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SUMl\tIARY

Extensive disruption of muscle fibres has been shown to occur after short term eccentric
exercise 'Wperehigh mechanical forces are generated. This study tested whether downhill
running acts as a etimnlus for mducing eccentric, damage, and results in greater muscle •
damage and deteiioration in. muscular performance than an equal workload of uphill
running. The study aimed at determining whether an. adaptation or training effect takes
place such that the muscle is more resistant to the damaging effects of a repeated bout ~f
the same exercise. In. addition, the study aimed at determining-whether the lower muscle
volumes and forces of muscular contractions in females compared to males, makes
females less susceptible to the damaging effects of eccentric contraction.

Twelve su~iects (six males and six: females) ran uphill at a gradient of 10 degrees at 10
kmIh, for 30 minutes. One week later, the subjects ran downhill (gradient of..lO degrees)
at the same workload of 10 km/hr for 30 minutes. After a week of rest, the subjects
repeated the downhill run. Pre-exercise, post-exercise, and 24 hours post-exercise,
plasma creatine kinase levels as well as strength and endurance values of the hamstrings
and qua", :'iceps muscles were measured.

After tlu eccentric contractions of the first downhill run, the muscle; '~f'came sore, the
b.1'm.'.I~ingand quadricep muscles lost inherent force a;pd endurance producing
ca)!aK"les, -nd $ LOwed a marked release of creatine kinase into the blood. The lower
muscle volumes and forces of contraction in. female subjects, compared to males, does
not make females Eess susceptible to the damag;ng\z.(fect and subsequent plasma creatine
kinase response of eccentric exercise. However, with respect to the torque produced at
an angular velocity of 180 ~'Isec, the female hamstrings are more ,.meto be damaged by
uphill running than the male hamstrings, The greater body fat and therefote greater dead
weight carried uphill by the female runners could result in greater hamstring strain and
and subsequent muscle strain and loss in performance.

The eccentically induced muscle damage is progressive in the post-exercise period before
tissues are repaired, Among the factors that may influence the damage and repair
processes are, calciam, connective tissue, and cyto-skeletal and myofihrillar proteins.

The initial bout "f downhill ...unning resulted in a muscular adaptation leading to a
reduction in sorecess, performance decrements, and a markedly reduced elevation in
plasma creatine k:nase levels after the second downhill run, one w(:ek later. Several
hypotheses have been presented to explain the muscle adaptation that occurs after the
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initial dOWliliill running session. Stress-susceptible fibres or susceptible areas within a
fibre may be eliminated and then regenerated, or muscle fibres, and/or connective tissue
may be strengthened with an initial bout of downhill. running, A creatine kinase inhibitor
may have r.<eenreleased along with the creatine. kinase into the blood, ~p.dthe presence of
this inhibitor would therefore decrease the amount of creatine kinas~1released from the
muscle after a further eccentric insult. In addition, exercise enhanced d~do:rphi.n secretion •

, , i·

and the subsequent presence of these endorphins could. provide an ~nalgesic effect, so
minimising the sensation ofDOMS after the second downhill run.
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INTRODUCTION
;.,_'_

»The controversy of whether It is easier to run uphill or downhill.has probably existed ever since

man began running long distance races against each oilier, and was possibly-even discussed

enthusiastically by the ancient Greek athletes.

The Comrades Marathon 'down' run from Pietermaritzburg to Durban takes the form of a

gruelling 93 kilometre run and a 914 m descent in altitude to sea level. The 'up' run takes

exactly the opposite route, starting inDurban and ending in Pietermaritzburg, but with a climb

of914 In. Again, the debate continues : Is the 'down' runeasier than the 'up' run? A conclusion
',\ \_, ,I ,

is not drawn easily, since the winning 'up' time is very similar' to that of the winning 'down' run.

After his first 'down' Comrades victory in 19~2".Bruce Fordyce remarked that the 'down'

Comrades was l;Ifdf a-race, but a "survival tn}l,j .lUces;1988).
\, !\

The natural preJhm.ption that it is easier to run c.'lwnhill is made on the assumption that the

runner is "gaining free energy" by converting the free potential energy (free to the runner) into

kinetic energy, merely by running downhill However, the negative effects on the body induced

by running downhill have now started to become evident (Armstrong, 1984; Burnes, 1985;

Clarkson, 1986; Friden, 1984). It was, therefore, the aim of this study to investigate some of

the negative effects that downhill running has on the human body.

The negative external work of continual downhill running, results in temporary, repairable

muscle damage with an associated decreased muscle force generation and increased serum

creatine kinase activity and muscle soreness (Friden, Sjostrom, Ekblom; 1983). The eccentric

muscle contractions of downhill running, are associated with a DIach lower energy expenditure

than the corresponding positive, concentric work of uphill running, and therefore fatigue

probably has less of a limiting effect on muscle performance during downhill running than

uphill running. Any effect of downhill running on muscular performance is probably more

related to mechanical stress than anything else (Armstrong, Asmussen, Davies, Newham;

1986).

Evidence of damage includes disruption of muscle fibres, disturbances of the cross striated

band pattern, increased clrcu1ating levels of muscle proteins, and changes involuntary strength

and contractile properties in the immediate post-exercise period (Clarkson, Kroll, Graves,~----~~--~~~~~~--~--------~-----Department ofl'hysiology, UiUversity of the WitwatersrlUld
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Rec~i((1982). Based on ultra-structural analyses.of sore.muscles, Friden, .Sjostr~ln, Ekblom,

19S3, have proposed that tearing of tlM~contra',,'t~ei-components of the fibres may release

prote;<i· associated ions. The resultant increased osmotic pressure causes muscle oedema which
( I

activates diffuse pam carrying group IV sensory neurones,

I)

The presence of muscle enzymes in the plasma is commonly taken as an indication of some

form of muscle damage either inmuscle disease (Newham, Mills, Quigley, Edwards; 1983) or

following exercise in. normal subjects (Fowler, Gardner, Kazemnian, Lauvstad; U!68). The

release after exercise is thought to be analogous to the release of cardiac enzymes after. an!

infarct where the magnitude .of the release is an Indication of the size of the infarct and the

plasma levels reach a maximum some hours after the damage has occurred (Gordon, Buncke,

Townsend; 1978). Similarly, the release b{ skeletal muscle en~es is thought to be

proportional ~othe intensity and duration of the exercise (Apple, Heli.,te'rt;- Clarkson; 1988),

and in the majority of studies, the evidence suggests a similar time course to that seen after

cardiac damage (Apple, Rogers, Sherman, Ivy; 1~S4).

o

A comparison between concentric and eccentric contractions reveals that at comparable

velocities, eccentric contractions can resu:.~.,.in far greater external force development

(Asmussen; 1956 and Komi, Viitasalo; 1977). Similarly, at comparable force developments,

ecc;,lfitriccontractions result in much lower integrated electromyograms (Asmussen; 1956 and

Komi, Viitasalo; 1977) suggesting that fewer motor units are recruited in eccentric

contractions to produce the same force as concentric contractions. At comparable power levels

(work per unit time), the energy cost of eccentric contraction is considerably lower (Amussen;

1956, Davies, Barnes; 1972 and Knuttguh.; 1986). Inkeeping with this, all related physiologic

responses are lower, tor example, heart rate, cardiac output, pulmonary ventilation, respiratory

exchange ratio, muscle blood flow, and muscle temperature (Asmussen; 1977, Davies, White;

1981, Knuttgen; 1986, Thomson, Sweetin, Hamilton; 1975).

Downhill running often results in, delayed onset of muscle soreness (DOMS), which is at the

least, unpleasant and may at times be debilitating (Friden, Sjostrom, Ekblom, 1983; Friden,.
Seger, Sjostrom, Ekblom, 1983; Komi, Buskirk, 1972; Newham, 1988; Newham, Jones,

Clarkson, 1987; Newham, Jones, Edwards, 1983). Therefore, it would seem to be desirable

from a practical and functional point of view to minimise, ifnot actually prevent, DOMS. It has

been observed that exercise-induced DOMS is experienced more ofte-nand in PTeater severity

Depart-neat ofl'hy;iology, Uaiversity oftho Witwatersrand



in individuals who seldom exercise than in regular exercisers. Similarly, perfoImance of an
"

exercise bout that induces muscle damage, results ill a. rapid. adaptation of the ruscle, which

causes the muscle to be 'IU()1e resistant to the damaging effects of a repeated bout of the sai1lle

exercise (Priden, Sfakianes, Hargens, Akeson, 1988; Frlden, Sjpstrom, Ekblom, 1933; Friden,

Seger, Sjostrom, Ekblom, 1983; Komi, Buskirk, 1972; Stauber, Fritz, Vogelbaeh, Dahlman,

1988; Byrnes, Clarkson, White, Hsieh, Frykma», 1985; Davies, Qunitatillha, Brookes, Packer,

1982).

Therefore, the aim of the study was threefold :..

(i) To use the downhill running model to induce eccentric muscle damage so as to

investigate the time required, compared t9 uphill exercise, for ehanges in serum

enzyme activities I?nd delayed muscular soreness to occur, as well as the effect of

such an exercise bout on subsequent dynamic skeletal mustle function.

Furthermore, the study was designed to determine whether there was a correlation

between the amount of increase in serum enzyme activity and the magnitude of

muscular soreness sensation.

(ii) To determine whether a repeated exposure to eccentric exercise (downhill running)

reduces the damaging effects of eccentric exercise.

(ill) To deterntil!e"WHe'ther the lower muscle volumes and forces of centraetisn in

female subjects, compared to males, makes ftemalesAess susceptible to the effects of
. "
\" .. 'eccentric damage.

_, .....--------------r::'-.-------------------DcpartnllXlt of:atysioiogy, Univet'&i.Y ol'the Witwa!etSrand
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2. LITERA'I'URE REVIEW

Exercise, especially unaccustomed strenuous. activity, can result in damage to muscles.

Evidence of damage includes morphological changes (Armstrong et al, 1983; Friden 1983,

1984; Friden et al, 1981, 1983b, 1984; Jones et al. 1986; Newham et al, 1983b), delayed..onset

muscle soreness and pain (Asmussen 1956; Robbert et.al, 1986; Byrnes et a11985; Clarkson •
et a1. 1986; Edwards et at. 1981; Schwane et al1983r), performance decrements (Davies &

White 1981; Howell et at 1985; Jones et at 1987; Komi & Viitasalo 1977; McCully &.

Faulkner 19~5~Newham et al. 1983c; Talag 1973), and elevation of muscle protein levels in

the blood, especially creatine kinase (Byrnes et al. 1985; Clarkson et at. 1985, 1986; Evans et

al, J986; Hunter & Critz 1971; Newham et at 1983a; Nuttall & Jones 1968; Ross et al, 1983).
,- '-J

Exercise-induced muscle damage is not permanent and tissues are repaired (Friden et al, 1981,

1983a, 1984 ;Warhol et at 1985). Moreover, muscles adapt to the stress of repeated exercise

such that subsequent bouts of exercise result in little or no damage (Byrnes et al, 1985;

Clarkson et al, 1985, 1987b; Clarkson & Tremblay 1988; Newham et al. 1987). Neither the

precise cause of skeletal muscle damage induced by exercise nor the mechanism to explain the

adaptation to training and repeated bouts of exercise are well understood. This, review will

outline the proposed mechanisms of exercise-induced muscle damage and repair, the common

indicators of exercise damage, and the adaptation response to exercise training.

G

2.1 INITIAL CAUSE OF EXERCISE DAMAGE

o

Many types of exercise have been shown to produce muscle damage (Abraham

1977; Apple et al, 1987; Armstrong et al. 1983; Robbert et at 1986; Byrnes et al,

1985; Clarkson et a11985; Davies & Whf(i;e 1981; Priden 1983; Jones et al. 1987;

Knuttgen 1986; Komi & Viitasalo 1977; Newham et al. 1983a). DllJ.'t;lge has been

observed after isometric exercise (Clarkson et: M. 1982, 1985, 1986, 1987a),

marathon running (Apple et al. 1984, 1987; Siegel et al. 1981; Warhol et al. lOSS),

and eccentric muscular activity (Armstrong et at 1983; Byrnes et al. 1985;
,i

CWks~n & Tremblay 1988; Friden 1983; Newham et al, 1983a, 1986, 1987;
I

Schwane i"i< Ill. 1983a). Two basic mechanisms have been offered to explain.how

exercise imtiates damage. One mechanism describes a disturbance in metabolic

function, and the other addresses a mechanical disruption of the cell.

Depurtmeat ofl'hysioiogy, tJirlversity ofthe Witwatersrand -----------' .....-_
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2.1.1 Proposed l\letabolie Meclianisrns
(

-During prolonged sabmaximal exercise, ATP deficiency and waste

accumulation have been proposed to' explain muscle damage (Armstrong

198<1\1986; Byrnes & Clarkson 1986; DeVries 1966; Irintchev & Wemig

1987).

If metabolic waste products were primarily responsible for exercise-induced

muscle damage, then muscles which contract concentrically and fatigue

more quickly would show more damage than muscles that develop active

tension eccentrically, Armstrong et at (1983) compared skeletal muscle

damage following eccentric (downhill running) and concentric (uphill

running) exercise in rats. Running downhill had a lower metabolic cost and

produced greater evidence of muscle damage than running uphill. Schwane

et al (1983b) compared delayed-onset m.usc~¢soreness and blood lactic acid

concentrations following level and downhill running inhumans, Lactic acid

concentration was significantly increased during level running, but subjects

did not experience delayed-onset muscle soreness. Contrarily, lactic acid

was not elevated in downhill runners, but subjects experienced significant
"delayed ..onset soreness. Also, indicators of muscle damage h~vr been

observed in rats following low intensity treadmill exercise with no f,~evation

in blood lactate (Kuipers et at 1983). Lactic acid does not seem to be a

primary agent in the production of muscle damage.

2..ji ,2 Proposed Mechanical Mechanisms
o

Many researchers base their arguments against metabolic hypotheses on the

finding of greater damage following eccentric muscle actions (negative

work) compared with concentric contractions (positive work) [Amlstrong

et al. 1983; Knuttgen 1986; Newham et aI. 1983a,1>,0 1986; Talag 1973].

Muscles that develop active tension eccentrically require less energy but

experience greater injury than muscles that contract concentrically, as

indicated by morphological changes (Armstrong et al, 1983; Newham et al,

1983b), delayed-onset soreness (Newham et al, 19830, 1986; Talag 197:3),

i\
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performance changes (Newham et a1 1983c; Talag 1973), and increases in.

plasma proteins (especially CK) [Armstrong et al, 1983; Newham et al

1983a]. EMG activity also is lower during negative work (maximal and

submaximal) suggesting that relatively fewt-r fibres are recruited to produce

large forces (Bigland-Ritchie & Woods 1976; Rogers & Berger 1914).

Therefore, under comparable workloads, eccentric actions produce greater
•

tension per cross-sectional area of active muscle than concentric

contractions.

To compare eccentric and concentric exercise, several studies have

employed a step test (Newham et at 1983 a.b.c; 1986). During the test, the

quadriceps of one leg performed only concentric contractions by stepping

up, while the contralateral muscles developed active tension eccentrically by

stepping down. Following the step test, no ultra-structural abnormalities
\

were seen. in the muscles that had contracted concentrically (Newham et al,

1983b~ The muscles that had developed active tension eccentrically,

however, showed marked myofibrillar disorganisation (Newham. et al,

1983b). Maxinnrm voluntary force decrements and pain were also greater in

these muscles (Newham et al, 1983c).

o

Although there was a greater increase in electrical activation for a given

muscle tension following concentric compared with eccentric stepping,

there was no evidence of spontaneous electrical activity when the muscles

were at rest (Newham et al, 1983c). This observation contradicts thf? spasm

theory of Devries (1966).

o
Eccentric muscle actions have been shown to produce more heat than

concentrir contractions at the same workload (Davies & Barnes 1972;

Nadel et aI. 1972). These elevated temperatures could damage structural

and functional components within the cell. There is evidence from,
myopathy conditions that elevated temperatures can cause severe

rhabdomyolysis (Bartsch et al. 1977). In the case of malignant

hyperthermia, muscle temperatures can increase markedly causing

degeneration and necrosis of muscle fibres (Gronert 1986).

Department afl'hysiology. Uhlversity of'theWitwatem-and
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2.2 MORPHOLOGICAL CHANGES

o

Histologicsl and ultrastructural analyses of muscle samples provide the most direct

evidence of'muscle damage (Armstrong et.al1983; Friden 1983, 1984; Frid6n et al, •
1981, 1983a,~:, 1984, 1986; Hoppeler 1986;, .Jones et al, 1986; McCully &

Faulkner 1985~ Newham et al, 1983b). In normal skeletal muscle, the Z-disc

wppears as a well organised woven basket or square lattice (Hoppeler 1986).

;Electron micrographs have shown marked broadening, streaming, and, in places,

)otal disruption of Z-discs following eccentric exercise (Frirlen 1983, 1984). In

,fact, changes to the Z-disc are the most commonly found abnormality, and. Frlden

et al, (1981) have suggested that the Z-disc may be the weak link in the

myofibrillar contractile chain. ill addition to Z-disc alterations, structural changes

include myofibrillar at.d sarcolemmal disruptions (Armstrong et al, 1983; Frlden et

at 1981~ 1983b), widening of the A- and l-bands (Armstrong et at 1983; Friden et

at 1983b; Newham. et al. 1983b)~ displacement of organelles (Friden et al1983b;

Newham et al 1983b), increase in mitochondrial volume density (Fri.d6n. 1984;

Friden et .It 1983b), and cytoskeletal changes (Friden et al 1984). Increased

cellular infiltration also has been noted (Armstrong et at 1983; Jones et al, 1986;

McCully &. Faulkner 1985; Stauber & Fritz 1988).

2.2.1 Sequence of Events

'\

110

l

The sequence of events associated with muscle damage and repair is not

well defined, due to different methods used to damage muscle and the

variable periods of assessment following the insult, Friden er al. 1981)

obtained. biopsies from the soleus muscle 2 and 7 days after an exercise

consisting of repeated stair descents. They found markedly less Z-disc

disruption on day 7 than on day :2 indicating tha, repair was taking place. In

kter studies (Friden et at 1983b, 1984), the same researchers founr.

ev'dence of immediate damage to the vastus lateralis following eccentric

cycle ergometer exercise. However, 3 days after exercise the damage had

progressed and separated myofibrils, swollen mitochondria, and cytoskeletal

Department ofPhysiotogy. lliliV:ttity orthe Wjl_wntftsl'and
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alterations were noted (Friden et al, 1983b). Lipofuscin granules indicative

of lysosomal activity (Friden et at. 1984) and polyribosome complexes

representative of protein synthesis and muscle repair (Friden et al, 1983b)

were seen in. areas of disruption. Fibres appeared essentially normal by day

6 after exercise.

o

Annstong et al. (1983) found sarcomere disturbances, cellu!s infiltration,

and fibre necrosis following downhill running in rats. Itn1.w:diately after

exercise, they observed a disarray of. banding patterns and sarcolemmal

disruption. Monocytes, macrophages and fibroblasts were evident 1 to 2

days after exercise. At this time, subsarcolemmal mitotic figures, likely to be

satellite cells, also were seen. Satellite cells may be sensitive to. muscle

damage and may increase in number or be activated even when the muscle

fibre is only gently compressed (Teravainen 1970). It is possible that

satellite cells move t\v·j.~site of injury, proliferate and become myoblasts,
I "

The myoblasts may -,je transformed into myotubes and ultimately

regenerated fibres (Cullen & Mastaglia 1982). In fact, myotubes have

provided evidence for regeneration 3 days after downhill running in rats

(Armstrong et aI. 1983a).

(i.....';:::~Ii

Similar results were reported by McCully and Faulkner (1985) following

electrically stimulated eccentric movements of mouse muscle. Structural

damage was followed by fibre degeneration and infiltration of macrophages,

Four days after damage was induced, myoblasts and myotubes were

evident. By 30 days, muscle fibres appeared normal,

Stauber and Fritz (1988) examined. cellular infiltration in rat soleus muscle

that had been injured by forced lengthening. They reported that

mononuclear cellular infiltrates, roost evident in damaged muscle between

24 ~1,O.d48 hours after injury, were not comprised mainly of macrophages, as,
suggested by others (Armstrong et al 1983). Rather, the cells were

myogenic in origin and were most numerous between the tom ends of the

fibres. Lymphoid cells were also found, suggesting an fnvolvement of

Department ofPbysiDlogy. University ofilie WilwatC!Sfood
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lynlphocytes inmuscle repair. At 96 and 120 hours after injury, myofibres

were observed in spaces previously occupied by mono ..nuclear cells.

:1

Using 2 different eccentric exercise protocols, Jones et al, (1986) observed

fibre necrosis and cellular infiltration in humans. Forearm flexors were

forcibly extended using a winch with a mechanical advantage of about 10: 1.

Calf muscles were exercised as the subject walked backward down an

inclined treadmill, Although there was variability in the response among

subjects: degenerating fibres and infiltrating mononuclear cells were not

evident until 7 days after exercise. By 20 days after exercise, many small

regenerating fibres with basophilic cytoplasm and internal nuclei were

present.

2.2.2 Mechuuisms of Morphological D~mage and Repair

The preceding evidence suggests that damage progresses in the postexercise

period, but is not permanent (Armstrong et aI. 1983; Friden 1983; Friden et

at. 1981, 1983b: 1984; Jones et al. 1986). Among the factors that may

influence the damage and repair processes are calcium (Armstrong 1984;

Busch et al, 1972; Clarkson & Tremblay 1988; l~riden et at 1983b;

(
to

~
Newham et al, 1983b'; So:t:~et al, 1986), lysosomes (FJriden 1984; Friden et

at. 1981, 1984; Salminen et at. 1984; Salminen & Kihlstrom 1985; Salminen

& Vihko 1980, 1983b, 1984; Vihko et al, 1979a,b), connective tissue

(Armstrong et aL 1983; Asmussen 1956; Fritz & Stauber 1988; Tullson &

Armstrong '1981),. free radicals (Alessio & Goldfarb 1988; Cooper et al

1986; Kanter et al, 1986, 1988), energy sources (Ni\}!lkes 1987; O'Reilly
,I( ,

1987), and cytoskeletal and myofibrillar proteins (Priden et al, 1984;

Lazarides et al. 1981; Reichsman et al, 1988).

II o

l
2.2.2.1 Calcium

Abnormally high levels of calcium (Cat") inmuscle cells can trigger a series

of events leading to necrosis (Baracos et al, 1986; Busch et ,aI. 1972;

Duncan 1978; Knochel 1981; Wrogemann & Pena 1976). These increases

could result from either lesions in the sarcolemma or a defect in the ability
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of the. sarcoplasmic reticulum to reuptake Ca*. Investigators 1,lava

hypothesised that when actin. and myosin are pulled apart during eccentric
"

exercise, the surface'membrane is damaged, allowing entry of extracellular

Ca++ (Armstrong 1984; Newham et al, 1983b). There is evidence to suggest

an association between Ca++ accumulation and sarcolemmal defects in

diseased muscle (Bodensteiner et at 1978; Cullen et at 1979; Cullen & •

Fulthorpe 1975; Rowland 1980). In fact, "holes" in the sarcolemma and

large areas without any sarcolemma have been observed in overcontzacted

fibres from. patients with muscular dystrophy (Schmalbruch 1975).

Increased Ca++ may cause mitochondrial swelling that would explain 'K) .
\ ",

\ '

increase in mitochondrial volume noted by Friden et al, (1983b). 'When Ca44
levels are high, mitochondria sequester the, excess Ca* to maintain

homeostasis, Thus, ea+!- overload causes reduction in oxidative

phosphorylation and a subsequent decrease in AlP (Cullen et al, 1979;

Wrogemann &. Pena 1976). Low ATP levels may initiate a cycle of events
\\

starting with impaired ability to extrude Ca-l+via ATP ..dependent pumps

(Armstrong 1984; Wrogemann & Pena 1976).

Accumulation of Ca++ in muscle fibres has been shown to induce muscle

damage (Baracos et al, 1986; Soza et aI 1986). Baracos et al, (1986) noted

that Ca++ influences protein turnover in incubated rat skeletal muscle. They

found that protein degradation was lowest when no Ca++was added to the

extracellular medium. and increased with increasing Ca-l+concentrations. In
addition, dantrolene, an inhibitor of Ca* release from, the sarcoplasmic

retic limn, reduced net protein degradation. Thus, it appears that en++ from

both extracellular sources and intracellular reservoirs can affect protem

turnover in isolated skeletal muscle (Baracos et at 1986).

'f'he damage caused by eccentric exercise resembles disruptions elicited by

CaH~activated neutral protease (CANP) [Busch et al, 1972J, After

incubating rabbit muscle in a Ca# solution for 9 hours, 'Busch et a1 (1972)

noted complete removal of Z-Jines. Myofibrils were then incubated in the

presence of Ca+:- and/or sarcoplasmic protein extract. Neither the Ca'" nor
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the extract alone caused Z-line degradation. However, when myofibrils

were incubated with both Ca++ and extract, Z-lines were remove. The

authors suggested the presence of a Ca++-activated sarcoplasmic factor

(referred to above' as CANP) capable of selectively degrading Z,lln,es. This

evidence Implies that CANP may be involved. in the extensive disruption of

Z..discs following eccentric exercise.

Ca* ..activated neutral proteases may also playa role in the repair process.
-',

There are 2 isoenzymes of Ca++..dependent proteases (Mellgren 1980). The

type 1 enzyme is activated at micromolar'concentrations of Ca++, and the

type 2 enzyme requires millimolar concentrations. In the presence of Ca+:",

both isoenzymes undergo partial autolytic proteolysis. These initial events,

allow increased Ca++ affinity and auto activation of the proteases, Thus,

there is increased proteolytic activity at physiologically attainable Ca*

concentrations. Proteins that anchor the cytoskeleton to the plasmalemma

are excellent substrates for Cai+udependent proteases, and Mellgren (1987)

has suggested that Ca++-dependent proteolysis may operate in some aspect

of cytoskeletal or cell membrane remodeling.

Several studies/have reported that exercise-damaged muscles spontaneously

shorten and that the shortening is not caused by an increase in electrical

activity (Brody 1969; Howell et al1985; Jones et at 1987). Clarkson and

p-i"
!i "

1
0
1\

r
J:

l

11·

Tremblay (1988) had subjects perform. repetitive eccentric muscle actions of

the forearm flexors and then measured the elbow angle as subjects stood

with their ann hanging relaxed at their side.

In an attempt to explain the presence of hyper contracted fibres in biopsies

from patients with Duchenne muscular nystrophy, Cullen and Fulthorpe

(1975) hypothesised that Ca++ influx: might cause excessive contraction of

some sarcomeres, This, in tum, would excessively stretch aqjacent,
sarcomeres, Some of the stretched myofilaments would be disrupted,

initiating necrosis.

De>.>llrtnlcntofPhyt>iology, University of the Witwnl.crsrOlld
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Brody (1969) reported a case study in which a patient experlffllced eXe,'icac;p.,.

induced contractures inmuscles that were eleetically normal at rest. Biopsy'

analysis showed a decrease in Ca++uptakesmg of microsomal protein, and

the author suggested a defect in the ability of the sarcoplasmic reticulum to

sequester Ca++ions.

It has)~een hypothesised that the muscle shortening noted after eccentric •

e:x;!,*6ise is due to an accumulation of Ca++in damaged fibres (Clarkson &

Tremblay 1988). There is some evidence that eccentric exercise produces

damage to the sarcoplasmic reticulum. Sigp~.r.;1ant decreases in force
'~_'.~'""

generation, particularly at low frequencies of electrical stimulation, have
<':::.::.:...~~

been noted (Davies 8iWhite 1931;Newham et al, 19830, 19B7; Sargeant &

Dolan 1987). This low frequency fatigue has been attributed to

sarcoplasmic reticulum damage causing insufficient Ca++release for force

generation (Newham et al, 1983c).

The Ca++hypothesis for muscle damage is attractive, but more investigation

is needed. Increased intracellular Ca'" concentrations in exercise-damaged

mascle'must be documented and the location of the defect identified.

2.2.2.2 Lysosomes

Several studies have noted an increase in activity of lysosomal e.uzymesill

exercised muscle (Saln?jnen et al, 1984; Salminen & Kihlstrom 1985;

Salminen & Vihko 1980, 1983b, 1984; Vihko et al, 1978a,b). 'The

activation of these enzymes as well as the role that lysosomes play in

exercise-damaged muscle is poorly understood. Invading phagocytes

certainly account for a large portion of the increased lysosomal activity

noted in histologically prepared tissue from exercised muscle (Salminen &

Kihlstrom 1985; Vihko et a1. 1987b). However, increased muscle cell

lysosomal activity may occur as well (Vibko et al, 1978b). High Ca++levels

can increase prostaglandin E2 production, which is known to increase

muscle lysosome function (Baracos et al, 1986).

\

f 0l
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In. several studies utilising a mouse model, investigators have noted an
I');'

increase in activity of acid hydrolases (most notably ~~glu.curonidase)

following exhaustive treadmill running (Salmine-a et at 1,984; Salminen &
1\.,.,,_,.\ ,,;," - Ii

Kihlstrom 1985; Salminen & Vihko 1980~ 1983a,.v, 1984; yiliko et al.

1978a,b). Salminen and Kihlstrom (1985) reported significant correlations

between B-glucuronidase and necrotic lesions In mouse muscle i~lIowmg 4 •

to 9 hours of running at 14.5 mI:mID~13-Glu.curonidaseactivity was highest :3

days after exertion and, at this time, a high proportion of lysosomal activity

was associated with cellular infiltrates due to inflammation.

Salminen and Vihko (1983b) found that mouse skeletal muscles are

selectively susceptible to exercise-induced damage. Mor.e necrotic lesions

were found in muscles that were located in non-expanding compartments.

They hypothesised that more damage may occur in these compartments due

to oedema causing tissue pressure, resulting in ischaemic necrosis. Also,

correlations between activities of .B-glucuronidase following exhaustive

exercise were highest between different muscles within a compartment,

rather than between different muscles in different compartments (Salminen

& Vihko 1983b). Lysosomal activation seems to accompany oedema and

may be involved in the process of ischaemic necrosis.

Contractile proteins also may become exposed to proteolytic attack of

lysosomal enzymes after a muscle is mechanically stressed (Friden 1984;

Friden et a1 1981, 1984). The increase in lipofuscin granules observed in

biopsies of human subjects obtained by Friden et aI (1984) 3 days after

eccentric exercise when compared with those taken immediately after

exercise supports this hypothesis.

To evaluate the role of lysosomes in myofibrillar and total protein

breakdown, Lowell et al, (1986) assessed the release of 3-metb.ylhlstidine
I

and tyrosine in perfused muscle of starved and fed rats. While 3-

methylhistidine is found exclusively in actin and myosin, tyrosine is found in

other muscle proteins, Inhibitors of lysosomal proteases did not affect the

efflux of 3Nmethylhistidine but inhibited tyrosine release. Although total

Dep:lrtmart of.Physio!ogy. Uirivereity otlthe Witwntcrsrlmd
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proteolysis, which primarily reflects non-myofibrillar protein degradation,

may occur within lysosomes, tt.e7}1ata suggest that l11yofibrillar protein
.=.I;

breakdown occurs via a non-lysosomal pathway. Although this study does

not support a lysosomal mechanism for myofibrillar damage, the in vitro

results cannot be directly compared with exercise-induced damage.

2.2.2.3 Connective Tissue

The high forces associated with eccentric exercise' stress the structural

elements in series between the cross-bridges and the muscle's bony

attachments, including connective tissue (Fridell 1983). Abraham (1977)
Ii

found elevated levels ofhydroxyproline, an amino acid found in connective

tissue, in the urine of subjects following soreness-induciag exercise.

i:-'

Prodircrs of collagen breakdown may act as chemotactic agents 'f'9!
., ..'<,.

monocytes to trav~F:tt:Jm the blood into the muscle (Armstrong et al.!)

1983). In fact, a significant decrease inmonocytes has been found in th~
blood of humans at 24 hours following downhill running (Schwane et a1

1983a). Tn rat muscle samples fixed for histology following downhill

running, monocytes remained achered to the lumin!.tlwalls of the venules,
(Armstrong et al, 1983). These cellsmay have been.fixed in the initial stages

of diapedesis into the interstitium. Upon entering the injured area,

monocytes are transformed into macrophages which then function in

phagocytosis. Infiltrating cells may cause further fibre degeneration as with.

inflammatory muscle disease (Mastaglia & Walton 1982). However,

because tissue infiltration occurs after peak enzyme release, Jones et at
(1986) have suggested that invading cells are a consequence, rather than a

11

cause, of damage and are acting to scavenge and remove debris.

Also, the animal work of Stauber and Fritz (1988) cited above suggests that

fnvading cells may be predominantly myogenic. Proteoglycans, major

components of connective tissue, are important for regulating the myogenic

process including satellite cell release, myoblast fusion, and myotube

Department of Physiology, Uaiversity of the Witwatersrand



D

(:;::,

o

Departmentof Ph.ysiology, Uhlversltyof the Wlf:wu_,':y\:.:.311;:.:d.;,;__ -:.....-----_"_"._;,;_--__;,;,.p.;;:;ag:::;..e..;_: .:_.15

orientation (Fritz & Stauber 1988). Thus" cOfiD.e~e tisS1J~ may have a

regulatory, as well as a structural, role in the damage and rep~ process,

Fritz and Stauber (1988) used immunohistochemica{~echni.q~~s to monitor

changes in proteoglycan localisation following forced loogiliening 0\ rat
//,

soleus muscle. In the extr(i~:~ roam" surrounding fibres from normal •

muscles, proteoglycans wei~ localised in the endomysium. Between 1 and 3

days after'injury, they were absent from 'this area. How~~~, \\ithitt 5 days
\.
\

of injury, pro~~9gtycan localisation was essentially normal, The researchers'

suggested tft:~_,.a:~extracellular matrix Is-important in repair by providing ~'I

~i7,Ucturalstab1lityfor regenerating cells.

2.2.2.4 Free Radicals
,,'
Ii

Free radicals are chemical species with one or more unpaired electrons in

their outer orbital making them highly reactive (Blake et sl, 1987; Machlin

& Bendich 1987). Lipid peroxidation initiated by free radicals decreases the

barrier function 01cell membranes and may be associated with muscle :fibt~

necrosis and enzyme release following damaging exercise. In addition, an

increase in the level. of free radicals may be related to loss of membrane

integrity of the sarcoplasmic reticulum and mitochondria (Davies et at
1982; Lovlin et at 1987).

Exhaustive exercise known to induce muscle damage has been shown to

increase free radical activity (Alessio &. Goldfarb 1988; Cooper et al1986;

Kanter et at 1986, 1988). Kanter et al. (1988) ~;ecent!ymeasured semm

malondialdehyde (MDA) and creatine Mnase-MB (CKrMB) in the blood of

runners following an 80 km race. The presence of l\1DA was used as an

indicator of lipid peroxidation resulting from free radical reactions, and CK-

.MD was used as an indicator of muscle damage. They found a significant
;

correlation (r = 0.85) between MDA and CK~!\1B. Alessio and Goldfarb

(1988) also found an increase m\MPA after an acute bout of running in

male rats.
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Using serum CK, as well as lactate dehydrogenase (LDR) and aspartate

aminotransferase (AST), as evidence for muscle damage, Maughan et at
(1988) measured thiobarbituric acid reactive substances ('mARS) following

45 minutes of downhill rur ..,jmg.T.BARS are products of lipid pero~dation.

Subjects with the greatest enzyme increase showed the.,~eatest!~crease in
- <: ,~

serum TBARS. The time, course of changes in TBARS was also similar to

that of Sel1l111 enzyme activities.

'i

Thus, there is dal.~ to suggest ~ relationship between, free radical reactions

and loss of membrane integrity following exercise. However, the

relationship may not be a causative one (Maughan et at. 1988). In additio»,

the studies that have shown an increase in lipid peroxidation after exercise

have used endurance exercises. The increase in lipid peroxidation could be

produced by an increase in catecholamine levels in the blood,' an elevation

of body temperature, an increased rate of haemoglobin auto-oxidation, or

error in oxygen metabolism associated with the increased rate of oxygen,

utilisation (Kanter et al, 1988). Considering these factors, it is Q,,{t}stionable

whether the damage induced by high force, short term eccentric exercise

would be related to lipid peroxidation.

2.2.2.5 Energy Sources

Only limited data exist concerning the role of energy sources in the damage

and repair process. Persons with certain metabolic diseases where muscle

glycogen is compromised show severe rhabdomyolysis in response to

exercise {Noakes 1987). 'Thus, it hI'S been suggested that for endurance ...

type exercise, muscle glycogen depletion may initiate damage (N~*~s

1987). ~ce eccentric exercise generally does not r~s\:n]tin total glycogen

depletion (O'Reilly et al, 1987), it is unlikely that glycogen depletion would

produce the profound damage seen with eccentric work in healthy
j

individuals

However, glycogen availability may be important for repair. Kuipers et al,

(1985b) found that the glycogen content of'muscle biopsy samples taken 24
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hours after eccentric cycle ergometer work was lower than the glycogen

content of samples taken immediately after exercise. O'Reilly et at. '(1987)

examined muscle glycogen lev,'m oftlle vastns lateralis after eccentric cycle
(;~

exercise. They found a 39% reduction inmuscle glycogeu immediatl ~yafter

exercise. 10 Day= after exercise, glycogen levels were not restored and

were even lower (but not significantly) than immediately postexercise •

values. Although glycogen depletion may not initiate damage, the reduced

capacity to resynthesise gllf;>Jgen may play an important role in thl) repair

process.

2.2.2.6 Cytoskeletal and Myofibrillar Proteins

The intermediate filament protein, desmin, also may be involved in muscle

repair (Friden et a11984~ Lazarides et a11981). There is evidence that this

protein acts as a framework linking Z-discs to one another and to the

sarcolernmafl.azarldes et at 1(81). Using immunofluorescence microscopy

with an antibody specific to desmin, Friden et al, (1984) found longitudinal

extensions in biopsies taken 3 days after eccentric exercise. These

extensions were taken as indicators of cytoskeletal disorganisation. The

authors hypothesised that there is an elevated turnover of cytoskeletal

proteins following muscle damage. Increased synthesis of desmin may be

important in reorganisation ofmyofibri11ar proteins.

o

o

Changes in the electrophoretic banding patterns of the major myofibrillar

proteins have not been found with exercise damage. Snyder et al. (1984)

examined banding patterns of muscle homogenates prepared from rats that

ran downhill for 90 minutes. They observed minimal differences in

electrophoretic banding patterns in animals sacrificed 18 or 24 hours after

exercise compared with unexercised, control animals. Reichsman et al,

(1988) studied biopsy samples from 4 human subjects taken 48 hours after
;

performance of'high force eccentric exercise. They also found no change in

banding patterns of lllajor myofibrillar proteins. However, they did find a

substantial increase \~u4 unidentified protein bands representing molecular

weights of approximately 95 000 daltons, 76 000 daltons, 33 000 daltons,
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and 11 800 daltons, These increases may reflect an enhanced synthesis of

certain. proteins necessary for repair.

2.-'!.3 Loeation and Extent of Damage
->:

:~ ..

There is discrepancy concerning the location of damage, especially when
..

comparing animal models with human models (Armstrong et al, 1983;

Friden et al, 1983b; Jones et at 1986). Both fast twitch and slow twitch.

fibres may be injured. Damage occurs prdominantly in the type I fibres of
\')

animals (Annstsong et at 1983) and in the type II fibres ofhumans (Friden

et at 1983b~\'J9iB8;Jones et at 1986). Although no clear explanation exists

for this difference, itmay be attributed to the type and severity of exercise.

Individual work periods are much longer in animal studies than in hunian

studies (Friden 1984).

Recent evidence has shown predominant fast glycolytic (type U) fibre

damage in rabbit muscle that had been electrically stimulated during force

lengthening (Liebel' & Friden 1988),

Selective damage may be related to motor unit recruitment patterns and/or
~

structural differences between type I and type n fibres (Byrnes & Clarkson

1986; Friden et at. 1988). However, there is no evidence for selective fibre

recruitment on the basis of PAS~staining (Friden et al, 1983b, 1988;

O'Reilly et at 1987).

'r:-~

)0 It is often difficult to assess the location and extent of damage because of

the small specimen size and physiological states of sectioned fibres. Both

atrophied and hypertrophied fibres have been identified in damaged muscle

at 24 hours after injury (Stauber & Fritz 1988). Since this is too short a

time frame for, traditional hypertrophy to occur, Stauber & Fritz (1988)

hav~~proposed a mechanism to explain these results. The "hypertrophied"

fibres may be broken fibres that have retracted, and the "atrophied" fibres

:"!Iaybe samples from the end tips of broken fibres, Depending upon where

fibres &1''''' sectioned, they may appear normal, hypertrophied, or atrophied.

I:
~I0
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Evidence from sev-ral animal studies has suggested that exercise-induced

injury is restricted to relatively short segments of few fibres (Armstrong et

al, 1983; Kuipers et al, 198~). Kuipers et at (l983) noted that necrosis was

limited to 150 to 1 250 micron segments in rats following trea~pll1ning.

Armstrong et at (1983) found that less than 5% of rat muscle fibres were .e

affected by downhill running.

In the cases of myopathy conditions in humans, it is common to observe

areas of necrosis in small segments of one fibre while areas adjacent to the

necrotic segments remain viable (Carpenter & Karpati 1984). When this

happens, a demarcation membrane forms between. the area of necrosis and

the healthy adjacent segments (Carpenter & Karpati 1984). Thus, sections

of focal necrosis can be "walled ..off' from the remaining fibre and then

repaired (Carpernter &Karpati 1984),

Armstrong et al, (1983) have hypothesised that necrotic fibres may be

suffering from a pathological condition that becomes apparent when the

muscles are mechanically stressed. Perhaps pJI recruited fibres suffer

sublethal injury. Those that suffer lethal damage may represent random

events in which the damagi,llg P~Oy~Sshas passed a point of no return. Also,

it should be noted that:because focal necrosis is probably involved (rather

than necrosis of the entke cell), it may be difficult to estimate damage from

only a few cross-sections of muscle.

'0 2.3 DELAYED-ONSET MUSCLE SORENESS

Many types of muscle pain and soreness have been documented (Layzer 1986).

Hough (1902) first hypothesised that delayed-onset muscle soreness following

unaccustomed exercise was a result of muscle damage due to mechanical stress.
I

His theory, which has been supported by the biopsy evidence presented above, is

now widely accepted.
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Delayed-onset muscle soreness can be, distinguished from tewpor~'l"eness.

Temporary soreness; characterised hy only moderate pain, is felt +g ~tfinal
stages cf'fatiguing exercise (Frid6n 1983, 1984; Talag 1973). Ther~
thought to) be metabolic waste accumulation (Friden 1983; Staldm 1951; T~)
1973). In contrast, delayed-onset muscle soreness is unrelated to fatigue and{<;

described as a dull, aching pain combined with tenderness and' stiffhess (Armstong ~

1984; Byrnes & Clarkson 1986). Discomfort usually develops during the first 24 to

48 hours following eccentric exercise and peaks between 24 and 72 hours. It then

subsides and disappears withm5 to 7 days of exercise (Apraham 1977; Armstrong
1984; Asmussen 1956; Bobbett et at 1986; Edwards et al, 1981; Friden et al,

1986; Hough 1902; Jones et al. 1987; Newham et al, 1983a,c; Talag 1973).

2.3.1 Localisation of Discomfort

The method most commonly used to evaluate soreness has been the

questionnaire. Subjects are required to rate perceived soreness 011 a verbally

anchored, fixed ordinal scale (Bobbett et al 1986; Byrnes & Clarkson

1986; Byrnes et al, 1985; Clarkson & Tremblay 1988; Talag 1973). Using

such a scale, Bobbert et aI. (1986) assessed soreness in the gastrocnemius

following repeated lifting and .lowering of the body by plantar- and
't . . < 1\

dorsiflexing the ankle of one leg. Twenty-four hours after exercise, subjects

located e~tb.erthe proximal Of distal parts of the muscle tOIbe most tender

upon palpation. However, 48 hours after exercise, all subjects reported that

the midJt ; part was as sore as the proximal or distal parts.

o
Others have quantified tenderness using a roundended wooden probe

connected to a strain gauge (Edwards et at 1981; Jones et at 1987;

Newham et sl. 19830, 1986). The probe with gradually increasing force,

was applied to the muscle. \\Then subjects were asked to report the force at

which tenderness was first felt, discomfort was most intense in the region of

the myotendinous junction of exercise-damaged muscles (Edwards et 81.

1981).

,\

!I o

l~
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There are 2 possible explanations for localisation. of pain. Either muscle

fibres and/or connective tissue are damaged (Armstrong 1977; Asmussen

1956; Friden et al, 1986). The fibres just proximal to the musculotendinous

junction are oriented obliquely, making them most vulnerable tothe high

tensions of eccentric exercise (Friden et at 1986). However, muscle fibres //

are highly elastic compared with connective tissue, suggesting that the latter

may be even more susceptible to injury (Asmussen 1956).

Jones et at (1987) observed that muscle stiffhess and spontaneous flexion

at the elbow developed :immediately following eccentric exercise of the

forearm flexors. Tenderness when pressure was applied to the affected

muscles and pain on, extension developed more slowly. Since there was no

increase in resting EMG activity, the authors concluded that stiffness and

spontaneous flexion may be a result of connective tissue damage causing

subsequent sensitising of pain receptors, In a similar study, Howell et al,

(1985) also found that flexion deformities were not accompanied by an

increase in electical activity. The latter investigators concluded that oedema

within the perimuscular connective tissue may alter the elastic behaviour of

the muscles and cause restriction of motion. Consistent with this

conclusion, Jones et al, (1987) noted that pasS1v~movements reduced the

flexion deformity possibly by squeezing fluid out of the muscle. Clarkson

and Tremblay (1988) suggested that the flexion deformities were due to

shortening of fibres by an. abnormal accumulation of ea* in the cells. The

shortening would exert a stretch on the connective tissue and tendons,

perhaps making receptors more sensitive to pam.

2.3.2 Soreness and Fluid Pressure
\'.\

The evidence for a relationship between oedema and muscular discomfort is

contradictory. Bobbert et al, (J986) found an increase in limb volume
,
relative to the volume of a control limb 24, 48 and 72 hours following

eccentric calf exercise. Thus, they hypothesised that an. increase in limb

volume may be due to oedema formation that results in soreness. However,
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Talag (1973) found no significant correlation betwdom limb vclume and

soreness following eccentric exorcise of'the forearm flexors,

More sophisticated methods of measuring intramuscular pressure in painful

muscles have also yielded conflicting results (Friden et at 1926;Newham &

Jones 1985). Friden et al, (1986) used a slit catheter technique to measure •

tissue fluid pressure in the anterior tibial compartment of the leg. There was

an increase in pressure 2 days following exercise. Thus, pressure elevation

may have been a result of fluid buildup associated with delayed-onset

muscle soreness. Using a similar technique to study exercise-induced

soreness of the elbow flexors, ~ewham and Jones (1985) found no

:, significant dift~fence in intramuscular pressure between control and
\1
~ exercised muscles. The conflicting results may be due to the compliance of

the different compartments (Newham 1988). The tibial anterior

compartment is a relatively low compliance compartment whereas the

compartment around the elbow flexors is more compliant and distensible

(Newham 19j8).

Anti-inflammatory drugs are not successful in significantly reducing muscle

soreness (Donnelly et at 1988b; Janssen et aI1983). Either soreness is not

related. to oedema, or the oedema observed by several investigators is not

inflammation in the classical sense. Schwane et al, (1983a) found that

increases in neutrophil and total white blood cell counts, which usually

accompany inflammation, did not occur in association with soreness

following downhill running. In addition, neutrophils were rarely observed in

eccentrically exercised rat muscle (Armstrong et at 1983). Smith et al,

(1988) reported a larger increase in neutrophils after downhill running that

induced muscle damage compared with uphill running which did not induce

damage. Because an increase in neutrophils occurred after both downhill

and uphill runs, factors associated with general exercise stress, apart from,
damage, may have produced the elevated white blood cell counts.

Thus, an alternative sequence of events resulting in oedema has been

proposed (Friden 1983, 1984). Fibre disruption 1)1.'lY lead to formation of

Department ofPhysio!ogy.lTnivcrsity <>ftueWitwatetsrnnd
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degraded protein components, release ~f protein bound ions, and a

subsequent increase in osmotic pressure causing :fluid buildup. Fluid

pressure may then activate free nerve endings and be perceived as soreness.

Friden et at (1988) found that muscle fibre swelling was diiectly associated

with delayed muscle soreness after eccentric exercise. Preliminary

investigations in our laboratory have suggested that substantial swelling can •

be present long after soreness has subsided. 'This may suggest that muscle

pain receptors adapt to this stimulus.

Although. anti-1rl:flammatory drugs have not proven successful in the

alleviation of muscle soreness, there is some evidence from animal models

that these drugs may reduce the ext mt of exercise damage. Kihlstrom et al,

(1984) found that prednisolone, a steroidal anti-inflammatory drug, given to

mice before exercise reduced inflammation and the lysosomal response.

Similar results were found using indomeehacin, a non-steroidal anti-

inflammatory and prostaglandin inhibitor (Salminen & Kihlstrom 1987)..

2.3.3 Soreness Perception

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

ill and unmyelinated group N afferent neurons (Armstrong 1984; Byrnes

& Clarkson 1986; Mense & Schmidt 1974, 1977). These fibres are found

throughout the muscle but are particularly dense in regions of connective

tissue (Mense & Schmidt 1977). Group m fibres carry sharp, localised pain.

Since group IV fibres carry dull, diffhse pain and are twice as common as

group m fibres, Armstrong (1984) has suggested that they are primarily

responsible for the sensation of delayed-onset muscle soreness.o

Group IV fibres have been placed into 2 major categories (Meuse &

Schmidt 1977). There are metaboceptors, which respond to mechanical

:md/or chemical stimuli, and nociceptors, which respond to noxious stimuli.
In addition, some group IV fibres are polymodal and respond to several

types of stimuli. Bradykinin, serotonin, histamine, potassium and

prostaglandins may activate the free nerve endings of nociceptors (Byrnes
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"& Clarkson 1986; Mense & Schmidt 1977). The delay in onset ef soreness

following-an acute bout of exercise may be explained by the Um,erequired

for cells to die and for any or all of- these substances to accumulate

(Armstrong 1984). It should be noted that while many myopathies are not,

accompanied by soreness or pain, pain does occur in myopathies where
,~,

there is rapid breakdown of tissue (Morgan-Hughes 1979).

In addition to peripheral pathways, exercise-induced soreness may be

modulated at the spinal level, by the reticular activating system or by the

sensory cortex (Byrnes & Clarkson 1986). Variation in receptor types and

the ability to modulate pain at multiple levels in the nervous system may

explain intersubject variability in. soreness perception and the equivocal

results obtained by different investigators.

2.4 CHANGES IN FORCE GENERATION

2.4.1 Strength Loss

Exercise-induced damage has been assessed using changes in motor

performance, especially functional muscle strength (Clarkson & Tremblay
'I r:

1988; Newham etal. 1983c, 1987; Sargeant & Dolan 1987; Talag 1973).

F
I

After eccentric exercise, there is an immediate decrease in. maximal force

production followed by a slow recovery (Clarkson & Tremblay 1988;

Newham et al. 1987; Sargeant & D01an 19~7). Strength may remain

depressed for a week or longer (Newham et al, 1987).

The mechanism by which eccentric exercise results in loss of strength has

not been clearly identified. Either strength decrements are secondary to

soreness perceptions, or the inherent capacity of muscle to produce force is

lowered. At present, there is increasing evidence to support the latter

explanation (Davies &WJ1ite 1981.;Newham et al, 1983c, 1987).

Investigation ofthe time courses for development of Soreness and for loss

of strength suggests little or no relationship between Mle 2 parameters

Department ofFhysio!op.y, Uhiversity of the Witwatersrand



Department ofl'hymolosy. t.1hlversity of the Witwatersrand.., . Page; 25

(Newham et a1 1983c; Talag 1973). Following eccentric stepping exercise,

Ne1.vhamet at .(1983c) found that maximal voluntary force of the knee

extensors had returned to normal by 24 hours after exercise when soreness

was l1lA~ intense. ':.,Although Talag (1973) found significant negative

correlations between soreness and strength at 48 (r = ~O.61)and 72 hours

(r = -0.57) following eccentric arm'<exercise, the magnitude of the •

correlations does not suggest a strong relationship.

To determine whether efforts were maximal, Newham et at (1987)

superimposed electrical stimulation on 'voluntary isometric actions of sore

muscles following eccentric exercise of the forearm flexors. Additional

force was generated by electrical stimulation only if voluntary force

generation was submaximal. Results indicated ,that maximal voluntaty force

was generated throughout the testing period.

In an effort to examine the relationship between strength and structural

changes. Friden et a1 (1983b) assessed isometric strength and isokinetic

strength (at angular velocities of 90, 180 and 300 /sec) at 20 minutes, 3

days and 6 days following eccentric cycle ergometer exercise. Biopsies were

obtained at similar time intervals. Isometric strength and isokinetic strength

?t aU angular velocities dropped soon after exercise. By day 0, strength

under all conditions, except at 300 /sec, was back to notfljat Biopsies

revealed disruption in every second to every third :fibreup to 3 days after

exercise and ill one-tenth of the fibres 6 days following exercise. The finding

that type n fibres were predominantly affected might explain the slow

strength restoration at the highest angular velocity,
o

!

110l,

It seems that the loss of ability to generate force after eccentric exercise .

differs from the traditional 'Viewof fatigue. As stated above, the strength

loss persists tor several days or more after exercise. Perplexing: however, is

the finding by Clarkson and Tremblay (1988) that subjects were ',roable to

fully flex thdr forearm immediately after eccentric exercise of the forearm

flexors and that this condition lasted for about 48 hours. Whether this

mdi\:a~esprofound weakness when the muscle exerts force in a more'

Dcpmlment ofl'hysioloe,y, t,Uivemty Ilfthe Witwatersrand
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contracted state, or may be due to a dysfunction in activation of the muscle,

is not known.

2.4.2 Neural Activation

EMG studies lUSO have suggested that strength decrements may be a result

of damage to the contractile apparatus (Komi & Viitasalo 1977; Newham et

al, 1983c). Newham et at. (1983c) found an increase ~'~t,egrated EMG
, I

activity both during eccentric stepping exercise and whd.rl pre- and post-

exercise strength tests were compared. A submaximal knee extension test

performed at intervals after exercise showed an increase in integrated EMG

at ill knee joint angels between 0 and 90 . In addition, the neural activation

necessary to maintain :full extension for 2 seconds was increased. Recovery

occurred over 24 hours .

..
Following eccentric exercise on an. electromechanical dynamometer, t:omi

and Viitasalo (1977) measured isometric knee extension strength and EMG

parameters (integrated EMG, averaged motor unit potential). They

observed a decrease inmaximum strength and;m increase in neural activity

at a given muscle tension both irr..mediatyryand 2 days after exercise.
• #

Mechanical stress produced during eccentric work may cause structural

changes accompanied by neuromuscular performance decrements. Injury to

initially recruited motor units may necessitate recruitment to additional units

to produce required forces.

2.5 CREATINE KINASE

Because creatine kinase (CK) is found almost exclusively in muscle tissue, serum

or plama creatine kinase is considered an indicator of fi?'~illedamage (Armstrong

1986; Kagen & Aram 1987; Rogers et al, 1985). While other plama markers of

muscle damage, including LDH (Jones et al. 191~3;Kanter et al 1988), myoglobin

(Dioszeghy & Mechler 1988; Jorgensen 1987; Smith 1968), and 3-methylhistidine

(Dohm et a1 1982) have been used, CK is the most common. Elevated CK activity
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(.;1

DrgOltmcnt ofI1l.ysiology. Ulivcrsity of the WitWaternr:md. Page: 27

J in the circulation has been associated 'Withmyocardial fufarcti~~ (Apple et al, 1984;

Morelli et at 1983; Roe et at 1.975, 1977; S!nbelet al, 1977), degenerative muscle

diseases (1!M!ksonet al, 1987; Kagen & Aram 1987; Rowland 1980; Zundel &

Tyler 1965), and exercise-induced skeletal muscle: damage (Apple et al. 1984;

Byrnes et al 1985; Ctkrkson et al, 1985, 1986; Evans et at 1986; Hooter & Critz

1971; Newham et at 198:3a;Nuttall & Jones 1968; Ross et al, 1983), It should be .
noted.that when measuring CK in the blood, total CK concentration represents

both the efflux and clearance of the enzyme. Thus, interpretation of peak changes

in CK should be done with caution.

2.5.1 Function and Structure

o

Creatine kinase has a dimerie structure consisting of M subunits and B '

subunits (Lang &Wurzburg 1982; Nanji 1983; Wevers et at 1977). Thus, it
exists as 3 different isoenzymes that are specific to different types of tissue.

CK-MM, CK-:MB and CK-BB are found in skeletal muscle, cardiac muscle

(and skeletal muscle, discussed below) and. brain tissue, respectively.

Isoenzymes are differentiated by electrophoresis based on differc,l.t rates of

migration in an electric field (Apple et at. 1984~1987; Wevers et al1977).

r~~
10

CK-MM, which accounts for 90 to 100% of the total CK activity in.skeletal

muscle, is primarily responsible for the postexercise rise in seurm or plasma

CK activity (Rogers et al. 1985). With isoelectric focusing, CK-l\1M can be

separated into at least 3 isoforms (Clarkson et al.. 1987a; Morelli et al,

1983). Following physical exertion, CK is released from damaged muscle as

CK-MMI' This isoform is subsequently transfQwed in the blood to Ck-

:MM2 and then CK-MM3' The presence of CK-:M:Ml in the circulation

indicates new release from damaged tissue. CK~Mr\1:1 has been shown. to be

an earlier indicates of exercise-induced muscle damage for both isometric

(Clarkson et al, 1987a) and eccentric '.~}.pple et al. 1988; Donnelly et at)"

1988) exercise regimens than total CK activity. A rece~t studyhas l:illOwJ
that the time course of the CK",MM1 response after eccentric exercise'

closely parallels the development of soreness (Donnelly et at 1988).

Depllrtnlcnt of Physiology, Ullvcmty of the Witwlltersrand



D;;partment afBlycioiogy, t1Piv~ of the Witwaterstvnd. <.. -, Page: 28
\. \''''

CK-lVIBhas been eleVated in the blood of marathon runners following a
''\\<')

race (Apple et al, 1984, 1987; Armstrong 1986; Siegel et al. 1981). Itt_t}

probable that increases resulted from the eccentric component of running

and perhaps wei~ exacerbated by ischaemia (Armstrong 1986; Evans 1987).

Graves et at (1987) also reported that plasma CK~MP.\ievels were elevated

in~SO%of subjects after isometric exercise.
(f
(

,!j

Altp.ough. high. CK-MB levels inthe circulation are usually' associated with

myocardial infarction, the origin of exercise-induced plasma CK-~ is

most probably skeletal, not cardiac, muscle (Apple et at 1984; Graves et al,

1987; Siegel et al. 1981). Siegel et al, (1981) used infarct-avid ("hot spot")
scintigraphy to assess myocardial abnormalities in marathon runners
showing marked serum. CK..MB elevation. However, normal t~st ,rp~ts

were obtained. Moreover, Cummins et al, (1987) reported that '~vo"r~c
,\ -

troponin-I and C-reactive protein were not elevated after a marathon when

there was evidence ofCKNMB in the blood.

Q

CK-MB has been shown to be elevated in. the blood of patients who were

admitted to an emergency rOQ;JI with severe skeletal muscle injury

(Schwartz et al. 1988). Blunt trauma, especially from motor-xehicle

accidents, produced higher total CK values and higher CK-MB values fuan

did penetrating wounds. In. no case was there myocardial damage.

2.5.2 Time Course and Mechanisms of Efflux

The increase in serum or plasma CK activity after exercise is delayed and

the extent of the delay depends upon the type of exercise. Aft~r downhill.

running (Byrnes et al. 1985; Sr1Wf''Ileet at 1983a) or isometric exercise

(Clarkson et al. 1982, 1985, 1987a; Kirwan et al, l'y86; Triffletti et al

1~88), CK activity significantly increases 3 to 6 hours after exercistj and
i (:

usually peaks 18 to 24 hours after exercise. However, after local mu~cruar

eccentris exercise, a significant increase in CK activity may not occur until

48 hours after exercise and may not reach peak values until 7 daJ
I

[Clarkson & Tremblay 1988; Jones et al, 1986; Newham et al. 1986]. 'It.

f
l
~i0
l
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difference in t.be delays may be related to the extent of the damage andwill

be discussed in. the next sections of this review.\1

}\fter enzymes are released from muscle into extracellular spaces, they are

transportee! to the blood by the lymphatic system (Lindena et at. 1979).

Al5&, 'the lymphatic system may be important in the inactivation and •

removal of abnormal enzyme levels (Hsu & Vhtanabe 1983). Since lymph

flow is relatively slow (Hsu & Watanabe 1983), the transport of CI(

through the lymph c(\1'~ldexplain part of the delayed appearance of CK in

the blood, However, it is unlikely that this would explain delays of 24 to 72

hours observed following high force eccentric exercise (Clarzson and

Tremblay 1988; Newham. et at 1987).

2.5.2.1 Early CK Release and I~Chaemia
II

Hypoxia and ischaemia have}een popular explanations fht changes in

membrane permeability resulting in enzyme release (Armstrong 1986;

Fowler et al. 1968; Wilkinson & Robinson 1974). With exercise, relative

hypoxia and/or ischaemia resulting in energy shortage may occur in skeletal

muscle (Armstrong 1986; Fowler et al. 1968). Energy depletion may

contribute to increasing membrane permeability and/or muscle damage

(Armstrong 19~6; Byrnes & Clarkson 1986; Jones et al, 1983; Thomson et

al, 1975). Fowler et al, (1968) had subjects perform different types of

exercise at various workloads. Blood samples for serum .enzyme analyses

were obtained 5 and 15 minutes after exercise. Results showed that most

serum enzymes increased Uproportion to work intensity and that trained

subjects had smaller increases in enzyme levels than untrained subjects at

progressively higher levels of work. The RUthOI'S suggested that hypoxia

resulted in an increased membrane permeability.

Ulider hypoxic conditions, elevated intracellular ea++- concentrations may

cause skeletal muscle fibre disruption. Jones et at (1984) found. that

calcium channel blockers, which are effective in cardiac and smooth muscle,
\

did not prevent muscle damage Iesdiug t~~tluz,;we release from excised
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mouse soleus following excessive electrical stimulation. They hypothesised

that with fatigue, Ca'" mayenter the fibre by a route that is separate from

the normal Ca* channel

Other researchers have suggested that high energy phosphates maintain the

integrity of the cell membrane ana' influence enzyme leakage (Hunter & .~

Critz 1971; Thomson et al, 1975). Employing electrical stimulation' of

tetanised cat limbs, Thomson et al (1975) found an inverse relationship

between enzyme efflux and ATP depletion determined indirectly by

decreased work capacity. They C0\tlpluded that intracellular ATP must be

depleted before enzyme efflux will occur.

rt

Increased CK activity in the blood following isometric exercise suggests

that .ischaemia may play a role in. enzyme release. However, comparison

between high and low tension isometric exercise also suggests that

mechanical stress may contribute to the response (Clarkson et a1. 1982).

Subjects performed.z exerciSe,s e,;~L consisting of 35 maximal isometric

actions of the knee extensors, and serum. CK. was analysed following each

bout (Clarkson et a11982). Ten.five (Iu-second isometric action, Susecolld

rest), and 10:20 (IO-second isometric action, 20-second rest) exercise

programmes were performed on different days using contralateral limbs.

Serum CK elevation was significantly greater for the 10:20 than tor ~~ 10:5

condition. The higher tension may have occluded more blood flow and

created greater ischemia. However, since a 20~second rest interval would

provide time for resynthesis of creatine phosphate (CP), a greater CP deficit

should have occurred with the 10:5 exercise. Histological analysis of
isometrically exercised muscle did not show any evidence of fibre damage.

The greater CK efflux was probably produced by higher tension levels

during the 10:20 exercise resulting in :rt.echanical stress without substantial

fibre damage",1:(.
1, )

l Okada et al (1985) found an increase in serum CK activity after rat hind

limbs were exposed to acute and chronic local vibration. Histological

analysis showed no pathological change in the muscle. These authors
\1
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suggesr sd that the vibration caused an increase in permeability of the cell

membr. ne. Vibration may also serve as a mechanical stress to the muscle,

altering membrane permeability of the fibres.

Duncan and Jackson (193'7) incubated mouse soleus muscle in 2,t\

dinitrophenol (DNP) to induce damage. DNP produced an imm~diate efflux •

ofCK l;uto the medium that was dependent on extracellular Ca*, DNP also

produced ultrastructural damage, but this was not dependent on

extracellular Ca+l-, Using other treatment conditions, CK efflux could be

inhibited but myofibrillar damage could not. These researchers concluded

that the~myofibrillar damage and CK efflux were the result of different

mechanisms.

Although changes in membrane permeability associated with metabolic

disturb. mces and unaccompanied by myofibrillar damage may playa role in

CK efflux immed. ...tely following or for several hours following exhaustive

work (i' high tension. isometric exercise, it is unlikely that thesefactors are a

principil cause of the delayed CK efflux following high force eccentric

exercise. Peak CK efflux, observed at 5 or more days after high force

eccent. lc exercise (Clarkson & Tremblay 1988; Newham et al. 1987),

occurs well after the time it takes for ATP and CP to be resynthesised

(Clarkson & Tremblay 1988; Jones et at 1987; Newham et al, 198311).The

longer, delay in. the appearance ofCl( in the blood after high force eccentric

exercise has been suggested to be coincident with necrosis (Clarkson &

Tremblay 1988).

o
2.5.2.2 Di"Jyed CK Release and Necrosis

'l··l.().'\
.~

Clarkson and Tremblay (1988) proposed a mechanism to explain the

delayed CK release after local muscular eccentric exercise; lucy suggested
;
that e-erclse-induced damage may cause an accumulation of Ca'" resulting

in: (a production of noxious stimuli such as bradykinin and histamine

causir § muscle soreness; (b) muscle contractures leading to decreased

range of motion; (0) impairment of sarcoplasmic reticulum and

(;
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mitochond.-rful functioning; and (d) activation of sarcoplasmic proteases

resulting in loss of sarcolemmal integrity and delayed release of CK

Although there is no direct evidence to support this theory, much indirect

evidence exists (Brody 1969; Busch et at 19'72; Cullen & Fulthorpe 1975;

Newham et at 19830).

Since myofibrillar damage, soreness and strength decrements haw been

observed prior to release of CK into the circulation, it seems that fibre

destruction is progesssive and that sarcolemmal disruption occurs in the

final stages ~J))necrosis (Clarson & Tremblay 1988). Flid6n et a1. (1984)

found an indfease in the intermediate filament protein, desmin, 3 days

following eccentric exercise and suggested that this was evidence for

sarcomereogenesis, This observation is consistent with the point at which

serum CK just begins to increase, soreness is maximal, and ran~e of motion

is most reduced following local muscular eccentric exercise. However,

strength is only beginning to recover at this time (Ebbeling &, Clarkson

1988).

,('.,,/-~-:~;
'. ',

o

Perhaps the repair process is initiated by removal of noxious agents and

Ca-H:.from the fibre resulting in reduced soreness and greater range of

motion. Although sarcomereogenesis may begin as soon as 3 days after'

exercise, Lazarides et al, (1981) have noted that complete structural

reorganisation of damaged muscle fibres may take a week or longer. 1£

strength is dependenr on the structural reorganisation of the fibre, this might

explain why strength does not return to normal until 7 to 10 days after

eccentric exercise.

2.5.3 CK. Related to Leeation and Extent of Injury

-I

Muscular uptake of radiolabelled complexes, such as technetium

pyrophosphate, has been used as an indicato/lof muscle damage (Jones et

a1. 1986; Newham et at IP86). Technetium pyrophosphate uptake is related

to loss of sarcolemmal integrity (Vita & Harris 1981). Although

investigators have found no evidence of increased technetium

--_._---------------Department of Physiology. University offhe Witwnterstaud
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pyrophosphate uptake into muscles that have contracted concentrically, the

time. course of radionucleide uptake by eccentrically exercised muscles

parallels that of"CK activity in. the blood (Jones et at 1986; Newham et al,

1986):; Jones et al, (1986) found a large increase in plasma CK 4 to 6 days

after eccentric exercise. Increased uptake of technetium pyrophosphate into

the exercised muscles followed a similar time course. Technetium

pyrophosphate, therefore, may be valuable in identifYing muscles from

which. CK isbeing released.

To study the relationship between serum CK and muscle injury, Steiness et

at (1978) gave intramuscular injections of local damaging drugs to rabbits,

pigs and humans. They found marked serum. CK elevations. In addition,

postmortem. histological examination of the animal muscle revealed large

areas of necrotic fibres at all injection sites. The liuthorS inferred that
1\

enzyme activity was related to the severity of the damage and to the volume

oftissue affected.

In contrast, although exercise ..induced CK elevation may indicate muscle

damage, it does not provide an index of the magnitude of the damage.

Kuipers et al, (l985a) examined serum CK and amount of muscle damage

following exercise in. rats. Using serial sections of muscle with light

microscopy, a 3-dimensional reconstruction WaS made and damage was

quantified. The correlation between serum CK and percentage of muscle

volume affected was t = 0.04.r..··'-<.":·
r '_
o

Several investigators have also failed to find a significant relationship

between cardiac muscle damage following a myocardial infarction and
serum CK activity (Roe et al, 1977; Roe & Starmer 1975; Sobel et al,

197'7). The low correlations between CK and histological measurements of

infarct size have been attributed to continued release of CK from the•
damaged tissue and to differing release rates depending on infarct size (Roe

et at ]977; (;& Starmer 1975; Sobel et al, 1977). These observations on

cardiac muscle damage may be applicable to skeletal muscle damag» also

(Clarkson et al, 1986) .

a .-----~-~.,.---~--------"""'7-------------Depanment ofPhysioloW,l)hlversny of the Witwnt=and
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2.5.4 CK Variability

Markedly high blood CK values (often over 2 000 UlL) have been found

after local eccentric exercise (Clarkson & Tremblay 1988; Jones et al, 1986;

Newham. et al, 1986), whereas values less than 500 UIL are commonly

found after downhill running or isometric exercise (Byrnes et al, 1985;

Clarkson et al1985; Schwane et al. 1983a). In addition, a large intersubject

variability in the CK response to exercise has been well documented

(Newham et al. 1987; Noakes 1987; Sargeant & Dolan 1987). For example,

in one study where subjects performed an eccentric exercise, some subjects

showed increases of CK activity up to 34 500 UIL, while other subjects

showed increases of less than 500 UIL (Newham et al, 1983a). This

variability is puzzling since inmost cases it is unrelated to general fitness of

subjects, physical characteristics of subjects, amount of soreness induced by

exercise and amount of work done during exercise.

Kagen and Aram (1987) reported that serum from certain patients with

muscle disease contained a dialysable inhibitor of CK which resulted in a

large uriderestimation of actual CK levels. They concluded that for certain
)

"(r. ~.":~.; -c,

i

o

patients, CK inhiliitors may be released into the blood from injured or

damaged muscle. Clarkson and Ebbeling (1988) investigated whether the

presence of CK inhibitors might explain the large blood CK variability

among subjects following an eccentric exercise of the forearm flexors.

Subjects were classified as "no CK responders", '''low CK responders"

(mean peak CK after exercise == 400 UIL), and "high CK responders" (mean

peak Ck after exercise r= 2 800 U/L). Serum from high responders was

mixed with s~tum from no or low responders. In all cases, the differences

between the expected and observed CK activity for the mixes were within

expected variability for the assay. Although CK inhibitors have been found

in plasma from patients witll muscle injury and disease, this study was

unable to demonstrate the presence of CK inhibitors in the serum from

subjects who showed evidence of severe exercise ..induced muscle damage.

Dapru1t!1mt 1lfl1lysiolom" Univcmty of the Witwatersrand
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Whitfield and Martin (1986) examined genetic variation and serum CK

ad:vity. They studied 206 pairs of twins and found that the data were

consistent with a simple model of variation in which around 60% of the

variation was genetic ill origin. for the males and 81% of the variation was

genetic for ',he females. While it might be tempting to suggest that CK

responses to exercise may have a genetic component, research from •

Clarkson. (1988) shows that some subjects would be classified as high P

responders when exercising one ann and low responders when exercising

the opposite arm. The higher CK response for one arm could not be

accounted for by whether the subject performed the exercise with the arm

first or second, arm dominance, amount of force exerted during the

exercise, or the degree of fatigue experienced during the exercise. At

present there is no clear explanation for CK variability.

However, it has been suggested that the low CK response for some subjects

may be a consequence of a similar exercise performed prior to the

laboratory exercise (Clarkson & Tremblay 1988). A prior exercise may

produce a rapid training response that could result in a protective effect

lowering the CK response following the laboratory exercise test. This is

plausible since laboratory exercises of only one-third (Clarkson & Tremblay

1988) and one-sixth the number of contractions have profoundly reduced

the CK response to a subsequent exercise of'Ionger duration employing the

same muscles,

2.6 MUSCLE ADAPTATION

2.6.1 Training I
I

Physical conditioning results in reduced morphological changes) delayed ..

onset muscle soreness: performance changes and CK activity in the blood

following an acute bout of exercise (Byrnes et al. 1985; Clarkson et al,

1)85, 1987b; Clarkson & Tremblay 1988; Evans et al, 1986; Friden et al,

1)83a; Hunter & Critz 1971; Kirwan et al, 1986; Knuttgen 1986; Komi &
Buskirk 1972; Maxwell & Bloor ]!981; Newham et al, 1987; Nuttall &

--------.--.--~--------Department ofl'1lysiclollY. \kivetSity of the WilwlltCl'Sl'lllld
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Jones 1968; Schwane & Armstrong 1983). However, the changes that

occur with training to protect muscle from subsequent damage are not

known. The models used to study the training effect include endurance

running (Evans et at. 1986; Maxwell & Bloor 1981), cycle ergometry

(Friden et at 1983a; Hunter & Critz 1971; Knuttgen 1986), weightlifting

(Nuttall & Jones 1968), prolonged isometric exercise (Clarkson et al. 1985;

Kirwan et al, 1986), downhill running (Byrnes et al. 1985; Schwane &

Armstrong' 1983) and novel eccentric exercise (Clarkson et al, 1987b;

Clarkson & Tremblay t988; Komi & Buskirk 1972; Newham et at 1987).

Alterations in energy metabolism and structural adaptations have been

proposed to explain the training response.

, 2.6.1.1 Energy Metabolism
\ ., \

\ '~
:1

An increased ATP supply is often identified as the reason for reduced CK

levels in the circulation of trained subjects following intense exercise

(Hunter & Critz 1971; Nuttall & Jones 1968). Hunter and Critz (1971)

found that 10 weeks of cycle iii ':Jometer training, 3 times per week, reduced

CK efflux. Before training, serum CK was elevated after both maximal

(36%) and submaximal (18.5%) exercise. Since training increases the

number and size of mitochondria, the authors suggested that more ATP was

available for maintenance of the cell membrane, resulting in a reduced CK

response,

Nuttall and Jones (1968) have implied that a metabolic adaptation also may

be responsible for the decreased CK response following weight-training,

They found significant increases in serum CK values and delayed-onset

muscle soreness following a 6-minute barbell exercise using the forearm

flexors and extensors. Subjects then engaged in a training regimen

consisting of the same exercise performed 3 times per week for 3 to 5

~eeks. The amount of weight lifted by each individual was equal to 15%

and, 25% ofbodyweight. Four days after the conditioning period, the initial

exercise was repeated, but serum. CK levels did not show the same

magnitude of increase and no muscle soreness resulted. The authors

Department ofPhysiology.lJniversity oflhe Witwaten'l'and
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suggested that the muscle cell membrane was in some way protected under

conditions of a sudden demand tor energy production.

s: 2.6.1.2 Structural Adaptations

Although the energy metabolism explanation for muscle adaptation cannot

be rejected, recent evidence involving eccentric training regimens argues

against this concept (Friden 1983; Friden et al, 1983a; Knuttgen 1986;

Komi & Buskirk 1972). Knuttgen (1986) has reported, that during the early

stages of eccentric cycle ergometer training, subjects were unable to resist

the force of the pedals even when ATP and CP values were not different

from resting levels. The inability to continue exercise, therefore, may have

been the result of fibre damage. Following 6 weeks of training, the subjects

could easily perform the exercise for long periods of time.

Using a similar cycle exercise regimen, Friden et al. (1983a) examined

muscle soreness and morphological changes over 8 weeks of training.
j_·1

ibunng the first 1 to 2 weeks, muscles became sore and there was evidence

of fibre disruption. Symptoms were reduced following training despite an

increase inwork.

Komi and Buskirk (1972) assessed the effects of 7 weeks of eccentric

conditioning of the forearm flexors using a special dynamometer. During

the first week, all subjects experienced muscle soreness that was attributed

to overstretching of muscular elastic components. Soreness disappeared

after 2 weeks of training. In addition to decreased soreness, there was a

significant increase inmaximal isometric tension,

Friden (1983) has listed 3 possible mechanisms of structural myofibrillar

adaptation that may result from eccentric training to limit damage. First,

sarcomere length may be increased. However, this would be only a

temporary solution for tension reduction because increased length would

i'r-
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.2~~:ore?'Ult ill non-optimal overlap between actin and myosin filaments.

Second, sarcornereogenesis may result in au increase ..in. the number of

longitudinal sarcomeres, the functional units of the contractile system.
I!

Third, an increase in synthesis ofZ-band proteins or intermediate filaments

may strengthen myofibrils.

2.6.2 Repeated Bout or Rapid Training Effect

In 111 of the studies above, training iavofved a period of weeks. Recently,

c: investigators have suggested that the prophylactic effect of training may be

due to performance of a single initial exercise bout (Armstrong et at 1983;

Byrnes et a1. 1985; Clarkson et al 1985, 1987b; Clarkson & Tremblay

1988; Kirwan et a1 1986; Irintchev & Wernig 1987). The body of research

focusing on repeated bouts of exercise has resulted in the development of

additional explanations to account for muscle adaptation.

Clarkson et al, (1985) examined the serum CK response to a repeated bout

of forearm flexion isometric exercise. Compared with the first bout, a

substantial reduction in the serurh. CK response /\lvas found following the

second bout which was performed 1week later. In another study using knee

extension isometric exercise) subjects did 4 bouts of exercise each separated

by 1 week (Triffletti et a1. 1988). Although there was a significant

difference in CK and soreness responses between bouts 1 and 2, there were

no additional reductions with subsequent bouts.

When a second bout of isometric exercise used a different muscle group

from the first, Graves et al. (1987) still found a lower CK response

following the second bout. To further investigate this finding, Clarkson et

at (1987b) used an eccentric hamstring exercise. AU subjects performed a

second bout of exercise 7 days following the first bout. However, some did

ihe second exercise with the ipsilateral limb while others did the second

exercise with the contralatera1limb. Subjects were positioned to assure that

contralateral muscles were not active in isometric stabilisation. Although a

repeated bout effect, indicated by a lower CK and soreness response, was

c
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found for the ipsilateral group, no effect was seen when the contralaterae /

limb was exercised, Therefore, the authors concluded that muscle

adaptation is more likely a peripheral, rather than a central, response.

Perhaps the results reported b~, Graves et at (1987) were influenced by

stabilising activity in muscles other than those directly involved in the

prescribed exercise (Clarkson et l1t/1.987b).
(~.---.- \)

In both animals and humans, a single bout of downhill running has been

sufficient to reduce the CK response (~nsubsequentbouts (Armstrong et al,
.. !r

1983; Byrnes et al, 1985). When !~repeated bout was given to human

subjects at 3 or 6 weeks following the first bout, serum CK activity and

muscle soreness were significantly reduced (Byrnes et at 1985). However,

when the exercise was repeated at 9 weeks, no signfficaut differences were

found between the initial bout and the bout repeated at 9 weeks. Armstrong

et at (1983) have suggested that an initial bout of novel exercise results in a

temporary reduction inthe pool of stress-susceptible fibres.

(

Muscle fibres that undergo lethal injury with exercise may be more fragile

or more susceptible to damage than other fibres. Fragile fibres may develop

through disuse of a given motor unit recruitment pattern or may represent a

small percentage of fibres that are constantly degenerating (or ageing)

making them more susceptible to stress. Stress ..susceptible or degenerating

libres m.ay embody a population of cells that are destroyed by an initial bout

of exercise. Strong, healthy fibres that could withstand the effects of

repeated bouts would survive. It should be noted thJi it would not be

necessary for a entire fibre to be fragile. Since focal necrosis can occur

(Carpenter & Karpati 1984), only portions or small areas of a fibre may be

fragile and susceptible to exercise damage. There is evidence £'1')111 biopsy

samples of healthy human subjects that a small percentage of fibres appear

gisrupted (Meltzer et a1. 1976). It may be these fibres that are lethally

damaged during exercise.

o

I

t
Although the stress-susceptible fibre hypo; ...s is plausible, there are data
to suggest that fibres are not destroyed but strengthened (Clarkson &

Department of Physiology, 'Uhlvernity of'the Witwatersrand
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TreIt1ilay 1988; Schwane & Armstrong 1983), If the repeated bout effect

were the result (If elimination of fragile fibres, injury to this populatit)

should. be evident after a single initial bout of exercise. Schwane and 0

Armstrong (1983) found that 30 minutes of training in rats protected the
c

vastus intermedius muscle from damage followi~g 90 minutes of downhill

running performed 3 days later. However, Hlere was no indication of !""

damage after the 30-minute run suggesting that necrosis did not occur and

that lethal damage was not a prerequisite for muscle adaptation.
<,

Clarkson and Tremblay, 1988, suggest that strengthening of the muscle

membrane or connective tissue may explain rapid adaptation. Following a

forearm flexion exercise regimen consisting of 70 maximal eccentric muscle

actions, there was significant elevation of serum (;K, increase in soreness

and decrease in isometric strength. Prior performance of an exercise

consisting of either 12 or 24 maximal eccentric actions (Clarkson &

Tremblay 1988) resulted in. no CK response, less soreness and smaller

strength decrements when 70 actions were performed 2 weeks later.

Although the exercises consisting of fewer muscle actions did not produce

substantial damage, they did provide protection from subsequent damage.

(~
10
J

Newham et aL (1987) have implied fl!at tl'e mechanism responsible fer the

repeated bout effect may be assouiated 'With connective tissue and not

muscle fibres per se, Subjects performed 3 repeated bouts of an eccentric

exercise of the forearm flexors with each bout separated by 2 weeks. 'There

was au increase in serum CK activity for all subjects following bout 1, hat

no significant changes in CK values were found following bouts 2 and 3.

Each bout produced progressively less soreness. Force decreased

immediately following each of the 3 bouts but recovered more rapidly

following bouts 2 and 3 compared with bout 1. Stimulated forces also

showed a decrement after each bout 'with a faster return to' baseline
I

following bouts 2 and 3. 'There was no evidence of an increase in strength.

In ful.lt, maximum voluntary 101'Ce was. still reduced by approximately 20% 2

weeks after the third bout. Because muscles became neither stronger nor

less fatiguable, changes may have occurred in the connective tissue, Any

Department<{Physiology, tfuivcrsily ofthe Witwiltel=d

i
:I



Dcparl:lne:lt <€1'hysi6~ogy, Univc.rsity~,_,} W_itw_,_1It_=__ If. _
,.

damage caused by the first bout of exercise mil~t act as a stiIn.UI:.lS for new

collages synthesis. In this way? "the collagen structure would be

strenrtl ned and protected from further damage.

The rap±.dtraining eite¢' s: ''U_ regard.to serum or plasma tK activity may be
i ;

influ1:nc~.·dby the ty£ i~ercise used. Clarkson and Tremblay (1988) and ",,r~ .
..'.

Newham et al (1987) found that there was absolutely no increase in CK

activity .ollowing a sebond bout of eccentric exercise of the forearm flexors..

However, Byrnes et at (1985) noted that although the CK response tV" a

second bout of downhill running was reduced, there was an increase.

Likewise, Schwane et al, (1987) found that after 1 week of downhill

training there was still a CK response, albeit reduced.

Although prior performance ofa local eccentric exercise can prevent release

of CK upon a repeated bout, other indicators of damage are only

attenuated, For example, following a repeated bout of eccentric mID

exercise, soreness develops, and there is loss of strength (Clarkson &

Trembk y 1988). However, when compared with the first bout, soreness

.disappers and strength recovers more rapidly following the second bout.

The ada }tatioll must protect against damage in such a way that a final stage

in the damage process, necrosis or loss of sarcolemmal integrity (as

indicated by CK efflux) is prevented. In light of the theory proposed by

Clarkso 1 and Tremblay (1988), a more rapid repair of damage would

reduce the likeliho~;d of reaching a critical stage leading to necrosis

following a second bout of exercise:

Because recovery from exercise-induced muscle damage is a slow process,

a second bout of exercise performed too soon aile!" the initial bout may

exacerbate damage and cause a setback in the repair process, Therefore,

most researchers who have examineethe rapid training effect have given a

ser-nd oout of exercise after :full recovery from the first bout. In contrast,

Ebbelin ~ and Clarkson (1988) had subjects repeat an eccentric exercise of

the for, arm flexors 5- days after performance of the first exercise. When

subjects repeated the exercise, muscular discomfort was evident, complete

Department ofIh~ology. University offhe Witw::rtersrand
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range of mo'~on and strength were not fully restored, and serum CK was

not back to baseline. However, the second bout did not initiate a setback in

the repair process. Less damage was produced by the second bout, and

recovery time was faster even though the muscles were not .fully restored.
"

The results of this study ~ggest that the adaptation may not be at the site

of the .contractile elements since Isometric strength and the ability to fully

fle~ the forearm had not :.fully recovered within 5 days following bout 1. At

this time, muscle shortening, presumably caused by muscle contractures,

was also evident. Complete repair does not seem to be a prerequisite for

muscle adaptation to exercise-induced damage. These data may lend

support for the hypothesis . a strengthening of the membrane and/or

associated endomysium.

2.7 CONCLUSION

This review has focussed on both descriptive evidence and proposed mechanisms

for exercise-induced muscle damage, repair, and adaptation. Particular emphasis

has been placed on the Iugi' mechanical forces associated with eccentric exercise

that cause extensive disruption of muscle fibres. Evidence of damage following

repetitive eccentric muscle actions includes morphologicalchanges, delayed-onset

m\lscle soreness, performance decrements, and elevation of muscle proteins in the

blood, especially creatine kinase. However, the precise cause of skeletal muscle

damag~ i:ud the mechanism of repair are not wen understood. Calcium, lysosomes,

connective tissue, free radicals, energy sources, and cytoskeletal and myofibrillar

proteins may be involved in the damage and repair processes.

~
I

Damaged. muscles adapt to exercise, and all indicators of damage are reduced

following '(repeated bouts of exercise. Several hypotheses have been presented to

explain ml.Jscle adaptation. §,tl'ess-sllsceptible fibres or susceptible areas within a

fibre may he eliminated It' ~',then regenerated, or muscle fibres and/or connective
I

tissue may he strengthened with an initial bout of exercise.
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3. METHOl!§

3.1 SUBJECTS

Twelve recreational joggers) six males and sm,· females, ranging in age from 23
years to ;;2 years took part in the study. They were healthy and active butnone

e,<)"/ ..

was participating in any training programmes" and, .:they had not p~eV1ous1y
#'. - II

participated in studies involving eccentric" contractions. Their physical

characteristics are shown in table L The subjects were instructed torefrain from

unaccustomed exercise during the course of the study, starting 48 hours before the
'\

(.
first exercise session. AU the subject~~yere fWly informed of'the nature and risks of

the procedures to be used and signed an informed consent document. The study

was approved by the University of theWitwatersrand's Committee for Research on

Haman Subjects, protocol number: 14/6/92.

Iable,1. ,.tlb!sical Characteristics of the -S.rw.ie_£ts Sb~diel\

I " ·Subject I B:eigbt I
,==__~ [m_]=~ ~" '

Weight
[kg]

L

o

-~-,--"'" , -~~=--=--==.- - ----::---= ___ ==::::::==
_' _'-

~
A 1.60 56.30 28
B 1.71 65.10 29
C 1.80 78,34 31
D 1.66 59,20 32
E 1.76 65.32 28
F 1.79 14.63 26

Mean: 1.72 Mcan : 66.48 Menu: 29
Std. Dey.: 0.079 SId. Dey. : 8.567 Std.Dev.: 2,191- - - . ._

}'emaRes
A 1.72 55.50 'i7
B 1.70 63.10 23
C 1.59 55.80 26
D 1.64 54.39 24
E 1.62 53.64 25
F 1.68 60.20 23

Mean.: 1.66 !lCau: 57.11 Meat!: 25
Std. Dev.: 0.050 Strl Dey. : 3.720 Std. DllY.: 1.633
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3.2 PROl'OCOL

During the first part of t,1;t.estudy, each subject ran uphill 011 a motorised treadmill

(gradient of 10 degrees) at 10 km!hr for 30 minutes. After one week of rest, the

subjects ran downhill on a motorised treadmill (gradient of -10 degrees), at the

same workload of 10 km/hr for 30 minutes.

The subjects then rested for one week before repeating 'the d011Vllhi11 run on the

motorised treadmill (..10 degrees gradient), at 10 kmIh for 30 minutes. Subjects

were instructed to refrain from any form of physical activity during the weekly rest

periods,

In order to determine the effects of uphill and downhill running, as well as the

skeletal muscle adaptation to downhill running, it was essential for the protocol

design to follow a non ..randomised consecutive sequence. Therefore, the uphill

running session was followed by the initial and second downhill runs,

During each running session, heart rate was continually monitored using a three

lead ECG, and oxygen consumption was determined every 30 seconds using an

open circuit online system (Oxycon 4: Mynhardt Bunnik, Netherlands), Statistical

comparisons were made on t):e measurements taken at 10 minutes.

3.3 BLOOD SAMPLING

Blood. samplee were taken prior to exercise, immediately after exercise, and 24-

hours after exercise by veaipuneture from the cubital fossa into a serum separation

tube. The blood was allowed to clot for Io mlnntes at room temperature and then

centrifuged for 20 minutes to separate the serum, After centrifhgation, all serum

samples were frozen at -20 degrees Celsius until analysis for creatine kinase

activity, The creatine kinase activity was assessed in duplicate samples at 25

degrees Celsius by the method of Szasz and co-workers (1976) with. a Boehringer

Mannheim Test Kit. Each sample was analysed at least twice.

Dcpnrttnent ci'Fhysiology. University of1heWitwatcrsr;J!ld
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3.4 M{I,jCLE SORENESS EV ALlJATlONS

Sub'ects responded to a printed soreness questionnaire at the start of each running

session, immediately post-exercise, and 24 hours post-exercise. Each subject was

given a ih,)rough orientation to the questionnaire) and completed the questionnaire •

at scheduled times without any involvement from the investigators. Soreness was

rated using a scale:

o == completed absence of soreness.

2 == light pain felt only on palpitation.

4"""moderate pam, stiffuess and/or weakness especially during movement.

6 ea severe pain that limits the range of motion

Each subject was asked to consider specifically the muscles of the buttocks,

quadriceps, hamstrings, shin and calf Although subjects were necessarily manned

that muscle soreness may be encountered at some point during participation. in the

study, they were not informed of the hypothesis.

3.5 ISOKlNETIC MUSCLE TESTING

The muscle performance of ilie hamstrings and quadriceps of the dominant limb

were isokinetically assessed pre-exercise, immediately post-exercise, and ~.4 hours

post-exercise using the Cybex 340 dynamometer. The leg dominance was

determined according to the limb preference in kicking a ball and taking .. off in

jumping.
r·

c;-~
I '

'1
0

Prior to testing, each subject underwent a 5 minute warm-up period of aerobic,

kw resistance ergometer cycling. The subjects were then fixed to the testing

device with straps around the chest, pelvis, thigh and ankle. The ankle strap was.
placed above the ankle. The axis of the knee was placed in line with the axis of

rotation of the dynamometer, Subjects were allowed to grasp the handles of the

beach during testing.

------~----~~--------------Dep:utmcnt of~ysiG"IlP4'. Uruvcrsityoffue Witwatersrund
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/" .Each limb was weighed before testing by: the Cybex's automatic limb weighing

system to correct for the gravitational effect of torque (GET). Each estimate of the

GET was added to the quadriceps peak torque and subtracted from the hamstring

peak torque. The "tlbjects were then instructed to perform. five sub maximal (50%)

repetitions at the three Isokinetic testins velocities of 60 degrees/second, 180

\ degrees per second and 240 degrees per second tit) become familiar with the testing •

device.

Thereafter, the isokinetic muscle performance test was started. First, two sub
maximal repetitions of knee extension and flexion. were performed for practice, and

then, after a 30 second rest, five maximal voluntary repetitions of alternating knee

flexion and extension occurred at an angular velocity of 60 degrees per second.

'The single highest torque output of the joint produced by muscular contraction as

the joint moves through 60 degrees per second can be used to determine the peak

torque. In this manner it was possible to determine the peak torque of the

hamstring and quadriceps muscle groups. After a two minute rest, the same

protocol was repeated at an angular velocity of 180 degrees per second (two

submaximal followed by five maximal voluntary repetitions). At a joint speed of .

180 degrees per second, torque output at functional velocity of contraction of the

hamstring and quadricep muscle groups is assessed, The subject was then allowed

to rest for two minutes before the same protocol was repeated for 20 maximal

voluntary repetitions at a speed of2'!·0 degrees pel' second. At a joint speed of240

degrees per second, the muscular endurance of the hamstrings and quadriceps can

be determined. Muscular endurance is defined as the: ability of the contracting

muscles to perform repeated contractions against a load. The endurance ratio was

calculated by expressing the mean torque from the last 5 contractions as a

percentage of the mean torque of'the initialS contractions.

Subjects received consistent verbal encouragement throughout all the tests. Special

attentioll was paid to the instruction to maximally exert each contraction over the

full range of motion; that is, from the very beginning to the very end. of the

movement.

Depnrtment o(Physiology, Ucivcrsit.y ofthe Witwlltersrand
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3.6 ilSTATISTICALANALYSIS.-.. 1'.:. I
I

j 3.6.1 Males versus Females

After completing the three running sessions, the mean plasma creatine

kinase values for both the male and female subjects was expressed as an

absolute value (u/l) and as a value standardised to body weight (u/Ikg), In

addition, th~mean percent change in plasma creatine kinase after each

running session was calculated for both the male arid female groups.

Percent change was calculated as follows:

. Chang 24 }four Post Exercise - Pre - Exercise "-centage ange =:. . E'. .' x 1OO~o
Pre - xercise

The raw data can be found in Table 7, Table 8 Table 9 and Table 10,

Appendix A
o

\
A Mann-Whitney Statistical test was then used to test for any significant

plasma creatine kinase differences between the male and female subjects

after the three running sessions: (uphill. vs. downhill 1), and (dow.ohill 1 vs.

downhill 2), Inall the statistical analyses performed, the null hypothesis was

rejected at the 5% level,
()

'!

Similarly, a Mann-Whitney Test was used to assess the differences between

the male and female groups with respect to the percent change in peak

torque at 60 °/sec, endurance ratio, and peak torque at 1300/sec of the

quadricep and hamstring muscles after uphill and downhill running : (uphill

vs. downhill I), and (downhill l vs, downhll12).

Percent change was calculated as follows:
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• 1

Percentage Change = 24HOurPosi!"'~;-Exercise x 100% ]

The raw data can be found in Table 11, Tabl, Table 13, Table 14, Table

15, Table 16, Table 17, Table 18, Table 19, Table 20~Table 21, and Table

22, Appendix A

3.6.2 Males and Females Grouped Together

.;, I,

As there were no significant differences between. the male and female

subjects with respect to the absolute, standardised to body weight, and
I

percent change inplasma creatine kinase after uphill arid downhill running,

it wa~ possible '(0 group the male and female sur;·~ts together (n=12).The

percent change in plasma creatine kinase tor the ,""lbined group after the

three running sessions was calculated as follows:

E . C} 24 Hour Post Ex·ercise+ Pre - Exercise~. . )1ercentage . lange = I .. - x 1001}0're -~Exercise,------~---- ~ ----
A Wilcoxin paired non-parametric test was used to assess the

combined group percent change in plasma creatine kinase differences

between the running sessions: (uphill vs. downhill 1), and (downhill I "S.
1__I ,~~,

downhi1l2).

t..':
r o

Similarly, as for the plasma creatine Kinase values, there were no significant

differences between the male and female peak torque and endurance ratios

for the hamstring and quadricep muscles, and therefore the male and female

data was pooled together (n=12). The percent change in muscle

performance for the combined group after the three running sessions was

calculated as follows:

--
II Ch .... 24 Hour Post Exercise - Pre - Exercise 0 01
Percentage ange= .. . - x 1 0/0

Pre - Exercise'-- ......:.... '.. .",..--------....1

Departmeat of Physiology. UhiversiW of the Wilwrdl?!l>l'mtd
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A Wilcoxia paired non-parametric test was used to test the percent change

differences in the peak torque and endurance ratio for the hamstrings and

quadriceps of the combined group (uphill vs. downhill 1, and downhill 1 vs,

downhill 2).

3.6.3 Perceived Muscle Soreness in the Combined Group after Uphill
and Downhill Running.

A Wil60xin paired non-parametric test was used to test the statistical

difference between the perceived muscle soreness responses imnzdiately

before, immediately after and 24 hours after the uphill and 2 downhill runs.

The questionnaire responses can be found in Table 23, Appendix A

3'~6.4 Relationship between Percent Change in Plasma Creatine
Kinase and the Percent Change in Skeletal Muscle Performance
after Uphill and Downhill Running.

The relationship between the percent change in plasma creatine kinase and

the percent change in the skeletal muscle performance of the hamstring and

quadrieep muscles for the combined group was analysed using a Spearman

correlation co-efficient (r).

3.6.5 Relationship between Percent Change .in Plasma Creatine
Kinase and Pereieved MucIe Soreness after Uphill and Downhill
Running

Tke relationship between the percent change in plasma creatine kinase and

the perceived muscle soreness (questionnaires) for the combined group was

analysed using a Spearman correlation co-efficient (1').
o

3.~<6 Differences inEnergy Expenditure during Uphill and Downhill
Running

The differences in heart rate and oxygen consumption in the combined

group ~,er the uphill and initial downhill running sessions were determined

using a Wilcoxin paired nor-parametric test.

o

D..yartmcnt ot'Pbysiology, UnivetSity tilhe Witwmersrand
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c?

The raw data can be found inTable 6, Appendix A.
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4. RESULTS

4.1 DIFFERENCES IN ENERGY EXPENDITIJRE DURING UPHILL AND
DOWNBII.L RUNNING

The initial downhill run, io. comparison to the uphill running bout, resulted in a

significantly lower mean heart rate and oxygen uptake value In the male and female

subjects (p<O.OOl), Figure 1 and Figure 2 illustrate that the negative work

associated with downhill running results in a lower energy cost (heart rate and

oxygen consumption) than an equal positive workload ofupbillrenning.

2CO r-------------------------------~-----------1
Ci' 150 I··"·~·-·-..··......··•.....-'5
en--~i 100 1·.. ·.. ··...... •·.. ·...... ·..•.... ",·_

&a

* p < 0,001

I}'-----
lJPlIILL

;F.igure1: Mean heart rate comparison in the combined grOUP (n=12) during

unhill..and downhill runnin_g:,

~tof~ysiQI()g·-·y,-tJhl-·.v-e;sI-'t-y-()f-1he......W-i-tw-(ltCf!-GtllIl-d--~.-.--------------.,r----
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Figure 2: Mean Oxygen consumjltion (mllItg.min) in the cOil!bined group
rl

(n=12) dncing uphill and dO,wnhffi running.

4.2 PERCENT CHANGE IN PlASMA CREATmE KINASE AFTER 30
MINUfES OF UPHILL AND DOWNIiULL RUNNING

The uphill run, in comparison to the initial downhill run (Downhill I), resulted in a

significantly lower mean percent change inplasma creatine kinase (p< 0.001). The

mean percent increase in plasma creatine kinase after the uphill run was 23%,

whereas the initial downhill run resulted in a plasma creatine kinase mean percent

increase of 180% (Figure 3).

c

I;~;'-
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UPHILL "

=a::.:.~.:.....~=:......tn~erc;nt-;~ ill _qlasma t~~jj!iit: \kinase(CK) in the
.r\{

£.\l<~.bined_,oup (n;:;12) .~;,lfter the uphill and initial do"'n~

When the downhill rua was repeated one week after the initial downhill running
session, 'With no intervening exercise, the second. downhill run resulted in a

significantly lower (p < 0.001) percent change inplasma creatine kinase (Figure 4).

The initial downhill run (Downhill 1) resultedin .. 180 % change in creatine kinase,

whereas the repetition of the run one week later (Downhill 2), resulted in a 55%

change inplasma creatine kinase (Figure 4).

The percent change in plasma C!fJtine kinase after the second downhill run

(Downhill 2) and after the uphill run did not differ significantly.

300

Q 250~
~o
~ 200e"',c:Ia:;
.S 158
~;a 100
i

" ,~ 50(U
[I, ~

0

Figure 3: Mean

running sessions.
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Figure 4: Mean percent ~change in plasma creatine kinas~ CCI{) in ttl!!

'lombi1,ed l.i:Otip ..(!i=12.lafter the initial downhill and second

downhill running_,sessions••

4.3 PERCE,NT CHANGE IN THE ISOKIN:r:aC PERlrORMANCE OK THE
HAMSTRING6- AND QUADRICr""~ J.\IWSCLEGROUPS AFTER UP~:'L
A..1WDOWNHILL RUNNlNG"

The initial downhill run, when compared to the uphill run, resulted in sigaificantly

larger decreases in the peak torque (p<O.OOl), and endurance ratio (p < 0.001) of

both the quadricep and hamstring muscles oft.he combined group,

\i .
The mean peak torque of the hamstriags decrease~) by -3% after the uphill run,

whereas the initial downhill run resulted in a -16% decrease in mean hamstring

peak torque (Figure 5). The mean peak torque of the male and fel1"'le quadriceps

decreas¢d by -2% after the uphill run, whereasthe initial downhill run resulted. in a

-15% change inmean quadricep peak torque (Figure 6).

i 1
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Figure 5: Mean perccnt_ch!ull, ~n the hamstring peak torque of the

~ined group (n~ ~afteruphill and downhill runni:ru::.,
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fjgure 6.= Mean percent change in the quadricep peak .tm:.9.® of the

cOElbined group.1n=-=12)aft~"lIJ1hill and downhill runnin~

In addition, the inititd downhill run, when compared to the uphill run, resulted in a
significantly larger decrease (p<O.001) in the endurance ratio of the quadricep and
hamstring muscles. The mean endurance ratio of the hamstrings increased by 2%
after the uphill run. .whereas the initial downhill run. resulted in a ·13% decrease in

the mean hamstring endurance ;.Iatio(Figure 7). Similarly, the uphill run resulted in



Page: 56 o

a 0.1'% increase in the mean endurance ratio of the quadriceps, whereas the initial

downhill run. resulted in. a -32% de~~ease in mean' quadricep ellduran~e ratio
(Figure 8).
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!!,!gure7: Mean per@nt change in the hamstring, endurance ratio of the

DOWNHJLLl

combined group (0=12) after U.hill and dQwuhilll'unning,.

Figure S_; M~:1n per~~nt cha»:.e. in the guadricep endurance ratio of the

combinedL, ~,(n=12) after. un!!.ill and downhill running..
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The initial downhill run th~refore resulted in. a decreased mean peak torque and

endurance peIfo~inance in the hamstring and quadricep muscle groups
------:---::"~-:---:---:"':"'"":'":-::----:--- . , " '\ "
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The completion of the second downhill run, one week later, when compared to the

initial downhill nul, resulted in significantly less decrease in the mean peak torque}

and endurance ratio of the hamstring and quadricep muscles in the combined
if

group.
,.
iI
t :
)1

The mean hamstring peak torque decreased by ",16% after the initial downhill run,

whereas the second downhill ron resulted in. a significantly lower (p < 0.001)

change of ·/3% (Figure 9). Similarly, the mean quadricep peak torque decreased by

n15% after the IDitial downhill run, whereas the second downhill run resulted in a

significantly lower(p < 0.001) change of ..6% (Fi~ure 10).

The percent change in hamstring and quadricep peak torque after the second

downhill run and after the uphill run did not differ significantly.
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~--------------------------------------------Figure 9: Mean perc.ent s!tlmge in the hnm.§b'ing penIs, torgue oLtb.£
combined group (n=:ll) after_ the initial dow.q~ill and second

,d'l"Ulhill running session$e.,.:
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In addition, the mean endurance ratio of the combined group hamstrings decreased

by -p% after the initial downhill run, whereas the second downhill run resulted in

a significantly smaller (p < 0.05) percent change of -7% (Figure 11). Similarly, the

mean endurance ratio of the come' .d group quadriceps decreased by.32% after

the initial downhill run, whereas the second downhill run resulted in a significantly

smaller (p <: 0.01) negative percent change of ~9% (Figura 12).
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MALES T UPHIL!., r DOWNIDLLl DOWNHILL 2
i== .~.t=:::.

% Cha1\)1e CK 16.9(32.26) 2U.38(87.28) 34.57(16.74)

Pre-Exercise 24 HrPost- --24 HrPost- Pre--Exercise Pre-Exercise 24 Ill-Post-
Exercise Exercise . \ Exercise
......",--- =:j #~'

CK standardised (ull,kg) 0.93(0.16) 1.06(0.26) 0.88(0.18) 2.69(0.71) 1.~~(0.47) 1.61(0.52)

CK absolute (ull) 61.2(13.22) 69.4(12.17) 58.32(27.96) 173.37(27.96) 82.05(34.38) 106.43(35.35

I = IFEMALES
- -,

% ChangeCK 2~.55(38,O) 148.12(75.17) 74.43(49.00)

Pre-Exercise 24 HrPost- Pre-Exercise 24 HrPost:: Pre-Exercise 24 HrPost-
Exercise ~xercise Exercise

. - ==l
CK standardised (ull.kg) 1.10(0.14) 1.4(0.37) 1.09(0.21) 2.30(1.25) 1.12(0.2) 1.9(0.4)-CK absolute (u/l) 62.1(8.02) 79.38(19.05) 60.44(9.47) 146.83(38.51) 63.45(10.89) 101.38(21.08

Departmeat ofl'hy&oiogy, tJil.ivcn,ity of the Wit.watersr;md. Page: 6f!

The percent change in endurance ratio after the second downhill run and after the

uphill run did not differ significantly in both the hamstring and quadricep muscle

groups.

4.4 DiJi'FERENCES n'i THE MALE AND FEMALE RESPONSE ')'1» liJPBlLL
AND DOWNIm..L RllNNlNG

4.4.1 Plasma Creatine Kinase Response

The male subjects, when compared to the female subjects, &:..towedno

significant differences in the pec!ent plasma creatine kinase changes

(p>O.05) after the uphill and the two downhill running sessions (Table 2). In

addition, the .: where no Significant plasma creatine kinase dnferences

(p>O.05) after the uphill and two downhill running sessions when the

plasma creatine kinase values where standardised to the subject's body

weight (uIlkg), or presented as absc.ute values (uIl) (Teble 2).

Table 2: Mean plasma creatine lanase response (absolute, standanJised to bodI

weight, and percent change) after uphill and downhill running (:.pales vs.

females),:!
\,

Values are represented as mean (SD)

There were no stgntfioant differences between the male and female subjects wtth respect to plasma creatine

kinase after uphill and downhill running.
o
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4.4.2 Isokinetic Muscle Perfo~mance of the Hamstring and Quadrieep
groups (percent change)

The percent change in peak torque and endurance ratio of the hamstring

and quadricep muscle groups .()fJhe male subjects, compared to the female,

subjects, :t. dS not signillcantly'·wterent (p>O.05) after the upJllll and two

downhill running sessions (Table 3)

Table 3 : ,_Mean perce~t.£hange in skeletal muscle. performance a(~er uphill altd
downhill running·(males vs. femaleru,

MALES FEMALES

~ ~~L
Hamstring Quadriceps Hamstrfng Quadriceps

Change Peak Torque 1.77 (2.61) -2.55 (2.10) -1.9 (5.96) -1.72 (5.,03)
Change Endurance Ratio ( B5 (2.03) -0.65 (8.68) 2.35 (3.10) 0.80 (2. 84}.

r% Change-in Torque at 1800/sec *7.48 (5.80) -1.98 (10.53) "'-8.50 (9.56) ._-12.20 (9.69)
DOWNlHLLl

% Change Peak Torque -15.17 (3.lt» , -16.13 (3.41) -11.33 (7.77) i. .r -12.88 (3.43)
% Change Bndarance Ratio -15.30 (3.36) -20.55 (5.76) -11.60 (9.02)' ..20.21(5.97)
% Change inTorque at 180o/sec .;20.67 (6.45) -16.10 (4.10) -30.88 (12.98) ~19.18 (1.57)

DOWNHILL 2
% ChlUlgePeak Torque -4.52 (3.44) ~6.27 (2.55) -1.21 (6.11) -5.90 (1.39)
% Change Endurance Ratio ~3.08 (2.22) -11.63 (7.75) -5.132(19.24) ..1.35 (12.08)

I% Change in Torque at 1800/sec *"1-3.68(2.5) -7.08 (3.03) *"'~10.70 (5.10) -6.63 (9.29)
Values are represented as m(lan percent change (SD)

...males andfemales signijic(mt/y diJJerent after uphi/I(P< 0.05)

**males and iemoles Rignijicant/y diffcte.ttt after downMIl 2(p< 0.05)

However, with reference to Table 3, the percent change in torque at an

angular velocity of 180 degrees per second for the female hamstrings after

the uphill run was sjgnillcandv worse (p<O.05) than that of the male
\. ,"

subjects after their uphill running session. The mean female hamstring

torque at functional velocity decreased by -9% after the uphill run whereas

the males increased by 7% (Figure 13).

• w ~~~.~~------..--. .....-----------.-----------~---------:Dcpattmcnt ofHlysiology, UnivctSity of the Witwa':~and



P<lge: 62
'-'

Dep!l1tment ofl'hysiology, Q¢v_y;~rthe Wftwatersnmd.___ ,_:_..:=..,.. ...u •.~';";_ __ -. "_ '

I
I,

I
.1

l
........

* 15.......
'".;.)~ 16~

QQ

11: 5(;
0S'

~ ~5;::
"r:>MII

~ -10r.:le::-=U ..15-=·cu ..20~cu
~ UPHlLl ..(ffAIVl)MALES

'-------_.----,--_.
Figur~ 13 :Male and female mean percent change ~ences in hamstrin_g

!2.rque at 180 degr&,espter seconjl after uphill r\l!nnin~

In addition, the percent change in the. torque at an angle of 180 degrees per

second of the £kmale hamstrings was sigttificantly higher (p<O.05) after the
;'

second downhill run when compared to the percent change in the male

hamstrings after the second downhill run (Table. 3) The mean torque at an

angle of 180 ~grees per second of the female hamstrings decreased by - ..

11% afte, W.esecond downhill run, whereas the male subjects decreased by

-4% (Figure 14).
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4.5 RELATIONSmr BETWEEN PERCENT CHANGE iN PLASMA
CREATINE KINASE AND SI(ELE'I'AL IVroSCLE PERFORMANCE
(QU.ADmCEPS!(A"NDHAMSTRJNGS).

\\

The relationship be~ween plasma creatine kinase percent change and skeletal
"muscle performance was not correlated when the male and female data was viewed

separately. However, when the male and female data was pooled together (n=12),

the percent change in plasma creatine kinase after the second, downhill run was

significantly correlated (r=O.7343) to the percent change in the endurance ratio of

the quadricep muscle group after the second downhill run (Table 4). Therefore, the

decrease in endurance ratio of the quadricep muscle group was highly related to

the percent change in plasma creatine kinase which occurred as a result of the

second downhill run.
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Table 4: ~Relati()nship between percent ch;mge in plamta creatine kinase an~ ~keletaL

musc~ pettorman~e in the combined group after uphill and downh~n rupning ,

Peak ~1)rque EndUrance Ratio Torque at 180Q/sec
(Nm) (%) (Nm) .,

r~l-
UPB1LL Hamstrings Quadriceps IHamstring. Quadriceps Hamstrings Quadriceps
Spearman r=-0.09 r == ~O.24 r == 0.32 r=O.3S r=O.34 r= 0.2g
Correlation \\Coefficient

..-=--- =L....,

DOWNHILL! Hamstrings Quadriceps Hamstrings Quadriceps Hamstrings Quadriceps~-
Spearman r:=-O.24 r=-O.OS r=-O.59 r= 0.45 r=O.OS r~-O.38ICorrelation I

Quadricevq~fficient ..__ -
DOWNHILL 2 Hamstrings Quadriceps Hamstrings Quadriceps HamstrilRgs
Spearman r=O.04 r=-O.:t2 r=O.20 *- r=-O.74 r=-O.15 r= 0.30
C9rre1ation ICoefficient
The data is presented as a Spearman correlation co-effioient (rj

'"SiEmificant correlation»

4.6 ):"ERC:rlVED MUSCLE SORENESS AFTER UPHILL AND DOWNHILL
RUNNll\G.

The perceived muscle soreness immediately after the :initial downhill run was

significantly greater (p < 0.05) than that pel" eived by the subjects immediately

after the uphill run,

The perceived muscle soreness immediately after the initial downhill run was
','

significantly greater (p < 0.05) than that perceived by the subjects immediately

after the second downhill run,

Similarly, the muscle soreness perceived by the subjects 24 hours after the uphill

nn.was significantly less (p < 0.(01) than that experienced Z4 hours after the initial
downhill run.

In addition, the 24 hour post initial downhill run yielded sign'ficantly more muscle
1 "

soreness (p < 0.05) than 24 hours after the second downhill run,

4.7 RELATIONSHW BETWEEN PERCENT CHANGE IN PLASMA
CREATINE KINASE AND PERCEIVED MUSCLE SORENESS AFTER
UPHILL AND DO'WNBILL RUNNING
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The percent change inplasma creatine kinase 24 hours after the initial downhill run

was, significantly correlated (r = 0.85) to the perceived muscle, soreness 24 hours

after the second' downhill run (Table 5).

Therefore the increase in plasma creatin~!cln:Iise24 hours after the \initial downhill /j
=:

/,

run was highly related to the perceived nniscle soreness 24 hours post exef?,ise.

))
Table 5: Relatiol!,shi)! between percent change jp nlasma cr~atine _kina~e .sl!!!

pel:'t;~~cle soreness in.the (.!ombined grou)! after ullhill~nd downhill,

runnin.g,

Post-Exereise 24 Hours Post ..Exercise:Pre- Exercise

~I~~ r~:
s~~-an--c·o--rr~el-ati-·o-n-4f------r-=--0.-34------~--~--r-=-i...•-?-.2-8-------r-------r-=-O~.-15----~-
Coefficient .

DOWNlIILLJ. --~·~----·------~---+-------------------I~----------------Spearman Correlation r==0.34. r=0.5 ';' to =- 0.85'"
Coefficient
DOWNBILL2~----~--~~-~--.------------~-+-----------------~------------------~.Speannan Correlaticn r==0.09 r=O.4 r=0.45
Coefficient
The data is presented as a Spearman correlation co-efficient (r)

*Signitjcani (!otl'elm'ion .1

c
n

~1'/~- .
/ ~'\'

\

o
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~PISCUSSION

5.1 ENERGY EXPEND:rI1JRE

The present study supports previous research showing that n~gative work

(downhill running) results in a decreased energy cost when compared with positive

work (uphill running). The ..magnitude of the changes in heart rai~ and oxygen ..

uptake are similar to the changes reported by others investigators who have used

uphill and downhill running as part of their research protocols (Clarkson et al,

1985). 'The reduced energy expenditure for eccentric,.:exercise compared to

comparable levels of concentric exercis-, Sl'-'S.~~sthuge incromeats in performance,

That this does not occur underlines the extreme debilitating effects of the

ultrastructural mustie damage associ..~..'::Jwith eccentric exercise.

5.2 DELAYED ONSET OF MUSCLE SORENESS (DOMS)

'The results of this study indicate that subjects perceive a significantly greater
\

amount of muscular soreness and stiffness immediately (\iter and 24 hours after an
iI

initial bout of downhill running, when: compared to a c\?rresponding workload of
If

uphill running. Therefore, downhill. running can pt;; cohsidered to induce muscle
" i

soreness due to the bias towards eccentric contractions .

.In 8 previozs study, Schwane et al (1983), examined plasma creatine kinase levels
, .,',

r'i
o

following 30 aninufresof eccentric cycling on a specially adapted bicycle. Although

the eccentric workload S6t by Schwane was similar to that of this study, the time

course of delayed onset muscle soreness (DOMS) differed. Schwane reported.

greatest perceived soreness at 12 hours post exercise, whereas in this study the

highest perceived soreness values were recorded 24 hours post-exercise, with no

indication that peak values had been achieved at this time (Table 23, Appendix A).

Utilising different exercise regimes, other investigations have reported peak

soreness to occur at 30 hours post exercise or longer (Newham et at, 1983;

Schwane et at, 1983; Tiidus et at, 1983). The present study has found that the

soreness ratings were quite variable among subjects, with some subjects reporting

little to no soreness, and others reporting intense soreness (Table 23, Appendix A).

This finding is consistent witl], other studies (Newham et al, 1983; Schwane et a],

1983), yet no explanation presently exists for this phenomenon. The positive
Departmeat ofPhysio!ogy, Uhiversity of the Witwuter$fmtd
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correlation between perceived muscle soreness and increased, plasma creatine

kinase 24 hours after the initial do\Vll.h.m}.}ib.'~~pportsplasma creatine kinase as a
;.' .

market of muscle tissue damage w.d subsequent muscle soreness ..

\"\
The soreness and stiffness experienced by the runners immediately after and 24

hours after the exposure to the fir~tdownhill tun) is hypothesised to have occurred

"

C

\

as a result of an,tihllux of calcium ions into the sarcoplasm which causes excessive
(~' ~/.i

contraction (Cullen et ,;;>1975). <Generally, subjects experienced pain in all the
/::;/."~ .~-

major extensor and il~?,or muscles of the hip, thigh, 'and leg. The tenderness was

described as being localised ~n.the distal portion of'the muscle in the.region of the
,': !

muscle -tendon junction. This coffid be due to the filet that muscle pam receptors

are most concentrated in the regimifj:of the tendons and COll1i~ctive tissue, ()r dae

to a localisation of the damage in the distal musc!f:-tenn...!tt region, or to a

o

, ;;

combination ofthese factors (Schwane(1983). .'(
11

5.:3 PLASMA :CREATINE KINASE RESPONSE

()

When active muscle fibres are stre' :heu, as occurs during downhill running, the

fibres generate greater tension than when allowed to shorten[uphill rumiing). In

addition, the metabolic cost of generating a given tension is alse lower during

eccentric contractions (downhill running), when compared to the concentric

contractions of uphill running (Smith, 1988). Consequently, not only may there be

fewer motor units active during eccentric contractions, '~ut the metabolic cost of

performing the same work is much less, In these circumstances, the delayed rise in

plasma creatine kinase which occurred after the first downhill run cannot have been

a Qbnsequence of the energy expenditure of downhill running.
;f

It is known that eccentric contraction causes morphological damage to skeletal

muscle (Clarkson et al, 1987b). Friden et al (1981), found extensive areas cfZ-1ine

streaming after downhul rmming, To produce a given muscle force, fewer motor

units are activated in. an eccentric than in a concentric contraction (Asmussen,

1956). Therefore, in downhill running, the force is distributed over a smaller cross-

sectional area of muscle and the tension per active cross-sectional area is greater.It

seems probable that this increased tension per unit area could cause mechanical
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disruption of structural elements in the muscle themselves or in the connective
.,

tissue that is in series with the contractile elements <Davies, 1981). This may lead
"

to the release of algesic substances causing the pain and tenderness, and initia....:.a

process leading to the release of'large quantities of creatine kinase into the plasma.

The creatine kinase proteins are too large to escape from muscle unless there is
"

either a membrane disruption or change in the membrane permeability. The delay in •

appearance of creatine kinase activity in the blood after the initial downhill run.
might be due to the slow lymphatic system which clears the creatine kinase from

the extra cellular spaces, However, it is unlikely to be the only explanation. Levels

of creatine kinase activity in the blood reflect a balance' between efflux and

clearance, so therefore the results must be interpreted cautiously, Wh2t is clear, is

that 14e creatine kinase is escaping from the damaged tissue, This statement is

reinforced by the .results of research conducted by Martin, et al (1983), in which a

radio-active substance (technetium 99M pyrophosphate) was injected into the

blood of ultra ..marathoners, Afl:el ~o and 160 km it had been taken up by the

damaged tissue - the highest tissue levels occurring in the lower limbs, and those

runners with the highest values having the worst nOMS.

5.4 SKELETAL MUSCLE FUNCTION AJ.1l'ER UPHILL AND DO\VN1DLI..I
RUNNING

, (/,.,
Warhol et al (19\~5), have reported that ATP concentration remains unchanged

following negative work, creatine phosphate decreases within normal limits and.

lactate accumulation is unexceptionable. These results _argue in favour of the

maintenance and efficacy of the muscle chemical processe~·res.e0nsible for energy

supply during and following negative work (downhill running), It may well be,

therefore, that repeated stretching of the muscle actually damages the contractile

protem machinery directly and affp. .;ts the cycling of cross-bridges within the

muscle fibre resulting in a loss of efficiency of the normal contraction process.

According to Kuipers (1985a), eccentric muscle exercise may generate higher local

temperatures than concentric contractions. Kuipers postulated that the elevated

temperatures in the muscles could coaceivably damage the structural elements of

the muscle) resulting' in necrosis of muscle fibres and breakdown of connective

Dep1l11l1lent of,l'~ysio1cLW, t)hlvet'.ity oftb.e Witwnt~1i\'and
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tissues. This theory cO\..1}d therefore be used to explain the decreased muscle

performance of the hamstrings and quadriceps afterthe initial doVV!iltill run,

()

An electromyograph has revealed that during downhill running the forward swing

of the lower limb is initiated by the hlp flexors, and the knee extensors (quadriceps)

act initially to prevent the leg from folding up too much as the thigh is pulled •

forward (De Vries, 1983). During mid-recovery, there is a brief period ofpowel'

production of the quadriceps (a concentric aCi:io1." but then the knee flexors

(ha..'Ust,rings) dominate and provide a vigorous eccentric effQlt to control au..

otherwise excessive whip-like action, absorbing the energy acquired by the leg.and

slowing it down in. preparation for foot strike (De Vries, 1983). Clearly, the

repetitive eccentric muscle contractions of30 minutes of downhill ~ng places a

large eccentric steam on both the quadricep and hamstring muscle groups, and. as a

result, 1) .dscle performasce can be impaired.

According to Cullen (1979)~ structural-damage to the sarcolemma Dr alterations in

permeability of the cell membrane resulting from the high mechanical forces

generated during downhill running, is accompanied by a net influx of calcium. ions

from the interstitium When abnormally high levels of calcium i9r.S exist in the cell,

the mitochondria accumulate the ion, which inhibits cellular respiration and initiates

a cycle of events inwhich the cells lowered ability to produce ATP compromises

the cells ability to actively exclude calcium ions (Wrogemann, 1976). This

destructive cycle could possibly result in impairment of oxidative phosphorylation

and abnormally high calcium ion concentrations in. the cell. According to Davies

(1982), high calcium ion concentrations in muscle cells have been shown to.
activate a calcium-dependent proteolytic enzym~i that preferentially degrades Z»

discs as well as troponin and tropomyosin. Therefos», the above theories of
Ii

Wrogemann and. Davies could be used tOil explain t11e decrease in muscle

performance of the hamstrings and quadricep\~ ,as shown by the subjects in this

study afteli the initial downhill run.
I ,,/

\

After the initial / vnhill run, there was a significant decrease in the peak torque,

endurance ratio, and torque at an angular velocity of 180 degrees per second ofthe

hamstring and quadricep groups of muscle in the combined group. A previous

Department of PhysioloS)'. Uhlvl:l'Sityof1h~Witwatc~Jl'~
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eccentric stU'.iy by Hougb.(1964)~ suggests that the iiiminished muscular

perforrllance resulted beth ttl.,)ID reduced voluntary effort due to the sensation of

soreness and to a lowered inherent capacity of the muscle to produce .t<)lce"
Therefore, in the present smdy, 24 nours after the first do'Wllhill fun, when the

muscles were sore from the previous days exertion, the StJhjects produced

considerably less fo' -ce than the pre-exercise values. These results suggest that •

performance may be reduced during the period of nOMS both through. reluctance

to use the muscle because of the pain, and through loss of inherent force-producing

capability in the muscle.

5.S ADAPTATION TO DOWNHILL RUNNING

Certainly, one of the most important findings of this study is the brief time of

training required to decrease the extent of the exercise induced muscle damage. It

is clear from the results of this study that after the first exposure to the eccentric

exercise( downhill. running), the muscles seem to have avo adaptive response, as

evidenced by much lower levels of plasma creatine kinase activity in response to

the same exercise bout and less of a fall inmuscle performance. In addition, the

muscle soreness perceived by the subjects immediately after and 24 hours after the

second downhill run was significantly less than that of the initial downhill run. The

above information suggests the prophylactic effect of a single bout of eccentric

exercise with regard to the subsequent development of muscle soreness. Clearly,

this phenomenon of adaptation has great practical application for runners who are

attempting to reduce the amount of muscle damage experienced after training and

racing. For example, the Comrades Marathon runner facing the 'down' run should

be able to substantially decrease the amount of muscle injury caused by

eccentrically-biased downhill running,

What then is the mechanism(s) of this muscular adaptation if the adaptation

observed is a tissue training response?,

Previous studies (Byrnes et al, 1985; Clarkson et al, 1986; Norton et 3.\ 1985),

have folU:,';that the increase in plasma creatine kinase activity is unrelated to eitlter

the development of muscle soreness, the amount of strength loss after eccentric

Depmtu;;;;;;rn;,ysiology, Universityoftba Witwatersrand
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exercise, fitness level of the subject, or lean body weight. Similarly, in this study,

the only correlation between percent change in plasma creatine kinase and skeletal

muscle performance occurred in the endurance ratio of the quadricep muscles after
i.I

the second downhill. run. Reasons for the absence of a correlation may include

individual variations and/or inhibition of creatine kinase activity. Jackson et al

(1987), attributed the large creatine kinase variability in patients with Duchene •

dystrophy to individual differences in the release of enzymes from the muscle. On

the other hand, Kagen and Aram (1987), found a dialysable inhibitor of creatine

kinase activity present in plasma obtained from pMients with muscle disease er

injury, but not in. the plasma of other individuals. They suggested th~tthe creatine

kinase inhibitor may be released along with the creatine kinase into the blood as It

result of the muscle fibre damage.

Therefore, the lower plasma creatine kinase response after the second downhill

running bout may be due in part to an adaptation resulting in the release of creatine

kinase inhibitors from the mnscle tissue. It still remains unclear why inter-subject

variability exists in the creatine kinase response to exercise induced muscle

damage. Apparently some subjects may be more resistant to damage, although the

explanation for this isunclear,

In addition, there sre other possibilities to account for the muscular adaptation that

has occurred. Firstly, there might be a change in the pattern of motor recruitment,

and secondly, there might be some intrinsic adaptation to the muscle fibre,

Thirdly, fibres may be nearing the end of their postmitotic growth or a small part of:

stress susceptible fibres are destroyed at the first exposure. At this. stage, It seems

that the latter two points are more likely explanations because the EMG J?attem

does not change, suggesting that mnsclerecruitment is unaltered (Davies, 1981).

'"., .

According to Carpenter and Karpati /(1984), muscle fibres that undergo lethal, " \

injury with exercise may be more fiagile or more susceptible to damage than other

fibres. Fragile fibres may develop through disuse of a given motor unit recruitment

pattern 0.1" may represent a small percentage of fibres that are constantly

degenerating (or ageing) making them more susceptible to stress. According to

~~~~~----------------------~--------------------Departmea; ofl'bylliolof:!Y. Uirivcm;ity of the WitwatczsrGII.u
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Carpentar and Karpati (1984), stress-susceptible Of degenerating fibres may

embody a population of cells that are destroyed by an initial bout of exercise with

the strong, healthy fibres withstanding and surviving the effects of repeated

contraction. It should be noted that it would not be necessary for an entire fibre to

be fragile (Carpentar et al, 1984). Since focal necrosis can occur (Carpenter &

Karpati 1984), only portions or small areas of'a fibre may be fragile and susceptible •

to exercise damage.

Ther~:fore, in this study, a pool of fragile or stress susceptible muscle fibres n Jght

have been lethally damaged and eliminated by the first bout of downhill running.

Injuty",!-~these stress susceptible fibres would result in a release of creatine kinase

:i'1lll i~edamaged tissues and a product: In of noxious stimuli Ieading to the

sensation of pain (Byrnes et a1, 1985). The noxious stimuli, which could be

products of the inflammatory respo, .e or release of endogenous chemicals, excite

free nerve endings .ip. the muscle. Lethal injuries from the first bout of downhill

running could ha~et;,g~ted in a temporary reduction in the stress susceptible fibresf ~.. .
sO;~~1g~rf0nrrCciof the second do~~t\pll1 would result in a reduced plasma
creatine ~ae~ &itd soreness response (Armstrong, 1984).This could also explain

the plasma creatine kinase adaptation to downhillrunning in om' group of sv.bjects.

Friden (1983), has listed 3 possible mechanisms of structural myofibrillar

adaptation that may result from eccentric training to limit damage. Firstly,

sarcomere length may be increased. However, this would be only a temporary

solution for tension reduction because increased length would also result in non-

optimal overlap between actin and myosin filaments. Secondly, sarcomere-ogenesis

may result in. an increase in the number of Iongitudinal sarcomeres, the functional

units of the contractile system. Thirdly, an increase in synthesis ofZ-band proteins

or intermediate filaments .may strengthen myofibrils. Therefore: it is possible that

the above three mechanisms could result in a structural myofibrillar adaptation that

would protect the muscle from subsequent eccentric damage.,

A central neural mechanisms may also play a role in explaining the muscular

adaptation that occurs after the initial downhill run. The adaptation could, in part,

result. from endorphin release by neurones in the central nervous system (Kelly,

Dl.'pruinlWlllfPhysioJogy, Uiliversity ofthe Witwllterst®d
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19~2); These endogenous opiods (example, beta-endorphin), which are more

potent-lilian morphine in inducing analgesia, are secreted by neurones in' the brain

and spinal cord witli the overall effect of inhIbiting transmission of pain (Goodman,

1983; Kerr, 1978). It has been suggested that endorphin release is increased during

exercise (Kelly, 1982), so exercise enhanced endorphin secretion could potentially

provide an ~na1gesic effect, minimising the sensation of nOMS ~after the second •

downhill run.

5.6 MALE VERSllS FEMALE RESPONSE TO UPHILL AND DOWNHILL
RUNNING

It was surprising to see that there was not a significant difference between the

plasma creatine kinase response in the male and female subjects after uphill and

downhill running, since data from previous studies have suggested a lack of

creatine kinase response to moderately strenuous exercise in females, but a brisk

creatine kinase deviation in men (G1i~.'\ 1965; Hunter et al, 1971).

If creatine kinase release indicates damage to muscles, as commonly assumed, the

results from this study imply that the muscles of-males and females are equally

sensitive to adverse factors.

Although there is a great range and overlap fJl strength abilities inmen and women,

when. the measure is the absolute amount of force exerted or weight lifted, the

average woman is about two-thirds to four-fifths as strong as the average man

(Laubach, 1976; Hudson, 1978). In this study, the above phenomenon is clearly

indicated by higher peak torque values (at an angular velocity of 60o/sec),

endurance ratio values (angular velocity of 240o/sec), and torque values at an

angular velocity of 180o/sec for the hamstring an1, quadricep muscle groups when

compared to the female subjects.

I
J

It would therefore seem that the greater muscle volumes exhibited by the male

subjects would result in a greater plasma creatine kinase response after uphill and

downhill running, However, this was not the case - the male and female subjects

cannot be differentiated with respect to the amount of muscle damage and

\)\\
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subsequent plasma creatine kinase levels after uphill and downhill running.
CCI'

Therefore, the smaller muscle volumes ill the female subjects does not make them

less susceptible to the damaging effects of downhill running, and therefore a

decreased plasma creatine kinase response.

With respect to skeletal muscle performance, the female hamstrings, in comparison

to the male subjects, are more susceptible to be damaged by uphill running wnen

torque at .all angular velocity of 180 degrees per second is used as a measure of

mus?le performance. According to Noakes.(1983), females have twice as much

body fat as.iGo equally active men, and this could present as a pos~ibleexplanation

for the loss:l11.torque at au angular velocity of 180 degrees per second in the female

hamstrings after uphlll running. During uphill running, the hamstring muscles reach

a peak of activity in extending the hip joint just as the heel strikes the ground (De

Vries, 1983).The greater non-metabolisiag tis,sue or dead weight carried by the
\ . G

fet'lale subjects during uphill running could therefore ac~unt for the greater
. "

hamstring strain, muscle damage and subsequent loss mi/muscle performance

experienced by the female subjects after uphill running.

'\ .

\
!

/
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6. CONCJ ..USION AND RECOMMENDATIONS

6.1 CONCLUSIONS

'The results of this study indicate that downhill running, characterised by a large

eccentric component, produces greater skeletal muscle damage than does

concentric work of a considerable higher metabolic cost, Evidence of damage

following repetitive eccentric muscle actions (downhill running), include delayed-

onset muscle soreness, hamstring and quadrlcep muscle performance decrements,

and elevation of plasma creatine kinase. The lower muscle volumes in female

subjects, compared to males, does not make females less susceptible to the

damaging eff~cts of eccentric exercise, However, with respect to the torque

produced at an angular velocity of 180 o/sec, the female hamstrings are more prone

to be damaged by uphill running than the male hamstrings. The greater body fat

and therefore dead weight carried uphill by the female runners could result in

excessive hamstring strain, and subsequent loss in muscle performance.

The precise cause (If skeletal muscle damage and the mechanisms of repair are not

well understood. Calcium, connective tissue, and eyre-skeletal and myofibrillar

proteins may be involved in the damage and repair process. Damaged muscles

adapt to downhill running, and all indicators of damage (plasma creatine kinase,

soreness and muscle performance) are reduced following a repeated botit of

downhill running, one week later. Several hypotheses have been presented to

explain the muscle adaptation that occurs after the initial downhill running session.

Stress-susceptible fibres or susceptible areas within a fibre may be eliminated and

then. regenerated, or muscle fibres and/or connective tissue may be strengthened

with an initial bout of downhill running. A creatine kinase inhibitor may have been

released along with the creatine kinase into the blood, and the presence of this

inhibitor would therefore decrease the amount of creatine kinase released from the

muscle after a further eccentric insult. In addition, exercise enhanced endorphin
i

secretion and the subsequent presence of these endorphins could provide an

analgesic effect, so minimising the sensation of DOMS after the second downhill

run.

Departmf.'nt of Physiology, Uilivcrsity offhe WitwatctStoud



, Page: 7j

The results of this study have a number of practical implications refuted to exercise

prescription and leadership in fitness and rehabilitation programmes.

D
Firstly, SOlUe protection against exercise-induced DOMS is provided by little;.'

training. This study has shown that performance of a single 30 minute bout of

eccentric exero~~~,which itself elicits DOMS, results in reduced DOMS following
\\

repetition of tk~t same activity. Also, several investigators have reported

progressively decreasing soreness after the first several days of repeated intense

eccentric exercise (Friden et at, 1983b; Komi et at, 1972). These observations are

of interest physiologically, but such regimes are not of practical use if avoidance of

all soreness is the objective.

Therefore, by combining the results of this study and those of Schwane et al

(1987), more than two weeks of training involving very gradual progression of

exercise load are indicated ifDOMS is to be avoided. furthermore, incorporation

of exercise involving a substantial eccentric component (example, downhill walking

or jogging) should be incorporated into an exercise program of an individual who

is training for an event that involves stressful eccentric work. The Comrades

Marathon runner who is facing the eccentric load of the 'down' run from

Pietermaritzburg to Durban, is advised to incorporate different f0111lS of eccentric

training into his/her training. For example, hill trainfng (both uphill and downhill) is

essential. In addition, a weight training program which emphasises eccentric

contractions is important TIle runner is helped to lift a weight concentrically, but

has to lower the weight eccentrically without assistance. This action can be

performed on a seated leg extension machine for the quadriceps, and ona lying leg

flexion machine for the hamstrings.

One must recognise that large differences exist among individuals in terms of their

responses to eccentrically biased exercise and training, and therefore the frequency,

intensity, nature, and duration of an eccentric training program should be tailored

to meet the needs and responses of'the individual.
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Table 6 : V02 a~~L~~t ratti X!lues mJPJdUl1d female subi~ts aft~r uphill and

downhill rrmning. Th~_table ~h~o~lldividual as Wt,m as mean and SD values

lFi:!:~-;~~2~ ~~ t-F_~MAL~.....,V~o.."..E2=-:~--:::"""':"""::---I

--- • ,,0-- -ll== l~~-r-r- ~'.i~:!-'- H!----:~! [~33.567~.,~.~J :ILJ.i2.,,-,30~06i
IJPHlLL 166 43.8 2.85 182 I>- -

d
151 43.2 3.16 180 40.2 2.01
178 44.4 2.53 172 38.9 1.97

. :~. D~ 1_~j_~~j_J····'..',···'·········.fi:·~j:••· ··:2.1••••••••••••••_~:~~.· ••••••••••••••••••I,Fl"'=._I:::•••_I=;_.· ••=!I:::;_·.=·.· •••••=••••••••:=,•••·.·l===="'=§.-;=:=*======:'==9
112 20.8 l.JS 102
120 22.1
114 22.2

DOWNHlLL-l 106 22.8
104 21.2

I 112 23.6

~~~lL
104 19.4
118 23.0
106 22,8

DO\VNIIlLlr2 112

1.26 110
1.31 98
1.46 100
1.51 liS
1.35 109

18.1
15.3 0.99
17.8 1.01
23.6 1.35
20,2 1.32
IS.8' :1.11

r

2.S 0.17:~:~'T~1::~
16.2 1.06
16.6 0.91
22.1 1.26

1l-=~7:-~+~:-::"":'~-I--'7"":'':--__..!f,-~~ .•,-:-~__.......;.:.~:'"',..,...--+-- 1.17

I)

a

I

L________

1.37 '. "I" 106 .
0.09 .. L .7.$5 _;_
1.26 I - 100
1.29 h1a
1.31 96
1.40 98
1.38

i
([1

" I
i
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:I!!!k1: Plasma creatine kinase values (ull) in male subjects after unhl!Land downhill'i

running. Thc_.d..ata is shown as individual absolute results as welt as mean,

stan4al'd deviation, a6d percent cbange in plasma creatine kinase after

upfhiH and dq:yvnhiUrunqing

i

[ -
~

24 Hour

Pre-Exercise Post-Exercise Post-Exercise
MelolSlU'gci Measured PCI'e<nt..2e Mca~uri!d Percentage MEAN
V:alues Valui'! Chanee Values Cl:anl!e

48.14 50.89 5.1% 86.66 80.0%
57.74 ~'6.54 -2.1% 63.65 10.2%

Up-hill 153.65 31.64 '~41.0% 64.20 19.7%
63.32 54.23 -14.4% 61.23 ~3.3% 61.56
'58.20 50.28 ~13.6% 56.39 -3.1%
86.12 80.97 -6.0% 84.21 -2,1%

M~~~20
54.09 -11.9% 69.40 16.9%

S.u.t1dard De~ 22 15.86 12.77
~

Cl46.25 58.36 26.2% 196.32 324.5%
64.15 74.26 14.7% 201.65 21L4~
56.21 62.31 10.9% 130.61 132.4°,,\

Down-bill 1 60.11 68.23 13.5% 192.32 219.9%
42.35 93.21 120.1% 162.60 283.9%
80.21 93.74 16.8% 156.70 95.2% LJMelin: 53.32 75.02 33.7% 173.37 211.2%

SumdlOrdD~~ 13.65 15.18 27.90

'64.36 _.
- .. _ - =='-

66.37 3.1% 83.76 30.1%

I 110.62 140.65 27.1% 150.70 36.2%
130.31 131.73 1.1% 142.60 9.4%

Down-bill:! 90.23 111.65 23.7% 115.62 28.1% 94.13
40.61 50.66 :Z4.7% 64.67 S9.Z% j56.22 62.36 10.9% 81.20 44.4%

MClIn: 8:t06
~

93.90
'115.1% 106.43 34.6%

S~ndllrd ])ev.: 34.38 38.87 35.35

MEAN :J~7.19
=.

::JE34 : 1116.40
- :. t~--

= ==== ====== t:.

-------------------.-------------------~----------------Dcpnrtmcnt of Physiology.!fuive$ty oft!!'\) Witwatlmlllld
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Table ~: PlaSD111 creati!!ss kinase values (uJI) in_femal,!L s;xhi~~ . aft~ uphill ~nd

downhill running. The data i§_showll as individual abso'ute results as well as

mean, standann deviation. and perce..!!1!1langein plasma creatine kinase after, ,I
un1tilLand dO"'l)hill running

r - .- - - .-=-.-.....'~
24lIoor

Pre-Exercise PosH.cxercise Post-Exercise I
~e:lsured Measured Percentage Measured Perc:entaee MEAN

Valll~ Values .Change , Values Chan!!e

153.65 55.62 3.7% 60.23 12.3%
68.81 62.83 -8.7% 64.72 -5.9%

Up"bill 54.76 96.32 75.9% 110.30 101.4%
74.32 95.23 28.1% 92.10 23.9% 72.58
63.70 68.70 7.8% 68.72 7.9%
60.92 75.32 23.6% 80.23 31.7%

MEan: 62.69 75..67 21.1% r9.38 28.5%
St:lndard Dev.:18.02 . 16.88 19.05F=l - - - - 11""=45.26 64.36 42.2% 154.24 240.8%

61.30 72.49 '18.3% 98.36 60.5% . !t60.20 68.23 13.3% 197.65 228.3~Q' Nc,
Down-hill 1 73.33 98.36 34.1% 182.32 143.6% 1%'1966.23 99.22 49.8% 115.66 74.6%

156.29 185.16 51.3% 132.76 135.9%
Mean 60.44 8l.30 34.8% 146.8~ 148.1% II~St;:;ndard Dev. 9.47 15..25 38.51

- - -56,62 69.64 23.0% 123.69 118.5%
57.32 92.98 62.2% 94.33 64.6%
51.32 52.36 2.0% 120.62 135.0%

IDown-hill2 69.98 84.17 120.3% 132.10 89.6% 81.48
64.17 63.17 i~L6% 79.61 24.1%
81.29 r : 79.32 -2.4% 93.35 14.8%

Mean 63.4s--" 73,6) 17.3% 107.38 74.4%
IIdDrdDev. 10.89 14.80 21.07

~2.~.•~=:J - I r::AN 76.86 111.20_ --lJ

o

.,

J\
I:
Ii
I
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Table 9: Plasma creatine kinase values standardised to body weight L911.kg) in lU,ilJ!

subjects after UlWill and downhill runm.ng.The data is. shown as individual

absolute results as well as mean, st!,ndard deyiation, aqd percent cbang£..ill

plasma cl'eatine kin..!!'l after uphill and downp..!!Lr.unni!i.¥

'~

- 124 Bour
Pre-Exerclse Post-Exercise Post-Exercise

Measured V;Ilues Melll$Ul'eGV~lucs Per;;entllge Measured VlIlll~ l"<ircentalle MEAN
~ {;1uin!!e Chanlte.--

0.86 0.90 4.7% 1.54 79.1%
.. 0.89 0.87 -2.2% 1.00 12.4%

Up-bill

I
0.69 0.40 ·42.0% 0.81 17.4%
1.07 0.10 ·90.7% 1.03 -3.7% 0.89
0,89 0.77 -13.5% 0.87 -2.2%
1.15 1.09 -5.2% 1.13 .i.7%

Meal!: - {).93 0.69 -24.8% 1.06 16.8%$tll~:~: 0.16 0.37 0.26
----'-nr 1.04 26.8% 3.49 ns.6o/;l

9 1.14 15.2% 3.10 213.1%
1 0.80 12.7% 1.67 135.2%

Down-hill 2,\ 1.15 12.7% 3.25 218.6% l.S7
1

0.65 1.43 120.0% 2.50 284.6%
LOg 1.26 16.7% 2.10 94.4% IMenn: 0.88 1.14 34.0% 2.69 211.9%

Stlludnrd 0.18 0.:21 0.71
D(\v.:

I 1.14 1.18 3.5% 1.48 29.8%
1.70 2.16 27.1% 2.31 35.9%
1.67 1.68 0.6% 1.82 9.0%

Down-hill 15.2 1.89 24.3% 2.00 31.6% 1.42
2

i<> 0.62 0.78 25.8% 1.00 61.3%
0.75 0.84 12.0% 1.10 46.7%
1.23 -~

3S.7o/~J
Melin: 1.42 15.6% 1.62

StlIlldliro 0.4.7 0.S7 052
Dev.:

~ 1.01 1"_ 1.08 [ L1fJ[-

~
.~
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Table 10 : Plasma creatine kinase values standardised to body weight (uJi.kg) in female

subjects .after uphill.and down!!ill running.The data i® shown as individual

. !b.~{!luteresuJts_@.~well as mean, standarq ..deviation, and percent_clymge iq

plasma creatine kinase after uphill and downhill runni!!g

E·.. 24 Hour

L_ ~~v:ft~~aP:~::rr~esee~-dE~x~e~rC~.i~se~+-__~P~o=s~~~e~rc~i~se~__ ~.~~ __ ~p~o~s~~~E~x~e~rc~isTe~ ~
~........ M~SllI'ed Percentllg0 Measured Pen:eniage MEAN

Values Chanee I Values Chan!!:e

l1.00 1.00 0.0% 1.09 9.0%
1.10 0.10 ~90.9% 1.03 ·6.4%

Up sm . 1.00 1.73 73.0% 1.98 98.0%
1.37 1.75 27.7% 1.70 24.1% 1.23
1.13 1.28 13.3% 1.29 14.2%
1.01 1.25 23.8% 1.30 28.7%

Mean: 1.10 1.19 7.8% : I 1.40 27.9%IS~n~ardDl)v.: 0.14 0.61 =:J -=l=0.=37=====;=======II=======U

II J~:~~~:~~:~5~\\~:~~~::.:~
II

. 1.07 1.22 14.0% '! 3.54 230.8%
.Down-hill I 1.40 1.&1 29.3% 3.36 140.0% 1.61

1.23 1.90 54.5% 1.81 47.2%
0.93 1.41 51.6% 2.20 136.6%

Mean: 1.09 1.44 32.9% 2.31 118.6%
Standal'll Dev.: 0.21 0.33 1.2.5

1.02 1.25 22.5% 2.23-- 1118.6% --1
0.90 1.47 63.3% i 1.50 166.7%
0.92 0.93 1.1% 2.16 1134,&%

DOWDphiU2 1.30 1.55 19.2% 2.40 __lli84.6% 1.44
1.20 1.18 -1.7% 1.50 25.0%

1~ __ ~ ~1~.4~O ~~1~.3=2~ __ L-5~.~7%~o__ .__ ~1~.6~0 14.3%, =J
II

Mean:j1.1'. 11.28 16.5% 1.90 14.0%

:Sc=n.~=1:=====1=.1=1:===*C=·2=2====:::==1:==.3""'O====---J=1=°=.4=1==.,==1=.S==7====l,F====""_=l1

il;

,.
o
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Table 11 : p,eak torgue values (N.m) in the m~Je hamstriggs after uphill 3.Jld downhill

running. The data is given as individual absolute values. as we!! a~ ,!llean,

standard dcviaqpn, and percent .£.hangeafter unhill and dowtihill runni~

t 1 21/· ""ilour lPre-Exerelse Post-Exerdse Post~Excrcise
Measured Measured Percentage Me;J$uri:d Petl:'lntage MEAN

- Values Values Clullte:e VallJ..es CIl!mge.
O.7()~138.00 142.00 2.9% 139.00

134.00 138.00 3.0% 142.00 6.0%
Up-hill 140.00 14400 2.9% 138.00 -1.4%

148.00 158.00 6.8% 148.00 0.0% 140.00
130.00 128.00 -1.5% 134.00 3.1%
138.00 140.00 1.4% 141.00 2.2%Et8

.

00 141.67 2.6% 140.33 1.8%
Standard .()7 9.7$ 4.68

130.00 125.00 -3.8% 108.00 -16.9%
132.00 113.00 -10.6% 111.00 -15.9%
i)

-16.7%126.0C IJ6.00 ~7.9% 1,05.00
Down-hill 1 125.0l' 120.00 -4.0% 113.00 -9.6% 119.94

137.00 1J5.00 -16.1% 112.00 ~18.2%

C 122.00 -6.9% 113.00 -13.7%
Mean: 7 119.33 -8.2% 110.33 -15.2%

Standard Dev.: 6 3.78 3.20

126.00 124.00 -1.6% 123.00 -2.4%
140.00 136.00 -2.9% 134.00 -4.3%
138.00 140.00 1.4% 136.00 -1.4%

DO'wn-hiU2 142.00 136.00 -4.2% 140.00 ~1.4% 131.1 t
134.00 /~_I 1122.00 -9.0% 122.00 -9.0%
129.00 I( 120.00 -7.0% 118.00 ~ll.5%

Meun: 134.83
l

129.67 -3.9% 128.83 -4.5%
St;mdard Dl)v.: 6.34 8.62 8.95 .J=.-. "

:MEAN JC= 134.J3I 130.22 126.5(1 I-~.,

o
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" Table 12 : Peak tOi' ,;~~va~~es (1;:1.ll) in the fe~ale hamstrings aft~r uphill and downhill
()

running •. The (lata is given as individual absolute values,.; as wen as memh

standar~ deviation, aJ1!!percent change tllter unItill and do"'nhill running

()

.,
"

0,,"

24 Hour
Pr~Exercise Post~E"'ercise Post-Exercise

Ml!lIsured McaslU'ed Percentage Measured Pert:enta2~ Il\1EAN
Values Vldues Chan!!e Values ~

183.00 81.00 -.2.4% 118.00 -6.0%

~

79.00 18.00 -1'.3% 72.00 -8.9%
Up-hill 92.00 93,00 1.1% 84.00 -8.7%

I79.00 82.00 3.8% 82.00 3.8%
86.00 84.00 -2.3% 17.00 -10,5%
89.00 86.00 -3.4% 18.00 -12.4% I

Me"n: 84.67 84.00 -0.1% 78.50 ~7.1% IStanda~~ 5.18 4.18
.~ - - ----'

92.00 82.00 -10 ')% 76.00 -17.4%
80.00 77.00 -3,8% 73.00,. -8.8%
98.00 93.00 -5.1% 81.00 -17.3%

rDo\,,;.a-bili 1 82.00 80.00 -2.4% 75.00 -8.5% 83.00
\1,

94.00 83.00 -11.7% 70.00 -25.5% I

98.00 88.00 -10.2% 72.00 -26.5% I
Mean: 9067 83.83 -7.3% 74.50 -17.3%

stlllldard D!':J 7.'ifl 5.78 3.83
-

88.00 89.00 1.1% 86.00 ..2.3%
87.00 89.00 2.3% 84.00 -3.4%
94.00 96.00 2.1% 95.00 1.]1'( I

Down.-hill2 92.00 ~;- 9~.00 6.5% 96.00 4.\ .Yo 90.50
It 93.00 90/)0 ~3.~% 82.00 -lL8%

89.00 88.00 ~L1% 93.00 4.5%

M~n:j~O
91.67 1.3% 89.:33 ~1.3% IStandard D~v.: 2.88 4.23 6.06

MEAN 88.61 86.50 T 80.78._

o

Depnrtmmt ofI1lysiology, llhlversity of the Witwatetsr!\Ud
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Table 13 .:.._Peak(torque values <N.m) in the :male. 'luadriceps after uphill and downhill

running. The data is given as in,dividual absolute valy.es,. as wen as mean:

standard deviation, and percent change after uphill and downhill running.

(i
P 11' • )f P 1l'_ •re-.r.;t~~·"~se ost-.AlIAcrClse

I Measured Measured PA.lrcentl!::5!====~~_~~~~=~~~~~u~~~~======i=~~~m~u~~~==£Ch~a~n~~c~=k~~~~~~~~~==~~I
I
i 224.00 22&,00 .. 1.8%

1

221.00 224.00 1.4%
Up·hill 233.00 233.00 0.0%

240.00 246.00 2.5%
211.00 213.00 0.9%

. "RO.OO 239.00 3.9%
!f-~---"'"

M~ 'r'26.50 230.50 1.8%
Standa~~11O.13 11.61

~:~223=243='.OO=00~.======~~~IF2~14~.0=0===r_8=.5=%=o====~======r-=====~~=====91
1 20S.(JO -6.7%
235.00 204.00 -13.2%

Down~hm1 242.00 216.00 -10.7%
218.00 200.00 -8.3%
234.00 211.00 -9.8%

Mean: 1231.00 208.83 -9.5%
StilnUlml )Jev.: 8.81

226.00 1-1.7%
214.00 -2.7%
226.00 -0.9%
236.00 2.2%
208.00 -1.4%
216.00 -5.3%

230.00
220.00
228.00

Down-hill 2 :231.00
211.00
228.00

Melln: 224.67 221.00
Standard »!lv.: 17.74 HUS==============~==============~==========~

227.39 _r
-1.6%

220.11MEAN
I

Pepartment of Physiology. Univcl'sity oflhe WitwatctSrand
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Table 14: Peak torgue v.~lues (Nonll} in the female. quadriceps aftID:uphill and downhill

running.The. data is given as individual",absolute values, as well as. mean,

standa~d deviat!~n.!l.and percent change after uphill and downhjll running.

=: - I2~..Hour
Pre-Exercise Post~:Exercise pO~~J(ercise

'. Measurtd Measured Percmtagn Measures: , i'.>1''''ctt'.82'' MEAN
Values Values C!t1t1!P,p

V~_~~161.00 \.' 166.00 3.1% 1164.00 1.9% .
148.00 152.00 2.7% 150.00 1.4% I

Up-hill 156.00 159.00 1.9% 152.00 -') ''''''.
138.00 133.00 -3.6% 130.00 ..~;... ..'11153.17 I
165.00 161.00 -2.4% 1:50.00 -9.1%

~---~J52.00 162.00 6.6% 158.00 3.9%
Meil!l: 153.'33 155.50 1.4% 150.67 -1.7%

~nd:lnl ~cv.: 9.67 11.95 11.50

175.00 168.00 -4.0% 152.00 -l>l1l158..00 14'1.00 -7.0% 138.00 -12.7~<) I[I 159.00 146.00 -8.2% 133.00 -16.4%
1149.94 IIDown-WII1 147.00 138.00 -6.1% 122.00 -11.0%

161.00 ( 151.00. -,(j.2% 146.00 -9.3%
160.00 152.00 -5.0% 1 i6.00 -8.8%

Mron: 160.00 150.33 -6.1% 139.50 -17.9%
sta./ldard Dev.: 8.94 9.97 , 10.88

-
162,00 159.00 -1.9% 150.00 -7.4%
164.00 156.00 -4.9% 152.00 ~1.3%
148.00 141.00 -4.7% 139,00 -6.1%

1153.28DOWD"hill2 154.00 156.00 1.3% 146.00 -5.2%
158.00 t50.00 -5.1% 149.00 -5.7%
162.00 157.00 -3.1% 156.00 -:3..7%

Mean: ),58.00 153.17 -3.1% 148.67 -5.9%
Stlmdard Dev.: 6.07 6.68 5.79

"r- 157.11 I 153.00 146.28

o
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:ruble 15 : TOl'que at an angular ve!6c~tyof 180o/s~conds (N.m) in' the male han\~fi;,t:gg§
afte'~)tmhill aIttU!down_bill running. The _flata is given as imlivi!!!!!ll ~bs()lute,

~altu~s,as well! ft mes_p, standq,rd' de~aiiqn, mtd,percent change aft~r uvhq

~!ld d6wnhill nm~_g

"

I " . ;;====='t - I =4 ~ !,;, - ' ."-/' l4 Hour, '

I
,', Pre-Exercise .- Post-Exercise' Post~~erciSe

Measured M~.m Pel"CeI1~ae Measured Percelltage
~V21ues VmJie~ c Challl!e ValUes Cliarfi!e

[98.00 110.00 12.2% 115.00 173rl111.00 108.00 -2.7% 114.00 2.7%
Up-hill 90;00 97.00 7.&% 99.00 10.0%

!
119.00 114.00 -4,2% 121.00 1.~1o j 109.11105.00 116.00 10.5% 114.00 8.6%

I 109.00 110.00 OS% 114.00 4.6%_t'_;~:'~~:dar~::'~105.33 109.17 4.1% 112.83 7.5%
10.21' 6.65 7.31

- - "-roo 95.00 -2.1% h~2.00 -15.5%
114.00 ]06.00 -7.0% 92.00 c19.3% ,-:

110.00 96.00 -12.7% 87.00 -20.9% ( ID9wn~hiU1 111.00 87.00 -21.6% 74.00 -33.3% 98.1'7
10S.OO 101.00 -6.5% 89.nO -17.6%
115.00 108.00 -6.1% 95.00 -17.4%CMe;n: 109.1'7 98.83 -9.3% 186 so ..;10.7%

rd Dev.t ~49_. 7.78 ,

1===== .
lO9.()O 108.00 -0.9% 104.00 -4.6%
118.00 114.00 -3.4% 116.00 ·1.1%
90.00 93.00 3.3% 90.00 0.0%

IDown-hill 2 116.00 114.00 -1.7% 112.00 -3.4% 105.11
104.00 101.00 ·2.9% 98.00 -5.8%
106.00 100.00 ~5.7% 99.00 -6.6%

Mesn: 107.17 105.00 -1.9% 103.17 -3.7%
Standard Dev.: 10.05 8.44 9.60

~
107.22 I - I _.r- ]~Al"f - 104.33 100.83
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Ta~16 J Itoraue at flu anJ;'ul;lr veloc_ity~0800Isecon4!.ll.~Wu in the,female hJ.m!~t.r'ngs

i~~.J!l....!nd }tlownhill runni.';lf~The data i"t.~~ndividur.I absol!!!s

~~~esWlS well :1; mean. st.aJ!_dard deviation, andlpercent c~!lnge aftcl'J!1!!!i,I!

!)f!d downhill fJW.!!!!!g

64.33

~\
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Table 17 .LTorg"e ..~t ap angular veloei!Y...2f180o/second~m.m} i~ thr...II!ale quadrjf.eJ1$~,

!1it~.runh,u and_cWwnhill runnil!g. The. data is given a$_i!!,dividual absolute

values, all~"'!!§' m~pus. standard devnatiou:r. and !l~nte :lite}:.!mhill
<:::,.,

,!!ld downhill rim'!.ing

_.___, . .d;-e;. 24 Hou;'
Post"Excrcise Post-Exercise

M~stlred Percentage Meas>ltea ]?;.un~ge MEI\N
'i Vclues Clt~~ Values. Chang",

173.00 4.8% .- 168.00- 1.~% I
169.00 ~2.3% 159.00 -s.i%

"180.00 9.8% 176.00 1.3:%
165.00 8.6% 163.00 7.2%
142.00 -20.7% 143.00 -20.1%
152.00 1.3% 159.00 0.0%

159:1)3 -2.0%
11.99

162.39

163.50 03%
14,07

- 164.00 -4.7%
IS6.QJ) -7.1%
152.00 -1.3%
160.00 -8.6%
131.00 r7•7%
170.00 -6.6%
155.50 -7.0%

C\

t"
:.) 'f ()
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'fable.1~ Torqu.rlJlt an aP&ui,&:,v,el.9J:IDt..of 180()!!tt.qJl~s,.&.m) in t~e ferfia~eg~@!lricegs
after uIJhill and. downhill !·unning. The daW is ,given as individmd abso~ure

yalues, as_F.ell as mean~ s~!.n~ard dev~a~ion, andRe.r..~t chan_g~aftet.un4.ill

&1d do~!!.ill runniJ!g

I
... '::~ -'" - ==

:l4 Hour
__ :: .""re.-ExeA'cise PO~rExercise ,Y' ost~Exercise

Measured MEIIsurlld PerrJiffitaee. MeaS1U"1ld' -- Pi.lrcenbt2e ~_j Values 'Values Change ValUI!5 Ch:1ngl}::.e::-:===:"",
18,00 ... t5.2% I .92.00 89.00 -3.3%

90.00 87.00 -3.3% ~'2.00 -20.0%
Up-hill 115.00 114.00 -0.9% 120.00 4.3%

86.00 84.00 -2.3% ?8.00 ..9.3% 94.28
99.00 ~; 92.00 -7.1% 8.9.00 ,; -10.1%
118.00 103.00 -12.7% 91.0Q -22.9%

MElIn: lOa.CO 94.83 Q4.9% 811.00 -12.2%
Stm~!ia;rdDIlV:.J~3.49 11.44 1~'.26

..
- ==::- - I~:110.00 107.00 -2.7% 86.00 ~21.8%

89JOO 82.00 -7.9% 84.00 -5.6%
125.00 120.00 -4.0% 92.00 -26.4%
94.00 79.00 -1<5.0% 70.00 -25.5%
110.00 92.00 ~16.4% 90.00 -18.2%
102.00 85.00 -16.7% S4.00 -17.6%

M~un:10:;.00 94;17 ~19·6% 84.33 -19.2%
Smliuard Dev.l 12.93 16.1Z

_6~7%~r==
'1.14

D.~.hm21
-~ "'... . =~&.3%'"120.00 112.00 ;.10.00

100.00 96.0\) ·4.0% 94.00 ·6.0%
ns.oo 126.00 11.5% 124.00 9.7%
92.\,)0 89.00 -3.3% 88.00 -4.3% 103.61
114.00 97.00 -14.9% 96.00 -15.8%

~ _ J9_§.OO 98.00 -7.5% 90.00 -15:1%
l\1;cllm ] 07.50 .' 103.00 -4.1% 100.33 -6.6%

S,\.:Indtlrd1)ev.: 10.27 13.54 13.94

tMEAN~= _ ...~
1 M",~= -

104.17 90.89=> = - -~

Dcp;;;;~t -of Physioiogy, U'livcrsity cf'the WitWo.tcr.>rMd -_ ---.-
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!"i\ble 19: Enduran'ce rEo values (%) in the male hamstrings after uphill and d~w.n..1ill!

running. The ~ata is given as individual absolute valtJ~~ qs wep.Js Dl~an,

standard deviatiion, and nercent cha.nge:Jafter unhID and downhill running

r- - -
24 Hour

I f----::--.Pre--Ex~r~c.ise P(1Jst·Exercise Post-Exel'cise

l M<o!asu;red Mi1llsutcd Percentaec Measured Percent.ae~ ME.{\N
Values ~ltld. Chl1lnee Values Chll~

I 110.00 93.00 ~155% 114.00 3.6% l
96.00 84.00 d12.5% 98.00 2.1%

Up-hill 10S.00 90.00 -14.3% 103.00 -1.9%
82.00 79.00 -3.7% 85,00 3.1% 100.50
128.00 112.00 -12.5% 130.00 1.6%
103.00 92.00 -10.7% 105.00 1.9%

Mean: 104.00 91.67 -11.5% 105.83 1.8%
St:~dal'liDe~ 15.24 11.29 15.20

94.00 lS6.00 -8.5% 82.00 -12.8% l
102.00 )95.00 -6.9% 86.1)0 -15.7%
97.00 89.00 -8.2% 82.00 -15.5%

Down-bin 1 82.00 72.00 -12.2% 70.00 -14.6% 90,78
126.00 110.00 ~12.7% 99.00 -21.4%

., :- 93'.00 81.00 *6.5% 82.00 -11.8%
MeDnl 99.00 89.83

~..-.
~9.2% 83.50 *15.3%

Standard Dev.: 14.78 12.4.5 ........J9.33
- - ..- =I •• .=r =193.00 89.00 -4.3% 87.()O -6.5%

103.00 98.00 -4.9% 96,00 -6.&%
98.00 93.00 -5.1% 89.00 -9.2%

DoV\-'U-biU2 81.00 79,00 -2.5% 72.00 -11.1% 95.11
125.00 120.00 ·4,0% 113.00 -9.6%

..94.00 93.00 ~1.1% 89.00 -5.3% I• .99.00 .U 95.33Meam -3.6% 91.00 -8.1%
~tand~~ Dev, 14.68 13.66 13.:37

\MEAN 100.67 -c= -92.28 = = ,.93.44------------~-= == -.

Department ofl'hysiology, Uaiversity of tileWitwn(~d
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74.00 2.4%
9.40 0

1~29.2%
=!:;

63.00
68.00 -6,8%
73.00 -11.0%
65.00 -,5.8% 72.50 Q"

72.00 -5.3%
69.00 -11..5%

Q "

" Ii, _ _ _\, _.~,
_:,_ ~.,~:::.:__,,_ .. -.,;.:.............--~.'.';:A\> _ _;,_~,
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Table 20: !fTtJ'auranc~ tatio _yalues '!(%) in the femai.~ hamstripgs after uphill ans!

do~nbill tunnin!:. The data is givcI!.MJndividual absolut~ values, as well us

.mean, sY!,ndard deyiantig,p.* a,.»d percent, change .;Jfter ','uphill and downhill

running

~19.1%
1.4%
3.7%
0.0%
-17.1%
-16.7%

89.00
73.00
82.00
69.00
76.00
7~.00

Down-hilll

,I~
Q
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Table 21 ;2Endurance ratio values (%) in the mal~u.)yadrictps".1!.fter l!Phill and downhill

r~nning. The data is given as individual absolute values, as well as mean,

st~nndard deviation, and n~I'cent chang~ after unhiU and downb_i.[running

=~~--'~f--~~~====~F===============~====-==2=4=H=o=u=r~'~=='==I

~======'==~F!='~=V~:~:~=r:=~==u=r=C=is=e==~==Mv=~=~=:=:=t~-E=X=~~~=r~~:~~~:;:e::=M:~:~:~7==~='w~~~P~=O~;~~~:!~a~::~~:!:iS:~:::AN:~_~=~91
1114.00 102.00 -10.5% 109.00 -4.4%

96.00 92.00 -4.2% 94.00
84.M 90.00 7.1% 98.00
106.00 92.00 wI3.2% 102.00
109.00 101.00 *7.3% 101.00
101.90 89.00 ~11.9% 98.00Mtlan: 101.67 -0.6%

Up-hm
-2.1%
16.7%
-3.3%
-7.3%
-3.0%

98.78

-6.7% 100,33
Sh'lndnrd Dw.: 10.67 .5.68 .5.09 11~==~==~IF==='~========~~~==T=======~*=======~==~==IF~====~91

108.00 -~' 'll104.00 -3.7% 93.00 -13.9%
98.00 80.00 ~18.4% 70.00 '.28.6%
94.00 '82,00 -12.8% 12.00 !-23.4%

Down-bill1 102.00 ,92.00 -9.8% 82.00 -19.6%
98.00 94.01) -4:1% 84.00 -14.3%

1l__ ---::':::"""""-fl::'::10'::-2::::.00 _ ~"'.'__'J...-.:.:8.~8Q.:.;Yo -+7::.,;:8:.;.;.0;:.;;0_---\-=-2:.:;.3.:.;:;.5..:.;%;___ n
MClin: 100.33 90.83 -9.6% 79.83 ~20.5%

&.77 8.45-

94.33

90.33

Sh'ludllrd Dev.::4.80

115.00 -4.2% 98.00 -18.3%
89.00 -3.3% 78.00 -15.2%
81.00 -6.5% 80.00 -14.0%
106.00 -5.4% 94.00 -16.1%
89.00 -10.1% 90.00 -9.1% '
102.00 -1.9% __',_--+:,::10;.7~=-.0...;.0_...,...:.;;2;,.;..9"';'%~__ iI I
98.00 -5.2% ,L.

9
=1',.,17===-1=1"",.6=%=O==iF===J'St.'mdlltdDev.','\02 11.42 r:l.OO

~~~J~4~'I(= II ==::;:=.::::1:01:.7:8=-=-=*J::::::9:4.=3=9::=:~dI===_._=;,;90=.44",,=~===

120.00
92.00

t 93.00
Down-hill2 112.00

99.00
104.00

Mean: 103.33
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Table 22: Endural[ice ratio values (%) in the female quadriceps. after unhill and
"

dOVQ1hillrun~'ill.g. The datajs given as indivjdual absolute values. as well as

mean, standar;d deyiation, And' percent change ~fter~!lnbilland do'wnhill

:runnin_g

r
. ~ - =

24 Hour
Pre-Exerc( e Post-Exercise Post~Exercise

Mwsured Meuured Pei'CelttaZIl MC;Jsured Per~h:ee MEANcPr Values VaiRes Cballl'le V~l!!es Chan!!.e-.- .;:.

98.00 83.00 -15.3% 96.00 -2.0%
92.00 84.0(} -8.7% 94.00 2.2%

Up-hill 102.00 96.00 .5.9% 104.00 2.0%
78.00 83.00 6.4% 80.00 2.6% 88.33
86.00 78.00 ·9.3% 83.00 -3.5%
85.00 ':1,o0 -5.9% 88.00 3.5% , .

Mean: 90.17 S4.oo -6.4% 90.83 0.8% JLStand:ml D~v.: 18.91 6,29 g,91
';.-:=__., ""103.00

"
9:!.OO -10.1% 19.00 _2770:~

92.00 M.OO -8.7% 78.00 . ,

98.00 S:J.OO -15.3% 68.00 <30.(.>/0
184.83Down-hill 1 85.00 8!tOO ..3.5% 69.00 -18.8%

96.00 8:5.00 -11.5% 78.00 ~18,8%
89.00 90.00 1.1% 76.00 -14.6%

M~n: 93.8.1 86.00 ..8.1% 74.67 -20.2%
Standllrd Dl'''1ol 6.49 4.05 4.89

'12'8%~lffi==94.00 85.00 % 82.00
80.00 98.00 5% 87.00 &.8%
91.00 1:8.00 3% 95.00 4 ~

DDwn~l1in2 89.00 81S.00 4% 84.00 ~~/ .89.11
104.00 ~ 102.00 1~1.9% 82.00 -2.,1,.~,<Jo
96.00 92.00 M4.2% 79.00 ~17.7%

,.'! MClin: 9233 90.17 -1.8% 84.83 ·~7.4%
StlIndlird nev. 7.97 8.91 5.64

_j~'= --== :0:; -
l\'.IEAN ~~\}:::r=-=86.72 83.44 '.'

Dcpa..1nu,'nt ofl'l.tysiology. University cfhe WilWut!lm!ll1d

~ ..• __ ..... _-,,-'.--.-,-.-, .-- ~~ '·;7· __ ,,_~~_~ ... __
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Table 23 Perceived muscl'tsoreness questionnaire responses after uphill and downhill

gInning

<_i

. - -
I 24 Hour

Pl'e-Exerdse Post-Exercise Post-Exercise

I~ ~
0 0 0 0' 0'
0 0' 0' 0 0'

Up-hill 0' o 0 0' 2 2~'---' -...,...__.
0' 0 2 2 0' 0'
0' 0' 0' 0' (' 2,

0' 0' 2 2 0' 2
,

0' 0' 0' 2 4 6 ----0' 0' 2 2 2 4 -Downhill 1 0' 0' 4 2 4 2.
0' 0' 2 4 4 6
0' 0' 2 4 4 6
0' 0' 2 4 2 2

0' 0' 0' 2 2 2 __j1---.
0' 0' 0' 0' 2 2

Downhi112 --
0' 0' 2 0' 4 2

«

0' 0' 2 2 4 2

E 0' 0' 0' 2 2 2 c.
-"

0' 0' 0 2 4 2= .- - """=

o =: complete absence of soreness
. .

2 = light pain felt only on palpation

4 = moderate pain , some stiffness and/or weakness during movement

6 = severe pain that limits the range of motion "

Depnrtmcat of Physiology. University ofth\1 Witwat=and
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