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In addition to DOMS, a number of functional, structural and biochemical changes occur 

after eccentric exercise. These include declines in muscular strength and power 

(Armstrong, 1984; Miles, Clarkson, Keller, & Hackney, 1994; Sargeant & Dolan, 

1987), swelling (Franklin, Currier, & Franklin, 1991), decreased flexibility and range of 

motion (Saxton & Donnelly, 1995), efflux of intramuscular proteins (Schwane, Johnson, 

Vandenakker, & Armstrong, 1983) and Z myofibrillar band and sarcomere disruption 

(Friden & Lieber, 1992). These phenomena are often used as indicators of muscle 

damage (Clarkson, 1997; Proske & Morgan, 2001). It is not clearly understood why 

eccentric exercise induces muscle damage. However, it seems likely that the 

mechanical strain caused by lengthening of active muscles is a factor involving in the 

process (Clarkson, 1997; Lieber & Friden, 1993). since motor units recruited during 

lengthening actions are than those in shortening actions, resulting in higher mechanical 

stress per fibre (Kuipers, 1994). 

Since eccentric exercise causes both DOMS and muscle damage, DOMS and muscle 

damage are often used interchangeably. However, some symptoms of muscle damage 

are not necessarily accompanied by DOMS (Rodenburg, Bar, & De Boer, 1993; 

Warren, Lowe, & Armstrong, 1999), moreover DOMS is not necessarily indicative of 

the extent of injury (Nosaka, Newton, & Sacco, 2002a). Nosaka et al. (2002a) reported 

poor correlation betweenDOMS and other indicators of muscle damage as well as 

different time course of recovery from DOMS and other variables. Thus, although both 

DOMS and indicators of muscle damage occur commonly after eccentric exercise, it is 

important to distinguish between them, when investigating the effects of an 

intervention. It may be that some interventions may be effective for DOMS but not 

other indicators of muscle damage. 

Athletic performance may be impaired when muscle damage and DOMS are present 

(Connolly, Sayers, & McHugh, 2003). Any practice that limits the extent of muscle 

damage and DOMS will be of interest to athletes, coaches, trainers and therapists. The 

effects of muscle discomfort are ignored by athletes who are accustomed to its presence; 

however, because impairment of muscle function can function can impact athletic 

performance, expeditious recovery of function after damaging exercise is essential. 

(Cheung, Hume, & · Maxwell, 2003; Connolly et al., 2003). Damaging eccentric 
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exercise also results in reduced fine motor skills (Pearce, Sacco, Byrnes, Thickbroom, & 

Mastaglia, 1998). Therefore, treatments of DOMS and muscle damage are an important 

issue for athletes and their performance capabilities. 

DOMS and muscle damage are also of interest to the general population, since they may 

interfere with activities of daily living or present barriers to the adoption or maintenance 

of physical activity performance. Although transient in nature, DOMS may be severe 

enough to cause concern in those previously unaccustomed to such responses. In 

sedentary or untrained individuals, the effects of DOMS could lead to negative attitudes 

in regard to exercise. Thus, the aftermath of exercise, such as difficulty in getting out of 

bed or walking down stairs because of sore muscles may be a factor for avoidance of 

involvement in sports and physical activity. Therefore, interventions to reduce DOMS 

would also prove beneficial for these individuals. 

Many interventions have been trialled under the pretext of preventing or attenuating 

DOMS and muscle damage, or enhancing recovery from muscle damage. Such 

interventions can be categorised into one of two groups, based on when they are 

applied; prophylactic or therapeutic. In the case of exercise likely to induce DOMS and 

muscle damage, prophylactic interventions are applied prior to exercise, whereas 

therapeutic interventions are performed after exercise. 

Prophylactic interventions include stretching and warm up (Johansson, Lindstrom, 

Sundelin, & Lidstrom, 1999; Rodenburg, Steenbeek, Schiereck, & Bar, 1994; Safran, 

Seaber, & Garrett, 1989; Shellock & Prentice, 1985), non-steroidal anti inflammatory 

drugs (NSAIDs) (Giamberardino, Dragani, Valente, Di Lisa, & Vecchiet, 1996), 

exercise (Brown, Child, Day, & Donnelly, 1997; Clarkson, Nosaka, & Braun, 1992; 

Costill, Coyle, Fink, Lesmes, & Witzmann, 1979; Gleeson, Eston, Marginson, & 

McHugh, 2003) and nutritional supplements (Dangott, Schultz, & Mozdziak, 2000; 

Nissen et al., 1996; Panton, Rathmacher, Baier, & Nissen, 2000; Volek et al., 1997). 

Therapeutic interventions include massage (Farr, Nottle, Nosaka, & Sacco, 2002; Smith, 

Keating et al., 1994; Tiidus, 1997), immobilisation (Sayers, Clarkson, & Lee, 2000a; 

Zarzhevsky et al., 2001), compression (Thorsson, Lilja, Nilsson, & Westlin, 1997), 

stretching (Rodenburg et al., 1994), exercise (Saxton et al., 1995), ice therapy (Yackzan, 
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Adams, & Taunton, 1984), NSAIDs (Cooper, 1981), laser therapy (Craig, Barron, 

Walsh, & Baxter, 1999), monochromatic infrared therapy (Craig, Barron et al., 1999), 

ultrasound (Roebroeck, Dekker, & Oosterndrop, 1998), transcutaneous electrical nerve 

stimulation (TENS) (Denegar, Perrin, Rogol, & Rutt, .1989), hyperbaric oxygen therapy 

(Delaney & Montgomery, 2001; Harrison et al., 2001) and acupuncture (Barlas, 

Robinson, Alien, & Baxter, 2000). 

Although many prophylactic and therapeutic interventions have been investigated for 

their effect on DOMS and symptoms related to muscle damage after eccentric or 

eccentrically biased exercises, none have been found to prevent or eliminate DOMS 

completely, or enhance recovery of muscle function after exercise. However, some 

studies reported 'significant' effects on DOMS or markers of muscle damage. It should 

be noted that the 'significant' effect does not necessarily mean 'physiological' or 

'practical' significance. For example, a reduced increase in plasma creatine kinase 

(CK) activity, which is often used as a marker of muscle damage, after an intervention 

may not be meaningful if the intervention does not affect DOMS or muscle function. 

On the other hand, if an intervention is effective in ameliorating DOMS substantially 

without any effects on muscle function, it may still important for those people whose 

main concern is soreness. 

Controversy exists concerning the effects of most interventions on DOMS and muscle 

damage, and no consensus exists regarding the most appropriate intervention. For 

example, several studies (Farr et al., 2002; Tiidus, 1999; Weber, Servedio, & Woodall, 

1994) have examined the effect of massage on DOMS and muscle damage, with 

inconsistent results. Further studies are necessary to clarify whether massage is 

effective for DOMS and/or enhancing recovery of muscle function. 

Previous studies of interventions for DOMS and muscle damage used various exercise 

modalities in terms of load, intensity and type of exercise. To date, no research has 

systematically used the same protocol in inducing DOMS and muscle damage to 

compare the effects of different interventions on DOMS and muscle damage using the 

same population of subjects in a controlled condition. Therefore it is important to 

standardise the intensity and the amount of exercise, to set a randomised trial, and to 

have a reasonable number of subjects. The standardise protocol inducing DOMS is a 
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major feature of the present study whereas previous works has focused on a specific 

intervention, this study investigates the effects of three different interventions on DOMS 

and indicators of muscle damage in a controlled condition. 

In this thesis, three therapeutic treatments namely massage, immobilisation, and 

exercise were chosen to investigate their effects on DOMS and indicators of muscle 

damage. Based on previous studies (Saxton & Donnelly, 1995; Sayers et al., 2003), it 

was thought that 'movement' is an important influencing factor for DOMS and for 

recovery of muscle function after eccentric exercise. In fact, pain sensation has been 

shown to be influenced by exercise (Koltyn, 2000; Koltyn & Arbogast, 1998), and 

mobilisation of injured soft tissue has been shown to be beneficial for functional 

recovery (Jarvinen & Lehto, 1993; Sayers et al., 2000a). On the other hand, complete 

rest, such as occurs with immobilisation, has been reported to be beneficial for recovery 

from muscle damage (Jarvinen & Lehto, 1993; Sayers et al., 2003). If DOMS is a sign 

not to use or move a sore muscle, complete rest would be the most obvious choice. 

However, exercise of sore muscles is also known to palliate DOMS to some degree 

(Nosaka & Newton, 2002d; Saxton & Donnelly, 1995). Since movement based 

interventions are still in their infancy, it is important to compare the influence of 

immobilisation and active mobilisation (exercise) on DOMS and other symptoms of 

muscle damage. Massage treatment may be described as a passive movement of 

muscle. It is also important to mention that these interventions are practical in daily life 

as they can be applied easily and economically. 

There are many exercise models to investigate effects of treatment interventions on 

DOMS and other symptoms of muscle damage. A major issue in monitoring the effects 

is a large variability of responses among subjects to eccentric exercise (Clarkson et al., 

1986; Clarkson & Hubal, 2002; Nosaka & Clarkson, 1996b). The inconsistency among 

subjects in response to eccentric exercise is likely to act as a confounding factor that 

affects the reliability of the method of investigating the effect of an intervention on 

DOMS and indicators of muscle damage. One solution to this problem is to utilize a 

'limb to limb' comparison model in which the treatment limb is compared with the 

contralateral (untreated) limb of the same subject. 

Thus, this study applied the 'limb to limb' comparison model, to the elbow flexors, and 

compared the treatment and control arms for changes in DOMS and some indicators of 
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muscle damage after eccentric exercise of the elbow flexors. The specific modalities 

tested in this study were massage, immobilisation and exercise, and the treatments were 

applied after a bout of eccentric exercise. The effect of each treatment was tested 

separately by using a different group of subjects, however, all subjects were recruited 

from the same population. Comparisons between the treatment and control arms for 

DOMS and indicators of muscle damage were performed within each study, then 

comparisons between the three treatments made. 

1.2 Significance of Study 

DOMS represents a potential deterrent to the attainment of optimal physiological fitness 

and performance, especially when high levels of performance are required for athletic 

competition. The treatments and mechanism of DOMS and muscle damage are still 

poorly understood. This research will contribute to the body of knowledge regarding the 

most appropriate interventions to ameliorate DOMS. The chosen interventions may 

also be important for reducing the recovery time of impaired muscle function associated 

with muscle damage. Basic understanding of the proposed mechanism of DOMS and 

eccentric exercise-induced muscle damage, and the effects of treatments in this study 

will aid recreational and elite athletes, coaches and practitioners in the design and 

practice of programs which allow minimal damage and optimum productivity over the 

recovery and training period and to avoid the negative effects in regard to the exercise 

adherence. Information gained on muscle strength and function of elbow flexors and 

responses to potentially damaging exercise may provide optimal strategies for recovery, 

responses to high intensity exercise and periodisation strategies for training following 

competition. The findings may also enhance the understanding of possible benefits 

linked with physical therapies to alleviate DOMS and other symptoms of muscle 

damage. The findings of this study will improve the understanding of methods for 

reducing DOMS involving movement of the affected area. 
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1.3 Purpose of Study 

The study aimed to answer the following questions. 

1) Will four-days of partial immobilisation of the limb alleviate DOMS and 

improve recovery of other parameters associated with muscle damage following 

eccentric exercise? 

2) Will 10-minutes of sports massage applied three hours post exercise to the limb 

alleviate DOMS and improve recovery of other parameters associated with 

muscle damage following eccentric exercise? 

3) Will four-days of daily light concentric exercise of the affected limb alleviate 

DOMS and improve recovery of other parameters associated with muscle 

damage following eccentric exercise? 

4) Which of the three chosen interventions will be the most effective at alleviating 

DOMS and improve recovery of other parameters associated with muscle 

damage following eccentric exercise? 

1.4 Hypothesis 

It was hypothesized that: 

1) Short term immobilisation would be beneficial for recovery from eccentric 

exercise-induced muscle damage. 

2) Massage would alleviate DOMS, and enhance recovery of muscle function after 

eccentric exercise. 

3) A bout of light concentric exercise undertaken daily following exercise would 

alleviate DOMS and enhance recovery of muscle function following eccentric 

exercise. 
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CHAPTER2 

LITERATURE REVIEW 

2.1 Introduction 

This chapter reviews the current body of knowledge on eccentric exercise-induced 

muscle damage (EIMD) and delayed onset muscle soreness (DOMS), and introduces 

exercise models and indicators of EIMD. This chapter describes briefly prophylactic 

treatments and focuses more on therapeutic treatments for EIMD and DOMS. 

2.2 Eccentric Exercise 

During locomotion, skeletal muscles shorten and lengthen. The lengthening of active 

muscles is referred to as eccentric action (Armstrong, Warren, & Warren, 1991; 

Clarkson & Sayers, 1999; McCully & Faulkner, 1985). Eccentric muscle actions occur 

when the external load exceeds muscle force (Cleak & Eston, 1992; McHugh, Connolly, 

Eston, & Gleim, 1999; Stauber, 1989). A typical eccentric muscle action involves 

forced lengthening of maximally contracted muscles by applying a higher external force 

than the muscles are producing. Eccentric muscle actions also occur when muscles are 

used as a brake and absorb shock (Fox, 1979). Eccentric exercise refers to exercise 

consisting of predominantly eccentric muscle actions. For example, the quadriceps or 

knee extensors perform eccentric actions when walking downhill, skiing and horse 

riding (Fox, 1979). An example of an eccentric action of the elbow flexors is lowering 

a heavy weight slowly. 

2.3 Exercise Induced Muscle Damage (EIMD) 

EIMD is generally defined as a loss due to injury (Armstrong et al., 1991). Safran et al. 

(1989) have stated that muscle injury can be divided into three major types based on 

clinical presentation. Type I injury is muscle soreness that occurs 24 to 48 hours after 

unaccustomed exercise, so called DOMS. Type IT injury is characterised by an acute 

disabling pain from a muscle tear, ranging from a tear of a few fibres with facia 

remaining intact to a complete tear of the muscle and fascia. Type Ill injury includes 

muscle soreness or cramp that occurs during or immediately after exercise. 
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It has been well documented that the Type I injury is peculiar to eccentric exercise 

(Proske & Morgan, 2001). Unaccustomed eccentric exercise results in muscle damage 

characterised by Z-line streaming and myofibrillar disruption (Friden & Lieber, 1992). 

Other indications of muscle damage include prolonged loss of muscle strength, reduced 

range of motion and swelling and an increase in muscle protein in the blood (Clarkson, 

1997). DOMS is often accompanied by varying degrees of muscle function impairment 

such as decreases in maximal voluntary strength (Brown, Child, & Donnelly, 1997; 

Nosaka & Clarkson, 1996a) and range of motion (Howell, Chila, Ford, David, & Gates, 

1985). These phenomena in combination are often referred to as exercise-induced 

muscle damage or EIMD (Clarkson & Tremblay, 1988; Warren, Lowe et al., 1999). 

Proske and Morgan (2001) suggested that the primary damage originates from either 

disrupted sarcomeres in myofibrils or damage to excitation-contraction (E-C) coupling. 

Mechanical factors such as high force or strain appear to initiate the damage process by 

disrupting intracellular calcium homeostasis or mechanically disrupting the integrity of 

sarcomeres (Proske & Morgan, 2001). Previous researchers (Alien, 2001; Balnave & 

Alien, 1995; Warren, Ingalls, Lowe, & Armstrong, 2001; Warren et al., 1993) support 

damage to E-C coupling as a primary event in muscle damage. 

Armstrong (1990) described four stages in EIMD. The initial event produces micro 

injury to the muscle. This phase is considered to be the trigger and may be mechanical 

or metabolic in origin. This event also leads to a second stage, the autogenetic phase 

where a loss of Ca2
+ homeostasis in the muscle fibre takes place. Elevated intracellular 

Ca2
+ levels in the cell initiate several intrinsic degradative pathways, when the calcium 

level exceeds a limit, triggered by calcium activated neutral and phospholipase A2. This 

process leads to muscle fibre necrosis followed by regeneration. The inflammatory 

processes are important in the removal of the damaged proteins and seem essential for 

stimulating regeneration (Armstrong, 1984; Armstrong et al., 1991; Clarkson & Hubal, 

2002). Muscle swelling usually accompanies this phase (Armstrong et al., 1991; Pyne, 

1994). 
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2.4 Delayed Onset Muscle Soreness 

DOMS is the sensation of discomfort and pain in the muscles involved in exercise 

which increases in intensity for the first 24 hours after exercise, peaks between 24 and 

72 hours after exercise and then gradually declines (Armstrong, 1984; Miles & 

Clarkson, 1994). Nearly all healthy adults have experienced DOMS through 

involvement in unaccustomed physical activity (Armstrong, 1984). DOMS is most 

prevalent at the beginning of the sport season when athletes usually begin their training 

and also when a new type of training, to which the athlete is unaccustomed are 

introduced (Cheung et al., 2003). DOMS is different from temporary soreness. 

Temporary soreness is only felt during the final stages of fatiguing exercise and can be 

attributed to the accumulation of metabolic waste products, whereas DOMS is unrelated 

to fatigue and is described as a dull, aching pain combined with tenderness and stiffness 

(Armstrong, 1984; Bymes & Clarkson, 1986). 

Eccentric exercise causes greater DOMS than isometric or concentric exercise (Talaq, 

1973). The exact cause of DOMS is unclear. DOMS was originally thought to be a 

result of the accumulation of lactic acid and other noxious waste products (Armstrong, 

1984) or associated with local muscular spasm (Friden, Sjostrom, & Ekblom, 1981). 

However, the involvement of lactic acid in DOMS has been disproved based on the 

findings that eccentric exercise produces less lactate compared to concentric or 

isometric exercise (Schwane, Watrous, Johnson, & Armstrong, 1983). Muscle and/or 

connective damage theory (Friden et al., 1981; Jones & Round, 1990) and inflammation 

theory (Smith & Roberts, 1991; Stauber, Clarkson, Fritz, & Evans, 1990) are widely 

accepted as causative. The sensitisation of free nerve endings in response to 

inflammation and efflux of substances from muscle fibers into the extracellular space 

have been implicated as possible contributing factors of DOMS (Kendall & Eston, 

2002; Miles & Clarkson, 1994). 
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The pres~nce of DOMS may prevent the athlete from performing at their optimum 

levels and also may interfere with the performance of activities of daily living for the 

untrained individual. Furthermore, the decrease in force generating capability associated 

with DOMS will further reduce performance in high intensity exercise (Clarkson et al., 

1992). 

2.5 Differences between EIMD and DOMS 

It is important to note that EIMD and DOMS do not necessarily reflect the same 

phenomenon. As described previously, EIMD is characterised by morphological 

alternations of normal muscle and/or connective tissue (Armstrong et al., 1991; 

Clarkson, 1997). EIMD is also associated by loss of muscle function (Warren, Ingalls, 

Shah, & Armstrong, 1999; Warren, Lowe et al., 1999). Other symptoms of EIMD 

include decreased range of motion and swelling, and abnormality in magnetic resonance 

or ultrasound images, and increases in muscle proteins in the blood (Byrne, Eston, & 

Edwards, 2001; Clarkson, Byrnes, Gillisson, & Harper, 1987; Clarkson et al., 1992; 

Nosaka & Clarkson, 1995; Nosaka & Clarkson, 1996b; Nosaka et al., 2002a). DOMS is 

also often included in the symptoms of muscle damage (Byrnes et al., 1985; Close, 

Ashton, Cable, Doran, & MacLaren, 2004). However, DOMS does not necessarily 

accompany muscle damage. Furthermore, the level of DOMS is not indicative of the 

extent of tissue injury (Nosaka et al., 2002a). It should be also noted that the time 

course of DOMS is different from changes in muscle strength and ROM, upper arm 

circumference, and plasma CK activity (Nosaka et al., 2002a). Previous studies (Malm 

et al., 2000; Nosaka & Clarkson, 1996b; Nosaka et al., 2002a; Rodenburg et al., 1993; 

Rodenburg et al., 1994; Vincent & Vincent, 1997) reported either poor correlation 

between DOMS and other indicators of muscle damage such as strength loss, ROM and 

CK response, thus, it is better to differentiate between DOMS and EIMD. 
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2.6 Models of EIMD and DOMS 

Many exercise models have been used to investigate EIMD and DOMS such as long 

distance running (Chosa et al., 2003; Vickers, 2001), downhill running (Donnelly, 

McCormick, Maughan, Whiting, & Clarkson, 1.988; Eston, Finney, Baker, & 

Baltzopoulos, 1996), downhill walking or hiking (Parr et al., 2002), downhill backward 

walking (Weerakkody, Whitehead, Canny, Gregory, & Proske, 2001), stepping exercise 

(Alien et al., 2003; Hasson, Bames, Hunter, & Williams, 1989), chest press (Smith, 

Fulmer et al., 1994), drop jumps (Horita, Komi, Nicol, & Kyrolainen, 1999; Semark, 

Noakes, Gibson, & Lambert, 1999), stretch shortening cyling (SSC) exercise (Nicol, 

Komi, Horita, Kyrolainen, & Takala, 1996), and cycling exercise (Byme, Twist, & 

Eston, 2004; Gleeson, Blannin, Walsh, Field, & Pritchard, 1998). 

Different muscle groups have also been examined in different models. Two muscle 

groups examined frequently are knee extensors (Lund, Vestergaard-Poulsen, Kanstrup, 

& Sejrsen, 1998; Saxton, Donnelly, & Roper, 1994; Sorichter et al., 1995; Tiidus & 

Shoemaker, 1995) and elbow flexors (Brown, Child, Day et al., 1997; Brown, Child, & 

Donnelly, 1997; Croisier et al., 1996; Donnelly, Clarkson, & Maughan, 1992; Eston et 

al., 1996; Gregory, Morgan, & Proske, 2003; Smith, Keating et al., 1994). Other 

muscle groups that have been investigated include triceps surae or calf (Klass, Guissard, 

& Duchateau, 2004; Webster, Syrotuik, Bell, Jones, & Hanstock, 2002) hamstrings 

(Hilbert, Sforzo, & Swensen, 2003) and wrist (Miles, Clarkson, Bean et al., 1994). 

Maximal eccentric exercise of the elbow flexors is the most widely used model to study 

EIMD and DOMS. Use of the same muscle groups, the intensity of the exercise, the 

number of repetitions, time, sets and rest, range of motion, and subjects used in the 

study are important factors to consider (Cleak & Eston, 1992; Farthing & Chilibeck, 

2003; Paddon-Jones, Leveritt, Lonergan, & Abernethy, 2001). In the case of the elbow 

flexors, many protocols have been used (Brockett, Warren, Gregory, Morgan, & Proske, 

1997; Clarkson & Tremblay, 1988; Newham, Jones, Ghosh, & Aurora, 1988; Nosaka & 

Newton, 2002b; Nosaka, Newton, & Sacco, 2002b, 2002c; Nosaka & Sakamoto, 2001; 

Saxton et al., 1995) such as 24 eccentric contraction (Gulbin & Gaffney, 2002; Nosaka 

& Newton, 2002a, 2002c), 50 maximal isokinetic eccentric contractions (Philippou, 

Bogdanis, Nevil, &. Marikadi, 2004), 5 sets of 10 maximal isokinetic eccentric 
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contractions (Gleeson et al., 2003), 2 sets of 50 ann curls (Kraemer, Bush, Wickham, 

Denegar, Gomez, Gotshalk, Duncan, Volek, Newton et al., 2001), and 70 maximal 

voluntary eccentric muscle action (Saxton & Donnelly, 1995). 

2. 7 Markers of EIMD 

Several direct and indirect indicators of EIMD have been described (Clarkson & Hubal, 

2002; Foley, Jayaraman, Prior, Pivarnik, & Meyer, 1999; Rather, Mason, & Dudley, 

1991; Nosaka & Newton, 2002b; Warren, Lowe et al., 1999). Direct assessment of 

damage in human muscle is only possible by muscle biopsies. Indirect measures such as 

magnetic resonance imaging (MRI) or ultrasound imaging can be used to visualise the 

sites of muscle damage (Newham, McPhail, Mills, & Edwards, 1983; Nosaka et al., 

2002a). More commonly, EIMD is indirectly examined by using measures such as 

maximal voluntary strength, ROM, swelling and muscle protein levels in the blood 

(Clarkson et al., 1992; Warren, Lowe et al., 1999). The choice of indicators of muscle 

damage is dependent on the exercise model. Some indicators are suitable for upper 

extremity model only such as ann circumference, relaxed and flexed joint angles. For 

the eccentric exercise of the elbow flexors, most of previous studies included the 

measurements of muscle strength, relaxed and flexed elbow joint angles and range of 

motion, upper arm circumference and plasma CK activity (Nosaka & Clarkson, 1995; 

Nosaka & Clarkson, 1996a; Nosaka & Newton, 2002b, 2002c). In this review, most 

indicators discussed are predominately used for the elbow flexor models. 

2.7.1 Histological Changes 

Ultrastructural changes in muscles following eccentric exercise can be detected by 

electron microscopy, which shows myofibrillar disturbance of the contractile proteins 

characterised by Z-line streaming (Friden et al, 1981). Other noted changes include loss 

of thick myofilaments, swollen mitochondria or loss of mitochondria in abnormal 

injured area, disturbed arrangements of filaments at the A band (Clarkson & Hubal, 

2002) and disruption of the plasma membrane (McNeil & Khakee, 1992). Eccentric 

exercise has been found to disrupt the arrangements of t-tubules and the disposition of 

triads such as increased number of longitudinal segments of the t-tubular network 

(Takekura & Yoshioka, 1990). At a light microscopic (histological) level, invasions of 
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mononuc:;lear cells are observed both between and within degenerating fibres following 

eccentric exercise (Jones, Newham, Round, & Tolfree, 1986). Although biopsy is a 

direct measurement, the small size of tissue sample makes it difficult to quantify the 

magnitude of damage because the sample may miss, or over represent the damage of 

the whole muscle especially in human studies (Warren, Lowe et al., 1999). 

2. 7.2 Magnetic Resonance Imaging (MRI) 

MRI is considered a powerful tool to understand what is happening in the entire muscle 

(Clarkson & Hubal, 2002). Muscle activation increases the MR (T2) signal intensity, 

which provides the recruitment images (Patten, et al. 2003). It has been documented 

that MRI can detect localisation of damage and is a promising alternative to evaluate 

muscle tissue, and changes in MRI T2 relaxation time is correlated with histological 

changes in muscle (Bosboom, et al. 2003). It has been shown that T2 relaxation time of 

muscle increases in damaged muscles for several days following eccentric exercise 

(Foley et al., 1999; Newham et al., 1987). The increase in T2 appears to arise from 

increases in extracellular fluid (Ploutz-Snyder et al., 1997) or increases in itntracellular 

water and intracellular acidification (Patten et al., 2003). Nosaka & Clarkson (1996a) 

documented that the increase in T2 relaxation time was likely due to oedema. T2 

relaxation time was reported to peak at 6 days following eccentric exercise, and 

coincided with CK responses (Clarkson & Hubal, 2002). Study by LeBlanc, Jaweed 

and Evans (1993) found high correlation (0.94) between peak T2 relaxation and serum 

CK activity following eccentric exercise. Thus, it appears that MRI is a powerful tool 

to investigate muscle damage; however, the cost involving in MRI is high. 

2. 7.3 Strength Loss 

Following unaccustomed high intensity eccentric exercise, a marked reduction in 

strength is evident. Strength loss is generally observed immediately after exercise with 

significant decreases still evident in some cases for over two weeks (Newham, Jones, & 

Clarkson, 1987). The magnitude of strength loss immediately after high force eccentric 

exercise of the elbow flexors has been shown to be 50% to 70% (Clarkson, 1992; 

Nosaka & Clarkson, 1996a; Nosaka et al., 2002b; Saxton et al., 1995). The ability to 

produce maximal voluntary torque usually returns to baseline levels by two weeks or 

longer after eccentric exercise (Howell, Chleboun, & Conatser, 1993; Pearce et al., 

1998). 
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