinase, myosin heavy chains 

and magnetic resonance imaging after eccentric exercise. Journal of Sports 

Sciences. 19(9):687-91. 

 

Staples, J.R., Clement, D.B., Taunton, J.E., McKenzie, D.C. (1999). Effects of 

hyperbaric oxygen on a human model of injury. American Journal of Sports 

Medicine. 27(5):600-5 

 

Stay, J.C., Richard, M.D., Draper, D.O., Schulthies, S.S., Durrant, E. (1998). 

Pulsed ultrasound fails to diminish delayed-onset muscle soreness symptoms. 

Journal of Athletic Training. 33(4):341-6. 

 

Stebbins, C.L., Carretero, O.A., Mindroiu, T. & Longhurst, J.C. (1990). 

Bradykinin 

release from contracting skeletal muscle of the cat. Journal of Applied 

Physiology.  

69:1225-1230. 

 

Stevens, B.R., Godfrey, M.D., Kaminski, T.W., Braith, R.W. (2000). High-

intensity dynamic human muscle performance enhanced by a metabolic 

intervention. Medicine and Science in Sports and Exercise. 32:2102-2108. 

Su, Q.S., Tian, Y., Zhang, J.G., Zhang, H. (2008). Effects of allicin 

supplementation on plasma markers of exercise-induced muscle damage, IL-6 

and antioxidant capacity. European Journal of Applied Physiology. 103(3):275-

83. 

 

http://www.ncbi.nlm.nih.gov/pubmed/11522144
http://www.ncbi.nlm.nih.gov/pubmed/11522144
http://www.ncbi.nlm.nih.gov/pubmed/16558532


120 
 
 

Szymanski, D. J. (2001). Recommendations for the avoidance of delayed-onset 

muscle soreness. Strength & Conditioning Journal. 23:7. 

 

Takahashi, J., Ishihara, K., Aoki, J. (2006).  Effect of aqua exercise on recovery 

of lower limb muscles after downhill running. Journal of Sports Sciences. 

24(8):835-842. 

 

Talbot, J.A., Morgan, D.L. (1996). Quantitative analysis of sarcomere non-

uniformities in active muscle following a stretch. Journal of Muscle Research 

and Cell Motility. 17(2):261-8. 

 

Tang, J.E., Moore, D.R., Kujbida, G.W., Tarnopolsky, M.A., Phillips, S.M. 

(2009). Ingestion of whey hydrolysate, casein, or soy protein isolate: effects on 

mixed muscle protein synthesis at rest and following resistance exercise in 

young men. Journal of Applied Physiology. 107(3):987-92. 

 

Tarnopolsky, M.A., MacDougall, J.D., Atkinson, S.A. (1988). Influence of protein 

intake and training status on nitrogen balance and lean body mass. Journal of 

Applied Physiology. 64(1):187-93. 

 

Tee, J.C., Bosch, A.N., Lambert, M.I. (2007). Metabolic consequences of 

exercise-induced muscle damage. Sports Medicine. 37(10):827-36. 

 

Thompson, D., Nicholas, C.W., Williams, C. (1999). Muscular soreness 

following prolonged intermittent high-intensity shuttle running. Journal of Sports 

Sciences. 17:387-395. 

 

Thorén P, Floras JS, Hoffmann P, Seals D.R. Endorphins and exercise: 

physiological mechanisms and clinical implications. Medicine and Science in 

Sports and Exercise. 22(4):417-28. 

 

Tidball, J.G. (1995). Inflammatory cell response to acute muscle injury. 

Medicine and Science in Sports and Exercise. 27(7):1022-1032. 

 



121 
 
 

Tiidus, P.M. (1997). Manual massage and recovery of muscle function following 

exercise: a literature review. Journal of Orthopaedic and Sports Physical 

Therapy. 25:107–112. 

  

Tiidus, P.M. (1999). Massage and ultrasound as therapeutic modalities in 

exercise induced muscle damage. Canadian Journal of Applied Physiology. 

24:267–278. 

 

Tipton, K.D., Ferrando, A.A., Phillips, S.M., Doyle, D. Jr., Wolfe, R.R. (1999). 

Postexercise net protein synthesis in human muscle from orally administered 

amino acids. American Journal of Physiology. 276(4 Pt 1):E628-34.  

 

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(2):E197-206.  

 

Tipton, K.D., Borsheim, E., Wolf, S.E., Sanford, A.P., Wolfe, R.R. (2003). Acute 

response of net muscle protein balance reflects 24-h balance after exercise and 

amino acid ingestion.  American Journal of Physiology Endocrinology and 

Metabolism. 284(1):E76-89.  

 

Tipton, K.D., Elliott, T.A., Cree, M.G., Wolf, S.E., Sanford, A.P., Wolfe, R.R. 

(2004). Ingestion of casein and whey proteins result in muscle anabolism after 

resistance exercise. Medicine and Science in Sports and Exercise. 

36(12):2073-81 

 

Tipton, K.D. and Wolfe, R.R. (2004). Protein and amino acids for athletes. 

Journal of Sports Sciences. 22(1):65-79. 

 

Tipton, K.D., Elliott, T.A., Cree, M.G., Aarsland, A.A., Sanford, A.P., Wolfe, R.R. 

(2007). Stimulation of net muscle protein synthesis by whey protein ingestion 

before and after exercise. American Journal of Physiology Endocrinology and 

Metabolism. 292(1):E71-6. 



122 
 
 

 

Tokmakidis, S.P., Kokkinidis, E.A., Smilios, I., Douda, H. The effects of 

ibuprofen on delayed muscle soreness and muscular performance after 

eccentric exercise. Journal of Strength and Conditioning Research. 17(1):53-9. 

 

Tourville, T.W., Connolly, D.A., Reed, B.V. (2006). Effects of sensory-level high-

volt pulsed electrical current ondelayed-onset muscle soreness. Journal of 

Sports Sciences. 24(9):941-9. 

 

Tsang, K., Hertel, J. & Denegar, C.R. (2003). Volume decreases after elevation 

and intermittent compression of postacute ankle sprains are negated by gravity-

dependent positioning. Journal of Athletic Training. 38(4):320-324. 

  

Twist, C., Eston, R.G. (2005). The effects of exercise-induced muscle damage 

on maximal intensity exercise performance. European Journal of Applied 

Physiology. 94, 652-658. 

 

Twist, C., Gleeson, N., Eston, R. (2008). The effects of plyometric exercise on 

unilateral balance performance. Journal of Sports Sciences. 26(10):1073-1080. 

 

Twist, C., Eston, R. G. (2009). The effect of exercise-induced muscle damage 

on perceived exertion and cycling endurance performance. European Journal of 

Applied Physiology. 105(4), 559-567. 

 

Vaile, J.M., Gill, N.D. & Blazevich, A.J. (2007). The effect of contrast water 

therapy on symptoms of delayed onset muscle soreness. Journal of Strength 

and Conditioning Research. 21(3):697-702. 

 

Vaile, J., Halson, S., Gill, N., & Dawson, B. (2008a). Effect of hydrotherapy on 

the signs and symptoms of delayed onset muscle soreness. European Journal 

Applied Physiology. 103(1):121-2.  

 

Vaile, J., Halson, S., Gill, N., Dawson, B. (2008b). Effect of hydrotherapy on 

recovery from fatigue. International Journal of Sports Medicine. 29(7):539-44. 



123 
 
 

 

Van Ingen Schenau, G.J., Bobbert, M.F., de Haan, A. (1997). Does elastic 

energy enhance work and efficiency in the stretch-shortening cycle?  Journal of 

Applied Biomechanics.13(4): 389-415. 

 

van Someren, K.A., Edwards, A.J., Howatson, G. (2005). Supplementation with 

beta-hydroxy-beta-methylbutyrate (HMB) and alphaketoisocaproic acid (KIC) 

reduces signs and symptoms of exercise-induced muscle damage in man. 

International Journal of Sports Nutrition Exercise and Metabolism. 15(4):413-24. 

 

Vane, J.R. (1971). Inhibition of prostaglandin synthesis as a mechanism of 

action for aspirin-like drugs. Nature: New Biology. 231:232-235. 

 

Walsh, L. D., Hesse, C. W., Morgan, D. L., Proske, U. (2004). Human forearm 

position sense after fatigue of elbow flexor muscles. Journal of Physiology. 

558(Pt 2):705-715. 

 

Warman, G., Humphries, B., Purton, J. (2002). The effects of timing and 

application of vibration on muscular contractions. Aviation Space and 

Environmental Medicine. 73:119-27. 

 

Walsh, L.D., Allen, T.J., Gandevia, S.C., Proske, U. (2006). Effect of eccentric 

exercise on position sense at the human forearm in different postures. Journal 

of Applied Physiology. 100(4):1109-16. 

 

Warren, G.L., Lowe, D.A., Hayes, D.A., Karwoski, C.J., Prior, B.M., Armstrong, 

R.B. (1993). Excitation failure in eccentric contraction-induced injury of mouse 

soleus muscle. Journal of Physiology. 468:487-99. 

 

Warren, G.L., Lowe, D.A., and Armstrong, R.B. (1999). Measurement tools 

used in the study of eccentric contraction-induced injury. Sports Medicine. 

27(1), 43-59. 

 

http://www.ncbi.nlm.nih.gov/pubmed/16373445
http://www.ncbi.nlm.nih.gov/pubmed/16373445


124 
 
 

Warren, G.L., Fennessy, J.M., Millard-Stafford, M.L. (2000). Strength loss after 

eccentric contractions is unaffected by creatine supplementation. Journal of 

Applied Physiology. 89:557-562. 

 

Watford, M. (2008). Glutamine metabolism and function in relation to proline 

synthesis and the safety of glutamine and proline supplementation. Journal of 

Nutrition. 138(10):2003S-2007S. 

 

Webster, A.L., Syrotuik, D.G., Bell, G.J., Jones, R.L., Hanstock, C.C. (2002). 

Effects of hyperbaric oxygen on recovery from exercise-induced muscle 

damage in humans. Clinical Journal of Sports Medicine. 12(3):139-50. 

 

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. 

19;5:5. 

 

Whitehead, N.P., Allen, T.J., Morgan, D.L., Proske, U. (1998). Damage to 

human muscle from eccentric exercise after training with concentric exercise. 

Journal of Physiology.  512 (Pt 2):615-20.  

 

Widrick, J.J., Costill, D.L., McConell, G.K., Anderson, D.E., Pearson, D.R., 

Zachwieja, J.J. (1992). Time course of glycogen accumulation after eccentric 

exercise. Journal of Applied Physiology. 72(5):1999-2004. 

 

Willoughby, D.S., Stout, J.R., Wilborn, C.D. (2007). Effects of resistance training 

and protein plus amino acid supplementation on muscle anabolism, mass, and 

strength. Amino Acids. 32:467–77. 

 

Wilson, G.J., Wilson, J.M., Manninen, A.H. (2008). Effects of beta-

hydroxybetamethylbutyrate (HMB) on exercise performance and body 

composition across varying levels of age, sex, and training experience: A 

review. Nutrition and Metabolism. 5:1 

 

http://www.ncbi.nlm.nih.gov/pubmed/12011721?ordinalpos=27&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/12011721?ordinalpos=27&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum


125 
 
 

Wilson, J.M., Kim, J., Lee, S., Rathmacher, J.A., Dalmau, B., Kingsley, J.D., 

Koch, H., Manninen, A.H., Saadat, R., Panton, L.B. (2009) Acute and timing 

effects of beta-hydroxy-beta-methylbutyrate (HMB) on indirect markers of 

skeletal muscle damage. Nutrition and Metabolism. 4(6):6 

 

Wojcik, J.R., Walber-Rankin, J., Smith, L.L., Gwazdauskas, F.C. (2001). 

Comparison of carbohydrate and milk-based beverages on muscle damage and 

glycogen following exercise. Int J Sport Nutr Exerc Metab. 11: 406-419 

 

Yanagisawa, O., Niitsu, M., Yoshioka, H., Goto, K., Kudo, H., & Itai, Y. (2003). 

The use of magnetic resonance imaging to evaluate the effects of cooling on 

skeletal muscle after strenuous exercise. European Journal of Applied 

Physiology. 89:53 – 62. 

 

Yarrow, J.F., Parr, J.J., White, L.J., Borsa, P.A., Stevens, B.R. (2007). The 

effects of short-term ketoisocaproic acid supplementation on exercise 

performance: a randomised controlled trial. Journal of the International Society 

of Sports Nutrition. 13(4):2. 

 

Zainuddin, Z., Newton, M., Sacco, P., Nosaka, K. (2005). Effects of massage on 

delayed-onset muscle soreness, swelling, and recovery of muscle function. 

Journal of Athletic Training. 40: 174-80. 

 

Zainuddin, Z., Sacco, P., Newton, M., Nosaka, K. (2006). Light concentric 

exercise has a temporarily analgesic effect on delayed-onset muscle soreness, 

but no effect on recovery from eccentric exercise. Applied Physiology Nutrition 

and Metabolism. 31(2):126-34. 

 

 

 

  



126 
 
 

Appendix 1 

Sample Risk Assessment 
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SECTION THREE: RISK ASSESSMENT 

RISK = a combination of the likelihood a hazard will cause injury and the severity of the injury 

 *Quantify risk for each hazard identified using the following table: 

Likelihood of injury Score A Severity of injury Score B 

improbable 1 very minor injury 1 

remote 2 minor injuries 2 

possible 3 major injuries 3 

probable 4 severe injury 4 

likely 5 death 5 

 • Enter Hazards identified in Section 1  

 • Enter Existing control measures  

 • Quantify Risk factor by multiplying Score A and Score B, taking account of existing control measures,  

 • If Risk factor is over 5: take Remedial Action to improve Existing control measures or abandon the task  

 • If Risk factor is 5 or under, the risks are under adequate control, but should be carefully monitored  

Hazards  Existing control measures  Score A  Score B  
Risk  

(A x B)  

Remedial 

Action  

Whey Protein Hydrolysate The protein supplement to be used is commercially available and will be 

administered in small quantities (25g).  All participants will be made aware of what 

whey protein does and that it will be administered within safe limits.  Those with 

diagnosed with liver damage, malnutrition, defect of amino acid metabolism will be 

excluded from the study due to risk of amino acid homeostasis impairments. 

1 1 1  

Muscular Fatigue during drop 

jump and squat jump 

Ensure participants are in full control during take-off and landing.  Provide support 

where necessary. All participants will undertake familiarisation sessions 

2 1 2  
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Joint impact during drop jump 

and squat jump 

Exclude those individuals with existing hip, knee, and ankle conditions 2 2 4  

Unstable technique during 

drop jump and squat jump 

Ensure individuals are confident of completing exercise with good technique; 

provide support where necessary. All participants will undertake familiarisation 

sessions 

1 2 2  

Trip or fall during sprint test Surface checked for any foreign objects prior to commencement of activity.  

Correct footwear to be worn by participants.  Participants will undertake 

familiarisation sessions. 

1 1 1  
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Appendix 2 

Participant health questionnaire 
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Appendix 3 

Participant informed consent 

 
 

SCHOOL OF SPORT AND 
HEALTH SCIENCES 

 
 

I hereby voluntarily give consent to engage in an exercise science study. I understand that the 

test battery will involve tests during which I may be encouraged to work at maximum effort 

and that at any time I may terminate the test for any reason. 

I understand there are certain changes which may occur during the testing process. They 

include abnormal blood pressure, fainting, disorders of heart beat, and very rare instances of 

heart attack. I understand that every effort will be made to minimise problems by preliminary 

examination and observation during testing. 

I understand that I am responsible for monitoring my own condition throughout study, and 

should any unusual symptoms occur, I will cease my participation and inform the investigator 

of the symptoms. Unusual symptoms include, but are not limited to: chest discomfort, nausea, 

difficulty in breathing, and joint or muscle injury. 

I understand that I will be required to consume a dietary supplement as requested by the 

investigator and that I am under no formal obligation to do so.  If at any time I feel unable to 

consume said supplement I will inform the investigator and will be withdrawn from the test. 

I understand that I am free to withdraw from the study at any point, without giving reason, 

and that all data recorded will be retained by Kristoph Thompson indefinitely in secure storage 

for the purposes of informing future research.  I understand that upon completion of the study 

I will have the opportunity to be debriefed and receive a brief summary of results if I so wish. 

Also, in consideration of being allowed to participate in the fitness tests, I agree to assume all 

risks of such fitness testing, and hereby release and hold harmless Kristoph Thompson, The 

University of Exeter and their agents and employees, from any and all health claims, suits, 

losses, or causes of action for damages, for injury or death, including claims for negligence, 

arising out of or related to my participation in the fitness assessments. 

I have read the foregoing carefully and I understand its content. Any questions which may have 

occurred to me concerning this informed consent have been answered to my satisfaction. 

 

Signed:     Print Name:    Date: 

Witness:    Witness Name:    Date: 
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Appendix 4 

Information sheet for participants 

 
 

SCHOOL OF SPORT AND 
HEALTH SCIENCES 

 
 

The purpose of this study is to examine the effects (if any) of a widely available commercial 

nutritional supplement on the effects of exercise induced muscle damage and physical 

performance. 

All subjects will be male, aged 18-23 and if chosen to participate in the study you will be 

randomly assigned to treatment or control groups.  Familiarisation sessions will take place for 

all of the tests to be included in the study prior to its commencement (squat jump (SJ), time in 

contact with the ground following a drop jump (60cm), sprint performance (20m), acceleration 

(5-10m), and muscle soreness (Visual Analogue Scale - VAS)). 

Baseline measures of each value being examined will be taken, followed by an exercise session 

involving vertical jumps.  Nutritional supplement will be administered pre/post exercise 

depending on group. 

You will be required to repeat the tests 24, 48, 72, and 168hrs after the exercise session.  The 

tests should take approximately one hour to complete. 

Certain participants will be selected to take part in another identical exercise session 21 days 

after the first.  Identical tests will be administered 24, 48, 72, and 168hrs after the exercise 

session. 

You are not eligible to take part in the study if during the previous 3 months; you have 

undertaken resistance training of the quadriceps muscles; have engaged in regular physical 

activity once per week or more involving repeated jumping and landing e.g. plyometrics, 

basketball, volleyball); had/have a knee, quadriceps or other musculoskeletal or medical 

problem which might interfere in your ability to perform the required exercise and tests; or 

had any previous allergic or sensitivity response to dairy proteins. 

In addition, subjects will be required to satisfactorily complete a PARQ form and to give 

Informed Consent. 

Upon completion of the study, all data shall be held in secure storage by the principal 

investigator (Kristoph Thompson) with controlled access for the purpose of informing future 

research.  Additionally, participants will have the opportunity to be debriefed and obtain a 

summary of the study results. 

 

 


