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ABSTRACT 

An elevated sernn; enzyme activity (ESEA) has been widely 

reported ta resuit from eccentric and concentric muscle contraction 

as a consequence of injury to the muscle fibre. In order to model the 

time course cf this process the present study measured creatine 

kinase serially together with an objective measure of strength (a 

one repetitior: maximum ( I  RM) of quadriceps contraction) 

throughout 10 days foffowing a maximal exercise stimulus in a group 

of yoitng men who were separated into an eccentric and a concentric 

exercise group. Eacn group performed 70 maximum isokinetic 

cantractions of the right quadriceps muscle. These respective 

stirntilus!response sequences were repeated on 2 further occasions 

10 days apart in each group Time-to-peak ESEA following all of the 

exercise bouts was not significantly different (p > 0.05) between the 

two experimental groups (group means 34.6 + 14.1 and 15.7 + 3.8 

hours for eccentric and concentric exercise, respectively). Three of 

5 subjects, who performed eccentric exercise, exhibited a slightly 

delayed peak in ESEA. This only occurred after the first training 

session. Subsequmt bouts of 70 eccentric contractions in these 

three subjects eficited a time to peak €SEA similar to all other 

subjects. Peak ESEA decreased significantly (p 2 0.05) in exercise 

bouts subsequent to the first, in both groups. The 1 RM was 

decreased after the first exercise session but there was no decrease 

In t h e  pre-contraction stimuius value after the second and third 

exercise bouts. A two-component model has been developed to 

account for the observed time course of ESEA. In t h i s  model the 



first cornponmt represents creatine kinase (CK) leakage to the blood 

from the muscle f h e  second component depicts degradation of CK 

from the blood space. This model fitted the ESEA data very well. 

The model parameters are discussed in terms of physiological and 

ultrastructaral correlates in the literature describing events which 

produce the so-called damage to muscle resulting from 

exceptionally heavy physical activity. 
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There are several effects of exercise on rnuscie which include 

rnuscie soreness, hypertrophy, possibly injury, and an accompanying 

elevated serum enzyme activity (ESEA.). Thus, after an exercise bout 

of sufficient intensity or duration a persistent but reversible ultra- 

structural change is found in skeletal muscle (i.e., 2-band streaming) 

(Friden and Ekbforn, f 983; Warhol ef at., 3985) associated with an 

elevated serum enzyme activity (ESEA) (Tiidus and lanuzzo, 1983). 

The amount of damage to active muscle fibers, has been defined by 

Armstrong (!990) as microinjury because the initial lesions are 

usually subcellular and occur in a relatively small proportion of 

muscle fibers. Severai enzymes are typically involved in the €SEA 

response inctuding aspartate transaminase, aldotase, lactate 

dehydrogenase, and creatine kinase (CK) (Nsakes, 1987). In addition, 

proteins such as rnyogfobir! (Munjal et a/., 1983; Roxin et a/., 1984) 

and myosin heavy chain fragments (Mair et at., 1992) are elevated in 

the serum following strenuous exercise. 

Time Course of ESEA 

The literature regarding post-exercise time course of ESEA Is 

quite varied and appgars dependent on the type of muscle activity 

previotrs!y undertaken. F. faster time tn peak ESEP. fnl!ows a 

concentric (muscle shortening) (Newham et a!., i986a) in 

comparison with an eccentric (a forced muscle lengthening during 

stimulation) contraction (CIarkson and Tremblay, 1988). Down hill 



running involving predominantly eccentric contraction, however 

resuits in a non-delayed peak in ESEA restritins in a similar time 

course of €SEA to that foliowing uphill running (Schwane et a\., 

1989), or exercise involving isolated concentric contractions 

(Newham et al., "186a). A peak €SEA foilowing cycling (Eerg and 

Haralambie, 1978) or swimming (Criiz and Cunningham, 1972) is 

substantially less in comparison with marathon running 

(Dressendorfer and Wade, 1983; Noakes and Carter, 4982). Although 

the time course of ESEA va8:es widely and appears to depend on the 

type of activity previousIy undertaken, the mechanism inducing ESEA 

(to be discussed later) is thought to be similar (Russelt et a!., 1992). 

ESEA Following Acute Training 

There is some evidence that the €SEA response to an acute 

exercise stimulus is modified and alleviated somewhat during 

subsequent stimuli as adaptation to training takes place (Clarkson 

and Trernblay, 1988). Others have observed an effect of a prior 

submaximal effort reducing post-exercise ESEA in subsequent heavy 

exercise 2 to 6 weeks after the initiaf activity (Byrnes et a!,, 1985; 

Graves et a/., 1987: Triffretti et at., 1989). However, Schwane et al. 

(1989) failed to observe a significant decrease in ESEA 24 hours (h)  

after a 45 minute downhi!! rg? or! a 10 74 slope in two groups of 

subjects whether or not they trained for ! ar 2 weeks by either 

uphill or downhill running, respectively, prior to the test. Serial 

measurement of a defined criterion performance has been 

infrequently made throughout training in such training studies, 



hence any impairment In such an index related to the pattern of ESEA 

dtie trt training is aiso nut well defined, 

ESEA and Performance Fofiowing Acute Training 

Am association between ESEA and performance ability is 

evident in acute strength training bouts. Tiidus and ianuzzo (1983) 

reported that 48 h after performing an exercise bout consisting of 

concen:ric exercise, 75 % of the subjects experiencing a large ESEA 

were unable to lift 90 % of their one repetition rnaxin-turn ( I  RM). In 

contrast, 80 % of the subjects exhibiting a Icw ESEA were able to 

lift 90 % of their I RM. Clarkson and Tremblay (1988) however, 

reported that the poorest daily criterion performance preceded peak 

ESEA by at least 4 days after performing 70 maximum eccentric 

forearm contractions. The diiference in subsequent peak physical 

effort with respect to these two similar acute exercise periods may 

possibly be attributed to the peak post-exercise ESEA occurring 3-6 

days after the eccentric compared with 8-24 h after the concentric 

stimutus (Newham et al., 1986a). Clarkson and Tremblay (1988) 

further observed no ESEA bsspite a reduction in performance after 

70 maximum eccentric contractions when the task was preceded by 

a relatively few (i.e., 24) similar contractions 2 weeks earlier. The 

apparent contradiction of the latter experiments to the former 

described above may be because an immediate ESEA response is not 

an inevitable consequence of exercise, after exercise apparently of 

such severity to induce skeletal muscle damage (Newham et a/., 

l 986b)  



ESEA Foilowing Chronic Training 

In an endurance training study (Bansiter et a/., 1992) in which 

the amount (dose) of the exercise undertaken each day was 

quantitatively measured, the time course of ESEA was directly 

related to the dose of exercise and inversely related to the pattern 

of criterion performance (running a standard distance time tria!). 

When training was heavy, ESEA was high and physical performance 

on a standard test declined. ESEA returned to a base line level 

during peaking (detrairrlng) as performance increased. In addition, in 

the later stages of heavy training, just prior to peaking, ESEA 

decreased from a peak towards a lower but still elevated level 

compared with the base line measure. The criterion physical 

performance itself also began to recover towards its original base 

line value during the final stages immediately before peaking. 

Dressendorfer and Wade (1983) have also reported arr adaptation in 

ESEA during a 20 day period of heavy racing averaging 17.3 miles per 

day. 

Quantification of Muscle Damage 

In an entirely different context, ESEA has been used by several 

investigators to estimate the degree of cardiac tissue damage 

resulting from myocardial infarction in the hours following 

infarction (Norris e f  a/., 1975; Roberts et al., 1975; Sheli et a/., 

1971 ; Shibata et al., 1985; Sobel et a/., 1972). This estimation 



invo!ved caiculatiny the total amount of enzyme appearing in the 

circuiaiory system by integrating the ESEA curve and accsunting for 

t h e  amount of enzyme degraded in the blood by determining the time 

constant for the latter portion of ihe ESEA decay curve when it was 

assumed that enzyme influx into the circulatory system was 

mmplete. The tvtaf amount of muscle damage then could be 

calculated by knowing the proportion of enzyme released from the 

damaged site which then enters the vascular space and the 

difference in enzyme concentration between damaged and normal 

cardiac tissue. The rationale of this technique has been used to 

quantify the extent of skefetat muscle injury resulting from severe 

exercise (Apple and Rhodes, 1988). In none sf these cases, has the 

model been extended to define the complete, developing time course 

of ESEA. 

Skeletal Muscle Damage 

Skeletal muscle damage tu subcellular components is evident 

after muscle activity, particularly when the exercise is relatively 

intense, of long durrttion, or includes eccenrric contraction. 

Stsucturaf damage involves both the cytoskeleton and the lipid 

bilayer membrane structures. Myofifament dam=lge is a rapid 

process in which increased intracellular calcium concentration 

f[Ca2+Ii) appears to play a role [Duncan, 1987). Increased [C$++;i 

may be 'irnptieated in induction ti the cytossiie thioi proteases 

cafpain f and I I  praducing direct protein breakdown in muscle (Furono 

and Goldgerg, 1986). Calpain receptors have also been reported tc be 



located directly on the sarco~lasmic reticuium (SR) in proximity to 

the Ca2+ flux initiating muscle contraction. However when these 

proteases are inhibited muscle proteolysis still occurs (Furono and 

Goldberg, 1986). The second type of muscle damage is ;a slower 

process which effects the plasma membrane permitting the efflux of 

cellular enzymes (i.e., CK) into the extracellular fluid (Duncan and 

Rudge, 1 988). 

The muscle damage resulting from exercise has been 

rationalized with a logical progression of steps caused by one or 

more of several possible initiating events (Armstrong, 1990). 

Firstly, the overall high specific tension mechanically disrupting 

sarcolemma, SF?, and myofilarnents may itself induce an 

inflammatory respcnse. Secondly, metabolic factors such as a high 

local temperature in the muscle have been related to muscle protein 

degradation (Baracos et a/., 1984). Thirdly, Ca2i- aggregation in 

mitochondria and a consequent reduction in respiration could also 

lead to an attenuated ATP level, which might impair Ca2+ uptake 

from the cytosol via an ATP-dependent calcium pump in the 

sarcolemma, mitochondria, and SR. Fourthly, general local damage 

may impede local microvascular circulation (Suval et a/., 1987) and 

perhaps lymphatic flow the former inducing an ischemia followed by 

a reperfusion which could result in free radical production and 

membrane lipid peroxidation (Davies et a/., 1982). Lastly, exercise 

induced phospholfpase A2 (PLA2) activity may be  permitted to come 

into contact physically with phospholipid substrates in the cell 

membrane (Duncan, 1988; Duncan and Rudge, 1988) and lyse 

structural components of the sarcolemma. PLA2 is an enzyme found 



in t he  membrane of a cell and when activated with the appropriate 

stimulus (Ca+ hormone, neurotransmitter, drug, or toxic agent), 

cleaves the membrane phasphoiipids to produce arachidonic acid 

(AA). It appears the production of AA from PLA2 is a rate limiting 

step in a cascade of events leading to the inflammatory response. 

Thwe are two major branches of arachidonic acid metabolism, one 

catalyzes the enzyme cyclooxygenase leading to the formation of 

prostaglandins, prsstacyclin and thromboxanes none sf which 

appears to be involved in producing ESEA (Duncan and Rudge, 1988). 

The other pathway, catalyzed by the enzyme lipoxygenase, leading to 

the formation of fatty acids known as leukotrienes (Chang et a/., 

1987). These fatty acids, which have a detergent effect in addition 

to the digestive effect of lysophospholipids caused from lipid 

peroxidation of its membrane, can a l s ~  disrupt the integrity of the 

cell membrane and permit enzyme efflux from the cytoplasm (Duncan 

and Rudge, 1988). 

The hypothetical initiating events listed above could all lead 

to, or result from, an elevated [Ca2+]i. In addition, CK efflux from 

incubated mouse soleus muscle, induced by 2,4-dinitrophenol (DNP), 

has been shown to be dependent on extracellular Ca2+ (Duncan and 

Jackson, 1987). Furthermore, when PLA2 is stimulated by 10-6 

molar Ca2+ influx and inhibited by chlorpromazine, cellular efflux of 

CK is prevented (Jackson et a/., 1984). Therefore, i f  [Ca2+Ii 

homeostasis is altered to approximately 10-6 molar as a result of 

exercise, Ca2+ is likely to be an important factor leading to skeletal 

muscle damage. As discussed previously, [Caz++]i also stimulates 



P L A 2  which produces the several effects detrimental to thhe cell 

discussed previcusly. 

As yet there are no data available on the time cstjrss of PLA;! 

activity in the muscle or blood fo l lowi~g axercise. However, the 

time course of PLAz in blood during acute adult respiratory distress 

syndrome appears similar to ESEA but the time course of onset 

occurs earlier (Koeniger et a/., 1989). Following exhaustive exercise 

maximum [Ca*+]i uptake capacity In isolated S R  is lower (Byrd et a!., 

1989) and [Ca2+ji accumulates in arl injured muscle immediately 

following downhill walking in rats (%an et a/., 1990). These 

findings are consistent with implicating Ca2+-activated PLA2 * 

activity an important possible initiator of injury to the muscle cell. 

Regeneration of Damaged Skeletal Muscle 

After the initial autogenic proteolytic and lipolytic response 

disrupting cellular structures an evolving inflammatory response 

probably dominates the process of deveioping injury. The latter 

phase includes the invasion of the damage site by rnorionuclear cells 

(macrophages) from the blood which occur 3-4 h followirtg the 

exercise when foci of muscle damage is already widespread (Fisher 

et a/., 1990). 

Several studies involving acute blunt trauma to animal muscle 

have provided insight into post-trauma ultrastructural events 

occurring in skeletal muscle (Fisher ei a/., 1990; Hurme and Klimo 

1992; Russell et a/., 1992). In these studies various severe muscle 

stimuli were used to induce injury including eccentric exercise, 



stretch, chronic stimulation, tension overload and cold injury. These 

reports show that hemorrhage, inflammation, non-necrotic 

degradation, regeneration involving myoblast formation and satellite 

cell activation by growth factors encompass a 30 day period. 

f rnrnediate (3-24 h) affects of the clinically-produced trauma 

revealed gross tearing and disruption of normal cells and small 

blood vessels. A large number of mononuclear cells in the 

intracellular connective tissue and within the damaged muscle were 

observed. By 24-48 h there were a large number of sarcolemmal 

nuclei observed some of which were likely of satellite cell origin 

(Fisher et a/., 1990) which have both a myogenic and regeneration 

capability in skeletal muscle (Carlson and Faulkner, 1983). During 

ihe next several days regeneration of the sarcomere occurred and by 

day 14, 21 and 30 post-trauma the muscle cell appeared to have 

healed as no abnormalities were observed. The foregoing studies 

which used a variety of ultrastructilral, immunochernical, cellular 

and molecular techniques now confirm and extend the gross features 

of intrinsic degradation, cell-mediated breakdown, and regeneration 

described earlier by others (Armstrong 1990; Carlson and Faulkner, 

1983; Carlson, 1972). 

The p rpose  of the present study was to investigate the time 

course of ESEA in order to develop a simple systems model of the 

fine structural and biochemical degenerativehegenerative process 

described above. The present research will attempt to provide 

insight into the initiating events inducing the rise and subsequent 

dscline in serum enzyme activity following heavy exercise in young 

male subjects. 



HYPOTHESES 

The working hypotheses of this study are that: 

I. A mathematical model of the time course of ESEA following a 

single substantial bout (dose) of exercise (70 eccentric or 

concentric contractions) of the right quadriceps muscle group may 

be deduced which will account for the ESEA actually observed. 

2. Parameter definition of the model determined by iterative 

modeling of the theoretical time course of ESEA against 

experimentally determined serial measures of ESEA fo l l~w ing  

exercise of the quadriceps muscle, will depend on +he type of 

contraction made and the immediate history of previous exposure of 

the muscle to a similar stimulus. 



METHODS 

Training Groups and Regimen 

Ten volunteer male subjects were allocated randomly to a 

concentric or eccentric training group (n=5). Subject data is shown 

in Table 1. This study was approved by the Simon Fraser University 

Ethics Committee. Before commencing the first of three exercise 

sessions separated by ten day intervals (Figure I ) ,  each subject was 

medically examined and approved to take part in the study and each 

signed an informed consent letter. In order to control for physical 

activity the subjects were asked not to engage in exercise 7 days 

prior to and during the study. This was confirmed by questioning the 

subject daily, and if additional exercise was undertaken the subject 

was removed from the study. Furthermore, subjects were chosen 

who had not been involved in activities involving concentric or 

eccentric resistive leg extension exercises within the 3 months 

prior to commencing the study . 

Table 1. Showing the age (yr), weight (kg) and height (cm) of each 
male subject. 

Subject1  1 2 3 4 5 6 7 8 9 1 0  

Age 

Height 

36 25 25 27  3 0  28 29  3 0  26  26  

185 168 1 8 3  1 6 0  1 9 3  178 180 178 170 178 



Exercise involved 70 maximum ieg extension exercises 

(concentric contraction) or resistance to a torque, forcing leg 

flexion from an extended position (eccentric contraction) against a 

maximum resistive force exerted by the subject on an isokinetic 

(BiodexTM) apparatus for measuring strength. Raw data (torque and 

work) were sampled at 100 Hz throughout both flexion and extension 

movement in either a concentric or eccentric exercise mode at a 

speed of 30" per second. The BiodexM also recorded isometric 

torque. The means of torque and work respectively were able to be 

calculated for each separate contraction of a repetitive sequence of 

contractions by an individual. 

The sequence of exercise sessions and data collection 

throughout the experimental period is shown in Fig. 1. During the 

exercise period each muscle contraction (70 in total) was performed 

at a speed of 30 degrees per sec (3 seconds per contraction) with an 

11 second rest interval between each contraction. The range of 

motion of the concentric exercise was from the flexed (90') to the 

fully extended (0") leg position. The subject exerted maximal force 

for each ( 

Biodexm 

between 

the desi 

zontraction. The speed was controlled by the Biodex'". The 

mechanism returned the leg passively to a starting position 

repetitions to avoid any antagonist muscle group activity to 

gnated contraction. Similarly, the group of subjects 

undergoing the eccentric exercise stimulus exerted a maximum 

resistive effort against a superior load forcing the leg from 

extension (0') to 90" flexion, after which the leg was returned 

passively to the extended position. The subject was seated and 



secured at the waist and shoulder to immobilize the upper body 

while he was abie to maintain free movement of the exercising k g .  

A physiological/mathematical model of the dose/response 

effect of training was formulated (see later) in order to describe, 

quantitatively, the empirical pattern of ESEA development and 

recovery associated with each type of successive high intensity 

exercise stimulus. 

Blood Sampling and Analyses 

A physician was on call during the time when blood was taken 

and only a qualified individual drew the venous blood sample from 

the subject. 

A bloc~d sample was drawn 2 days prior to commencing the 

first exercise bout to establish basal serum enzyme activity. If this 

basal CK activity was high due to previous physical activity the 

initial exercise bout would be postponed until a basal level was 

obtained. A blood sample was also drawn immediately before and 

after each of the 3 exercise sessions and at 5 h intervals for the 

first 40 h, excluding the hours in the fate evening and early morning, 

and every 15 h thereafter until ESEA approximated the basal level. 

Each blood sample taken was allowed to clot and then centrifuged to 

separate serum which was extracted and refrigerated for no longer 
- 

than f 2 h before anaiysis. lotai serum CK activity, pmoles-min-j.L-1 

(iU-L-I), was measured on a Roche Cobas Bio analyzer at 3 0 " ~  using a 

BMC (Boehringer-Mannheim CmdH, Mannheirn, West Germany) reagent 

as outlined by Szaz et a/. (1976). The coefficient of variation in 



repeated daily analyses of standard samples of t h i s  enzyme ranged 

between 3-5 % during the period of the study. 

Criterion Performance 

A 1 RM, criterion performance was determined previous to 

each standard exercise bout and daily throughout the following 10 

day recovery period untii a subject couid attain the developed pre- 

exercise torque. The 1 RM consisted of the subject performing two- 

3 second maximum isometric contractions in an extended leg 

position, in which the right knee was bent at a 4 5 O  angle. The 

highest torque of two trials determined the criterion performance 

for the given day. 

TIME (days) 

Figure 1. Showing experimental design sf the study and the type and sequence 
of measurements made on a subject following a single dose (set of 70 
eccentric or concentric) of exercise. 



Modeling Exercise induced Serum Enzyme Activity 

A theoretical two-component model of enzyme flux from the 

muscle cell to the vascular space was developed to explain the 

empirical pattern of ESEA found in each 10 day period following an 

exercise siirntilus. in the hypothesized model determining the time 

course of ESEA, it was assumed that enzyme from the cytoplasmic 

and mitochondria1 compartments of the cell is lost principally to the 

to the ex'trilcellular space. This enzyme efflux may be attributed to 

cell membrane damage potentiated by any one of several initial 

events described by Armstrong (1 990) including fibre disruption, 

calcium-induced Iipofysis (Duncan, 1987; Jackson et a/., l984), free 

radical mediated membrane lipid peroxidation (Davies et at., 1982) 

or other induced cellular inflammatory responses. Enzyme lost from 

the cell was considered transferred directly or indirectly (via 

interstitiai, lymphatic system) to the vascular compartment in 

which the time course of enzyme cellular efflux was reflected by 

ESEA. Although it has been shown that an increase in plasma CK 

activity after ligation of a dog hind limb could be prevented by 

collection of thoracic duct lymph (Lindena et  a/., 1979), it is 

currently undetermined how CK enters the blood after local 

disruption due t~ intznse exercise. Due to the relatively greater 

increased vascularity of the affected area after exercise compared 

with the above study (Lindena et a/., 1979), it is possible that a 



proportion of CK is lost directly from the cytosd to the blood after 

exercise. 

Two-Component Model System: €SEA 

Figure 2 shows a hypothesized two-compartment model of 

developing membrane damage arid conccmitant healing precipitating 

an Intramuscttfar enzyme efflux to the vasctilar space together with 

constant natural degradation of enzyme activity from the vascular 

space. In this figure, flow of enzyme activity from the muscle 

contributing to the already existing quantity of enzyme activity in 

the vascular space (X) is f(t). Degradation of enzyme activity from 

the vascular space is proportional to the product of overall enzyme 

activity per litre and the flaw loss in L-min-1 IF) from the vascular 

space. 

Muscle Cell 

Enzyme flow from muscle to 

the vascular space is f(t) 

Vascular Space 
I 

Figure 2. Showing the two-component model of leakage of enzyme from the muscle f ( t )  
and degradation of CK from the vascular space (F). The open circles diagrammatically 
represent the developing membrane damage. 



where: 

i(t) = 

F = 

X = 

and: 

emyme leakage into the blood (iU-min-1) 

flow loss from the vascular space ( L m  i n -1) 

e n z y m e  activity above base line (iU) in the vascular 

space 

Volume of vascular space (litre) 

Enzyme activity (per litre) in plasma above base 

line (iU,L-1) 

degradation of enzyme activity. 

Thus, the rate of change of enzyme activity per volume of vascular 

space (X) above base line in the vascular space is given 

by: t~ - - f(t) - F .X /V  

Integrating during the period of epzyrne loss from muscle, from 0 to 

time T [0-;.TI: 
T T 

Thus, total enzyme loss from the muscle is the total enzyme in the 

vascular compartment remaining above base line at time T plus the 



area under the ESEA curve corrected for the ongoing loss due ta 

catabolism (F-C' 
T T 

and: If(t)ut - - V.C(T) + F j c ( t )d t .  ( 3 )  
0 0 

Thus, the shape of the ESEA time curve reflects the kinetics of the 

release of enzyme from the muscle cell. 

T 
In this model, therefore, estimation of the integral j f ( t ) d t ,  

0 

representing the quantiiy of exercise-induced enzyme loss from 

muscle in a period 0 -+ T, may be made from an analysis of the time 

course of enzyme measured serially in blood. 

Mathematically the two phase (rise and decay) time course of 

ESEA in Fig. 2 may be represented by the two-component expcnential: 

where: 

A = a.kl/k2-k1 

and 

a = potential enzyme loss from muscle due to the 

exercise slimuius j i u - i - 1  j 

k i  = rats constant for enzyme leakage ( m i d  x W 4 )  

k2 = rate constant for CK degradation ( m i d  x10-4) 

C( t j  = enzyme activity (~u-L-') in blood above base line 



The constzizt A represents the combined flow-votiirne 

characteristics of the vascular compartment and the degradation of 

enzyme from this area. Ctti represents the rise and decay of enzyme 

activity per unit volume in the vascular compartment due to an 

exercise-induced developing porosity and recovery of the csll 

membrane at any given time above base line activity per unit volume. 

The teakage of CK from the muscls f(t), as shown diagrammatically 

in Fig- 2 through open circles dong the membrane, is followed by 

their plugging (by red blood cells, macrophage and etc.) or by pore 

ciosure foilowing adaptation or recovery from the exercise stress. 

These events affecting enzyme leakage into the vascular space, are 

represented by the rate constant kj of equation 4. The continuous 

removal or degradation of CK in blood per unit volume is controlled 

by F in Fig. 2 and is represented by rate constant k2 in equation 4. 

The Modeling Process 

Parameter definition of the constants, A, k l  and k2, of 

equation 4 involved a systematic process. ESEA data were first 

displayed on a computer screen. The theoretical data points of the 

time course of ESEA were generated from the model theoretical 

equation using initial estimated values for A, k l ,  and k2. A first 

iteratian of the predicted ESEA pattern was superimposed on real 

data throughout the  time course of each ESEA (CK) curve. An 

accurate parameter definition was then made from a reiterative 



process changing each parameter through a sequential, cornputer- 

generated process to achieve a least-squares best fit of the 

predictad to real time course of ESEA values. At this point a change 

in any one of the feast-squares model values by a single decimal 

place resulted in a greater total mean squared error. 

Sta t is t ics  

The significance of the difference between the time and 

magnitude of the peak ESEA, the model parameters (A, kt and kz) and 

the average torque in the concentric and eccentric training groups 

for bouts 1-3, respectively was established by using a two-way 

analysis of variance with repeated measuremsnts on one factor. A 

post hoc comparison between exercise bouts was performed using 

the Bonferroni method. A least-squares best fit line was calculated 

for the relationship between the emperical and theoretical modeled 

ESEA (CK) data in the concentric and eccentric groups for bouts 1-3, 

respectively. The mean and standard deviation for the time to peak 

ESEA (CK) vatue for each group were also calculated. 



RESULTS 

ESEA Response to Exercise 

Figure 3 illustrates the time course of ESEA for subjects 1-5 

exposed to a concentric stimulus and subjects I who were 

exposed to an eccentric stimulus. There was no significant 

difference between the concentric and eccentric groups with respect 

to time to peak ESEA and peak amplitude of ESEA. Therefore, to 

increase statistical power, the two groups were combined to 

determine if there was a significant difference between the 3 

training bouts with respect to the time to peak ESEA and the peak 

amplitude E S f  A value. 

The time to peak ESEA following the initial exercise bout was 

not significantly different (p > 0.05) between the two exercise 

groups (group mean value 34.6 rfi, 14.1 and 15.7 3.8 h for eccentric 

and concentric exercise, respectively). Subjects 8, 9, and 10 who 

performed eccentric exercise exhibited a slightly delayed peak in 

ESEA, which only occurred after the first exercise session. For 

bouts 2 and 3 of 70 contractions in these three subjects, the time 

to peak ESEA (CK) was similar to that of ali other subjects in the 

two groups. 

*'mn The peak amplitude of the L I I I ~ ~  cmme of ESEA decreased 

significantly (p 5 0.05) compared with the initial ESEA peak in both 

groups fotlowing subsequent exercise bouts after the first. There 

was no significant difference in peak ESEA between the second and 

third exercise stimulus. 



COtiCENirliC SUBJECT ri 

Figure 3. Showing the real (m) and modeled (0--0) ESEA lime course in rnair: subjects 
following completion of concentric (1 -5) or eccentric (6-10j 70 muscie conirncliont; 
set, respectively on 3 occasions 10 days apart. 



LCCEIITRIC SUBJECT 17 

'-1 - 

Figure 3 continued. 



Modeiing Creatine Kinase Activity 

Figure 3 shows the result of modeling serial CK activity to 

achieve a least squares best fit of the time course of predicted 

measures of ESEA (CK) to those actually observed. Parameter 

definition A ( i U - L - I ) ,  k l  , and k2 ( m i n - 1  x10-4) for the two- 

component exponential iterative modeling is shown in Table 2. The 

R *  value, which is the fraction of the explained variance in y 

resulting from the prediction of y from the modeled values of x in 

the equation y = mx + c and the mean square error (MSE) for subjects 

1-1 0, are also shown in Table 2. 

Criterion Performance 

A one repetition maximum (RM) isometric contraction was 

serially measured daily following each 70 contraction bout of 

exercise until the pre-contraction level was reestablished. This 

measure, termed a criterion performance is shown in Table 3. The 1 

RM decreased following the first exercise session and recovered 20 

the pre-70 contraction value in 2-3 days for fnost subjects. 

However, subjects 2 (concentric group) and 8, and 9 (eccer:tric 

group) required 4-5 days before they were capable of achieving their 

pre-training torque. For the second and third training session the 1 

Rid equalled or surpasssd the pre-training 1 RM value by 1 or 2 days 

following the exercise stimulus. 



Average Torque 

Figure 4 shows the results of the average peak torque value of 

the 70 maximum muscle contractions for each training bout for the 

concentric and eccentric training groups. There was no significant 

difference in the average peak torque value between the two training 

groups or within the training bouts. 

Model Parameters 

Figures 5 and 6 show the mean values of the model parameters 

A, and k l  ar;d k2, respectively. There was no significant difference 

in any of the model parameters between the concentric and eccentric 

groups or between any of the training bouts. 



Table 2. Parameter definition A, (IU-L-I) k!, and k2 (min-I X I O - ~ )  for t h e  two- 

component C(r) = A (e-k l - t  - e-k2.f) exponential defining the time course of ESEA. 
- 
I he fraction of variance ( R ~ )  and the mean squared errar (MSE) of en~pirical ESEA of 
CK data points predicted from the theoretical model of ESEA are also shown. Subjects I- 
5 and 6-10 trained concentrically and eccentrically, respectively. 

Bout 

Subject 1: 1 
2 
3 

Subject 2: 1 
2 
3 

Subject 3: 1 
2 
3 

Subject 4 1 
2 
3 

Subject 5 1 
2 
3 

Subject 6 1 
2 
3 

Subject 7 1 
2 
3 

Subject 8 1 
2 
3 

Subject 9 1 
1 '  
2 
3 

Subject 10 1 
1 * 

2 

* due to a biphasic curve 



Table 3. 1 RM criterion performance (foot.pounds) for the concentric 
(subjects 1-5) and eccentric (subjects 6-1 0) training groups, 
respectively 

- - 

Bou! 

Subject 1 

Subject 2 

Subject 3 

Subject 4 

Subject 5 

Subject 6 

Subject 7 

3ubject 8 

3ubject 9 

subject 10 

P re Post Day 1 Day  2 D a y  3 D a y  4 Day 5 

- indicates data not obtained 



CON 1 

MEAN TORQUE, CONCENTRIC, E 
3 BOUTS EACH 

MEANS, SEM 

ECC 1 CON 2 ECC 2 CON 3 ECC 3 

Figure 4. Showing the average peak torque value and S.E.M. for the 70 
maximum contractions for the 3 training bouts for the concentric 
and eccentric training groups. 



Figure 5. Showing the average value and S.E.M. of model parameter A 
for the 3 training bouts with both training groups combined. 

Figure 6. Showing the average value and S.E.M. of model parameters 
k i  and k p  for the concentric and eccentric training groups for the 3 
training bouts. 



DISCUSSION 

Modeling the Exercise Response 

Oata from subjects 1-10 (Fig. 3) were fitted wet1 with a two- 

component model system, therefore confirming hypothesis one. 

Two subjects (8 and 9) who performed eccentric training found 

the first exercise stimulus extremely stressful and showed an 

extended ESEA time course before its return to base line. The model 

for these two subjects produced a poor fit throughout the middle 

period of the time course. A possibre physiological explanation will 

be discussed. 

When good coincidence (i-e., high R2) is achieved by iterative 

modeling of predicted against real values of CK in the serum, the 

predictive equation 4 becomes a valid representation of the real 

time course of the hypothesized components and model constants A, 

k l  and k2 may be determined. 

There was no significant difference in the rate constants k l  

and k2 between the 2 training groups or the 3 exercise bouts which 

does not confirm hypothesis two. However, in retrospect, 

physiologically this makes sense since the rate constants, k l  and k2, 

represent the rate of leakage and degradation of enzyme, 

respectively which are both processes and therefore shail!d nr;t 

change. However, the magnitude of the ESEA response should change 

with subsequent exercise bouts. The experimental peak amplitude of 

ESEA significantly decreased with subsequent exercise bouts. 



However, the model constant A which represents the magnitude of 

the ESEA response, was not significant different with subsequent 

exercise bouts, which does not confirm hypothesis two. The reason 

the former but not the later was significantly different is that the 

model constant A is composed of the rate constants k l  and k2 which 

could compound the amount of error which occurs. 

The model shows that with subsequent training the magnitude 

of the response decreases (perhaps due to the decrease in the 

number of focal damage sites) and that each focal damage site 

invofves the same process of leakage (k l )  and degradation (k2) of 

enzyme. 

In the present study the degradation rate constant of ESEA (CK) 

from the vascular space was found to range from k2 = 0.0003 -+ 

0.0007 min-1 (Tzble 1) which is of the same order of magnitude, 

expressed in minutes, as variously found for this parameter, (usually 

defined as k ~ ) ,  in post myocardial infarct patients ( k ~  = 0.0008 -+ 

0.002 min; Roberts et a/., 1975; 0.0002 -+ 0.0008, Shibta et a/., 

1985; 0.0006 --+ 0.001 09, Norris et a/., 1975 and Sobel et a!., 1972) 

and in runners after a marathon ( k ~  = 0.0012, Apple et a/., 1984) 

Conceptually, in the model, even as membrane porosity 

develops (mirrored by rising blood enzyme activity) it slows during 

the hours after the contraction stimulus ceases as holes are plugged 

o i  :epaireb. Concomitantly, eiiiyiriie leaked to the vascular space is 

cnntinwus!y degrzded or otherwise effiuxec! from the blood. The 

former process is represented by f(t) and the latter by F, in Fig. 1. 

Figure 7, representing equation 4 below, shows this clearly. The 

rising front of the serum CK activity time curve above baseline 



shown by the middle curve in Fig. 7 is driven by enzyme leakage to 

the vascular space controlled by the fast rate constant kt of 

equation 4 shown in the bottom curve of Fig. 7. The degradation rate 

of enzyme activity from the blood is dominated by the rate constant 

k2 shown in the top curve Fig. 7 representing, in the later stages, 

pure degradation or efflux of enzyme from the vascular space (see 

coincidence of top and middie curves of Fig. 7 as time becomes 

large) as exercise-induced leakage into the vascular compartment 

diminishes. 

Where equation 4 is: 

where 

A = a-k l lk2-k l  

and 

a = potential amount of enzyme loss from muscle due 

to actions set in !rain by the high intensity 

exerciss exercise stimulus. 

k t  = rate constant for enzyme leakage 

k2 = rate constant for CK degradation 

Cft) = enzyme activity (IU-L-1) in blood above base line. 



Figure 7 ' Show ing how the process of enzyme leak to, and 
degradation from: the vast=u!ar space may be represented by first 
order differential equations whose difference at any point in time 
describes the time course of ESEA (middle curve). The fast rate 
corstant ( k j )  controlling leak of enzyme from the muscle to the 
vascular space is shown in the lower half of the graph and the slow 
rate constant (k2) controls degradation of ESEA from the vascular 
space and is shown in the top half of the graph. 

Flow Pattern of CK 

The early t ime course zf €SEA responding to a single large 

dose of exercise must reflect the kinetics of cell membrane damage 

fofiowing enzyme istease from the muscle cell. The model described 

in th i s  paper, shown in fig. 2, assumes that an exercise-induced, 

enhanced CK release from muscle occurs as a potential impulse and 

is delivered principally to the vascular space (possibly via the !ytnph 



system) from which it is continually degraded and plasma CK returns 

exponentiaiiy to base iine when the effect caused by t h e  disruptive 

exercise stimu!us declines. Figure 7 illustrates the influx, jkl j, of 

CK into the vascular space and the continual degradation (k2) of CK 

from the vascular space. The empirical time course of CK elevation 

for all subjects in Fig. 3 shows that most had an immediate onset 

(<4 h) of ESEA (CK) after each exercise session indicating that 

~e f l i i t a i  loss of CK to t h e  vasciffiir compartment is immediate and 

not all of CK leaking from the damaged muscle is transferred to 

blood via slow lymph flow as indicated by Lindena et. a/.  (1979). 

The present model characterizes the time course of developing 

muscle cell membrane instability and recovery induced by exercise 

from the expression of ESEA in the blood (Fig. 7). A legitimate 

regulator of these processes therefore must possess an even faster 

time course than ESEA (CK) resulting from a disruptive exercise 

stimulus. 

Delayed or Biphasic €SEA Time Course 

A biphasic or delayed shape of the ESEA time course in which a 

delayed high ESEA peak has been observed developing many hours or 

even days after the precipitating exercise s t i m u l u s  (Armstrong, 

1990; Clarkson and Tremblay, 1988; Newharn et a/., 1986a). This 

observation may be due to the restricted access that phagcscytic 

activity has to more severely damaged muscle loci until repair of 

the surrounding lymphatic or microvascular circu fat ion takes piace. 

Suval et al. (1987) demonstrated areas of no flow in the 



rnicrocircufation after induced ischemia followed by reperfusion in 

rat skeletal muscle. Norrna!ty phagocytic action by monocyte 

invasion of damaged tissue occurs 3-4 h following exercise when 

their digestive action probably begins to dominate the disruptive 

process resulting in an ESEA. Exercise involving unaccustomed high 

muscle tension e .  eccentric contractions) may result in enough 

local tissue disruption or lacat hemorrhage to restrict or stop local 

blood flow. Thus the defayed response in ESEA observed in subjects 

8, 9, and 10 (Fig. 3) which is similar to previous observations 

(Armstrong, 1990; CIarkson and Tremblay, 1988) may be due to just 

such an effect. Untit locaf blood flow is slowly re-established an 

ESEA effect from the damage may not be apparent. It is possible 

that the revascufarization of focal damage sites would also occur at 

various times depending on the different extent of the focal damage 

at each site. 

Several other subjects (subjects 3, 4, 5, 6, and 7 of Fig. 3) 

exhibited a series of inflections during the time course of ESEA. 

These inflections may be caused by a similar mechanism as 

described above. However, another explanation is also possible. If 

CK is transported to the vascular space predominantly by the 

lymphatic system (tindena et af., 1979), an increase in lymph flow 

(containing a basal level of enzyme) would cause a small increase in 

ESEA. fn fact, following massage therapy ESEA is observed (Arkko et 

a!., 1983) and possibly is due to increased flow of lymph fluid into 

the vascutar space as a result of the manipulation. In the present 

study, it is possible that the maximum muscle contraction produced 

during the criterion performance (1 RM) increased lymph flow (in 



this case high in leaked enzyme) to the vascular system. The end 

result wculd be an injection of enzyme-rich lymph fluid to the 

vascular system causing an inflection in the pattern of ESEA. The 

irregular inflections in the pattern of ESEA observed in the above 

subjects of Fig. 3 were commonly observed in the blood samples 

immediately following a criterion performance. 

DefayedfBiphasic Response of ESEA 

Several investigators (Armstrong, 1990; Clarkson and 

Trembfay, 1988; Newharn et a/., 1986a) have documented both the 

delayed response in ESEA following an eccentric stimulus together 

with a significant decrease in peak ESEA in subsequent similar 

exercise session, The present study observed a training effect in 

eccentric trained subjects 8, 9, and 10 (Fig. 3) unlike any previously 

documented data. These subjects exhibited a delayed/biphasic 

response after their first training session. However, in any 

subsequent exposure to an exercise session these subjects presented 

a monophasic peak ESEA (CK) similar to all other subjects, with the 

peak ESEA occurring between 12-20 h post-exercise. A criticism of 

the earlier studies (Clarkson and Tremblay, 1988; Newham et a/., 

1986a) is that a blood sarnpre was taken too infrequently (i.e., once 

per day), and for too short a time period (up to 5 days), foflowing the 

initial intensive, exercise stimulus for these isolated data points to 

define the pattern of ESEA time course accurately. It is possible, 

therefore, that the time delay or the appearance of the biphasic 



response af ESEA cbserved in the present experiment may have been 

missed in prior investigations. 

ESEA Response to Exercise 

Notably, a repeated dose of the same contraction torque (Fig. 

4) 10 days apart produced a decreased physiological response In the 

muscle. Exercise sessions 2 and 3, respectively, produced a 

significantly (p 5 0.05) lower peak ESEA value than session I .  There 

was a trend in the group mean peak ESEA value to decrease during 

successive exercise trials, however the difference was not 

significant. These findings are consistent with other studies 

(Brynes et at., 1985; Clarkson and Tremblay, 1988; Graves et a/., 

1987; Triffletti et al., 1989) involving two training sessions spaced 

10 days to 6 months apart in which an ameliorating effect of the 

exercise session on the physio!ogical/biochemical response to a 

succeeding exercise bout occurred. The adaptive process leading to 

a decreased level of ESEA following subsequent isolated training 

sessions observed in the present study and the other previous 

studies is also visibte dtfring chronic endurance training (Banister e t 

a .  1992; Dressendorfer and Wade, 1983). This adaptive process 

accounts for the lower level of peak ESEA in trained compargd with 

untrained individuals after strenuous activity (Noakes and Carter, 

1982). 



Criterion Performance 

Clarkson and Trembiay (1988) showed performance, as 

determined by 1 RM isometric contraction, was impaired in subjects 

following 70 maximum eccentric forearm contractions. The presmt 

study also determined performance using a 1 RM isometric 

contraction, however performance was only impaired following the 

initial exercise bout in eccentric trained subjects 8 and 9. Despite 

obtaining high levels of ESEA, all other subjects regained their pre- 

exercise torque values immediately or within the next day following 

the 70 maximum contractions. The apparent contraction in the 

impaired performance between the previously described 

observations is that these exercise bouts, which result in muscle 

damage severe enough to induce ESEA, may be so focal in nature 

(Armstrong, 1990) that the overall function of the muscle is not 

impaired. 

Hypothetical Rationalization of the Exercise-Induced Degradation of 

Muscle 

The seemingly irrational exercise-induced degradation of 

muscle described in this thesis may be in fact a rationals respanse 

inducing adaptation of muscle to a new level of activity after an 

initial induced protein catabolism. Mader (1983) has described the 

induction of a transcription-translation activation feed-back circuit 

from so-called protein specific fragment (PSF) formation. These 

PSFs result from a wide variety of proteins escaping from the 



damaged area after intense exercise such as myogfobin (Roxin et al., 

3984; iviunjal ef a/., 1983), CK (Noakes, i987), or myosin heavy chain 

fragments (Mai: et al., 1992). Generally developed ideas on the 

regulation of both nuclear and mitochondria1 gene expression by 

contractile activity of muscle (800th and Thomason, 1991 ) also 

argue that degradation precedes growth and the organism does not 

perceive the need for the latter until the former occurs. Fisher et. 

a/ .  (1990) observed a marked catabolic response where total protein 

content decreased (27 %) within 48 h in rat skeletal following acute 

blunt trauma. In the same study, muscle protein accumulation 

commenced after day 3. However, complete repletion of the lost 

protein did not occur until day 21 post-injury. Thus, it appears that 

enhanced physical performance is only attained by initially 

stimulating an exaggerated catabolism, sparked by exercise 

induction of several types of digestive enzymes. 

Therefore, the exercise-induced degradative action upon 

muscle may be an adaptive response to exercise, hence skeletal 

muscle damage may be an inappropriate term. 

Limitations of the Model 

The two-component model used to account for the rise and 

subsequent decline ESEA has limitations. First, the model assumes 

that there is loss of muscle enzyme directly to the vascular space or 

to the interstital space from where lymphatic collection 

subsequently transports enzyme to the thoracic duct. An emphasis 

on the former process has been rationalized from considering the 



relatively slow lymphatic flow (Herrnens et a/., 1982) compared 

with the vascular flow rate and the demonstrated increased vascular 

permeability observed during exercise (Suval et a/., 1987). Hence, 

the model does not distinguish between the relative contributions 

made by these two compartments respectively to ESEA. 

Lastly, the model does not yet distinguish precisely between 

the postulated processes of membrane disruption and repair since: 

both are represented here by the single rate constant k l .  
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APPENDIX -i Developmert: of the ESEA Model 

muscle space vascular sp 

where a = the poteritiai quantity of enzyme (activity) last to t h e  
vascular space by the physiological/biochem tcal event set in 
truin by the disruptive exercise st imulus .  

x1 and x2 are the quantity of enzyme in the cell and vascukr space, 
respectively. 

k l  and k2 are rate constants of enzyme loss (quantity) from the cell 
space and vascu tar space, respectively. 

t = time domain 
s = s domain 

T h u s  the rate of enzyme loss from t h e  cell space is: 

d x l l d t  - - -kl . x l  ( I f  

and the rate of degradation of enzyme from the vascular space is: 



Substituting from (4  f tor XI in (2): 

Solving for xzfs): 

x ~ i s )  - - akliis + klj js + k2) 
and: 





APPENDIX 2 Actual and Predicted Data 

Subject #I Cunceniric 

Time 
!hJ 

O.CO 
1 .OO 
f .25 
5.25 
5.50 
6.30 
9.75 

19.00 
13.00 
13.50 
16.30 
17.50 
18.30 
21 .ti0 
24.50 
26.00 
27.75 
30.00 
32.59 
34.00 
36.50 
37.50 
41.75 
42.00 
44.50 
46.00 
50. 00 
51 .OO 
55.50 
57.00 
58.80 
61.25 
62.50 
69.00 
70.30 
75.00 
77.50 
82.00 
8 4 . 7 5  
87.00 
94.30  
55.75 

202.75 
105.75 
107.00 
119.50 
120.00 
:25.75 

Serum Greatire Kinase Activity ( iUR) 

Actual Predicted Actual Predicted Actual Predicted 
Bout 1 

$ 9 6  
21 7 

4 0 4  

1464 

f 551 

1423 

1342 

1137 

(30 1 

81 0 

3E 1 

287 

202 

$92 

21 8 

1 4 2  

Bout 2 

5 0 

141 

3 7 4  

51 5 

586 

624 

6 3 3 

61 2 

567 

537 

474 

416 

367 

3 3 5 

283 

249 

203 

163 
1 4 3  

108 



Serum Crealine Kin= Aciivitv (iU;L) 
Actuaf Predibed Ac!uaf Predicted Actuai 



Subject # 3 Conceiitric 

Semm C r e d i ~ e  KInxe Activity liURJ 
T 
I I C . ~  Actua! Preiided Aclval Predicted Actual Predicted 

f fr j 20ut 1  out; b u t  ? Bout 2 Bolit 3 Bout 3 



Subject n" 4 Concentric 

Serum Crealine Kinase Activity (iC1:k) 
Time Actual Predided Actual Predicled Actual Predrcted 
[h j  Born 1 ~ o u l i  Bout 2 Bout 2 Bou? 3 Pout 3 



Subjec? # 5 Concentric 

Time 
!h) 

0.00 
0.075 
1 .oo 
4.00 
5.75 
6.25 
10.50 
10.75 
12.75 
18.50 
24.00 
24.25 
25.50 
28.50 
30.25 
31.25 
35.00 
36.25 
43.50 
47.75 
48.75 
49.75 
53.50 
56.00 
58.25 
67.75 
71.75 
72.25 
73.75 
97.75 
121.25 

Serum Creafine Kinase Activity ( iUlLf 
Actual Predicted Actual Predicted Actual Predicted 
~ ~ u t  1 eoutl h u t  2  out a BOM 3 b u t  3 



Subject #6 Eccei;tric 

Serum Creatine Kinase Activity (iU?%) - 
i ime Actual Predicted Actual Predicted Actual Predict4 
(hf Bout 1 Boot1 Bout 2 Bad 2 Bout 3 b u t  3 



Subject #7 Eccentric 

Serum Creatine Kinase Activiiy (iWLj 

Actual Predicted Actual Predicted Actual Predicted ~. . 

!h) E O U ~  I B O U ~ ~  b u t  2 B O U ~  2 BOU~ 3 b u t  3 



5 6 

Subject $8 Eccentric 

Senrm Creatine Kinase Activity (iU/L} 
Aciua! Predicted Aziuai Preciicieci A c t u a t  Predicted 
aotrt 1 BOU~I &tut 2  out 2 Bout 3  out 3 



5 7 

Subject #9 Eccentric 

Ac!oal 
Bout 1 

14 1 

149 
198 

292 
3 4 9  

321 

306 
27 1 

21 3 

20 9 
23 1  

197 

228 
285 

599 

850 

1035 

747 
461 
294 
21 0 
183 
175 

Sertlm cZrea!ine Kina- Activity (iUR) 
Preciicted 

b u t  2 

175 

I89 

23 3 
259 

348 

285 

282 

300 

21 4 

204 

195 

196 

164 

139 

14L 

146 
139 
122 

129 
126 

11 5 
11  5 
122 

156 
1 3 6  

Bout 2 

5 0 

8 5 

159 
21 6 

284 

3 3 8 

334 

31 0 

254  

242 

208 

1 6 6  

1 5 8  

1 3 %  

112 

108 
9 7 
8 3 

8 1 
7 5 

6  6 
5 8 
5 5 

5 2  
5 1 



Subject #I 0 Eccentric 

Time 
( h )  

0.00 
0.75 
1 .oo 
3 .Z5 
4.00 
4.50 
7.00 
7.25 
8.50 

10.75 
12.00 
12.50 
15.50 
21.25 
23 .SO 
24.00 
29.00 
30.00 
30.25 
35.30 
36.25 
40.25 
45.25 
47.30 
49.00 
51 .50 
52.30 
52.50 
58.50 
59.25 
63.50 
71 .OO 
75.00 
76.80 
84.30 
88.00 
92.00 

101 -00 
129.00 
l4E(.OO 
172.00 
21 7.00 

Serum Creaine Kinase Activity (iUK) 
Actual Preciiaed Actlial PrdicZed Actual Pfed~ctel 
Bout 1 Bout1 Bout 2 Bout 2 Bout 3 Bout 3 


