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B Extenmva tﬁﬂmptwn of mmscle fibres has be& shown to occur aﬂer shon tﬁm eccenmu _—
~ exercise where high mechanical forces &re generufed. This study tested whether downhill .

nmnmgaotsasa'nnnmmﬁsrmhmngecmdanmge andresultsingreatermnsclef B

 dumage and detetioration in muscular petformance than an equal workload of uphill

nmning, Thesmdymmedatdetennmmgwhethermadnptmonurtmmingeﬁbcttakes

- place samhthatthemusclelsmnrereslstanttothe damagmg&ﬁ'ectspfarepeatedboumf

the same exercise. In addition, thesmdyauncdat detammmgwhethexﬁ-aluwermuscle

'vniumes and forces of musonlar contractions in females compared to males, makes

females Iess susoepﬁble to the damagmg effects of eccentric contraction.

Twelve saibj_ects (six males and six i:bmales)'ran uphill at a ggadient of 10 degrees at 10

km/h, for 30 minutes. One week Iater, the subjests ran downhill (gradient of-10 degrees)
at the same workload of 10 kmvhr for 30 minutes. Afier a wesk of rest, the subjects

repeated the dowahill run. Pre-exercise, posi-exercise, and 24 howrs post-exercise,

plas:ﬁapreatmlnnasa levels as well as stren,gthand andumncsvalues ofthehamsmm;s _ |

amd quadﬁceps mmscles wemeamued.

'Aﬁer the Accentric contractions of'ﬂm first downhill ma, the nmscle. ‘wma gore, the

| hewsudng and  gasdicep muscles lost inherent force a(p,d endurance producing

cayalt Zies, ~nd tuowed a marked release of creatine kinase into the tlood. The Jower
muscle valumes and foroes of contraction in female subjects, compared to males, does
not make females ‘ess susceptible to the damaging siiect and subsequent plasina creatine

‘kinase response of eccentric exercise, However, with respect to the torque produced at

an mgtﬂarvalocﬂy of 180 %/sec, the fomale kamstrings are more p..sne to be damaged by
uphill nmmng than the male hamstrings. The greater body fat and therefore greater dead

weight carried uphill by the ferrale runmers could result in greater hamstung strain and

and subsequent muscle stram a.nd loss in parfonnmca

The ecoentically induced nmscle damage is progressive in the post-exercise period before
tissues are repaired. Ameng the factors that may influence the damage and repair
processes are.caleiam, connedﬁve tissue, and cyto-skeletal and myofibrillar proteins.

The initial bout «f downhﬂl unnmg remlted in & muscular adaptation leading to a
reduction in sorevess, performance decréments, and a markedly reduced elevation in
plasma creatine kinase levels after the second downbill run, one wiek Jater. Seversl
hypotheses have been' presented to explain-the muscle adaptaimn that ocours after the
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imitial downdill runing session. Stress-susceptible fbres or susceptible aress within a

_-ii~ .

fibre may be eliminated and then regenetated, or muscle fibres and/or connestive tissie’

- may be strmgthenedwﬂlanmualhom ofdovmkiﬁmnmg. A, crestine kinuse inhibitar

may have Foen released along with the creatine kmasemto the blood qnd the presence of
this inhibitor would themfore dzcrease the amount of creatine reie_ased from the

i -. umscle after & further ectentric msult In add.d:wn, pxercige enhmmd do:phm secretion e
- sod the subsequent presence of these endorphins could provide an J,ualgesio._ effect, S0
e __‘_:mmms;ngﬁlesensauonofDOMSaﬂer ﬂxesec«onddownhillrun. o -
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mom mN

}’Ihe contmversy of whethe.r 11: is easier to run uphill of downhili bas prohably s:nstad ever since

mian began runnmg long d:stame taces agamst each other, and was possiblyfeven dJscussed

enﬂmmasucaﬁyb) thea:nc:.antGreekathlete&

"

The Comrades Marathon 'down mn from Pletarmamzburg to Durban takes the ﬁrm of 2

20

gruellmg93 kﬂometrenmandaQMmdescmtmalhmdeto sea level The 'up'mntakes o
exacﬂytheoppomtemute, stamnngnrbanandendmngmte:mantzburg,butmachmb{ s

- of 914 m. Agam, the debate contiuaes : Is the 'down run easier thanthe 'up‘ rm? 4, concli;mon

mnotdram aa.mly since the winning 'up’t:me mverys:mlat to that ofthewmnmg 'dovm'
After his ﬁrst ‘dowd’ Comrades victory in 199:2 Bmce Fordyce remarked thai the ‘down'
| Comrades Was :;V wyace, but a Sm'vxvaltnp*‘ akes, 1988)

The natu.ral pre tion thﬁt it is easier to Tun dovmhill is made on the agsumption that the

runmer is "gaining free energy" by comrertmg the free patenti_al energy (free to the nmner) into

kinetic energy, merely by mumning downhill. However, the negative effects on the bo&y indaced

by rumning downbill have now started to become evident (Armstrong, 1984 Burnes, 1985;
Clarkson, 1986; Friden, 1934) B was, therefore the aim oft.ns study to mv;.shgata sozmae of

_ the negative aﬁbcts that downhiIlnummg has on the hinman bod}'

The negktive axtamal i;'ork pf coptimal down]iﬂl runming, resulis in temporary, repairable

muscle damage with an assomated decmaased muscle force generation and increased semm

creatine kinase activity and muscle soreness (Fnden, Sjostrom, Fkblom; 1983). The eocentnd

muscle conttactions of downhill running, are associated with a much lower energy expenditure
than the corresponding positive, concentris work of uphill running, and therefore ftigue
probably has less of a llmll:mg effect on ymscle performance during downhill rumning than

uphill maning, Any effect of downhill running op mmscular performance is pmbably mozre

related to mecharical stress than anyﬂ:lmg else (Annsi:rong, Ammssan, Dames, Newham,

- 19886). )

Evidence of damage includes disruption of muscle fibres, disturbances of the cross striated
band pattem, fcreased citculating levels of nmscle proteins, and changes in voluntary strength
and contractile propemes in the immediate post-exercise penod (Clarkson, Kroll, Graves,

Departmeat ofI-‘hys:ology. Ummy ufﬂm Witwatessand
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Record; 1932) Based on ultra- structural analyses ofsora mnscles, Fndm, Sjostr‘u}h, Ekblom,
1983, have proposed that tearing of the contraﬂe ‘components of the fibres may refease
pmteam ‘associated i ions. The resultant mc:reasﬂd osmotic pressure causes nmscle oedema whmh
acuvatesdtﬂimepamcanymggmup IVsanaoryueurones. .

- Tlie preseix‘ee ofmns};le enzymes in the'plém is commonly taken as an indication of some

- form of nmlscle damage e:ﬁiar in mmscle dlseass (Newham, Mﬂls, Quigley, Edwards; 1983) or

fo]lowmg exercise m normal subjects (Fuwier Gardner Kazeranian, Lauvstad 1968) The
Ieleasa after exercise is tiiought to be ana.ogaus to the release of cardmo enzymes after an®

nfaot whe:ethemagmtude of the release is an mdmaﬁon ufthe size of tho infarct and the -
piasma Ievels reach a maximmm some houré aﬁer the damage has occurred (Gordon, BMcke,_ '

Townsmd 1973) Sﬁnﬂaﬂy, the release Li skeletal muscle enzymes is thought o be

propomonal ;o the intensity and duration of the exexclse (Apple, Hehsta&, Clarkson; 1988),

andmthemajontyofstudles, the evidence sugge"ts a similar time comsetothst seen aﬁ:er
cardiac damaga (Apple, Rogers, Sherman, Ivy; | 984)

A compansun between concentric and eccentrip contractions revesls that at comparable
~ velocities, eccentric coutracuons can resm.. in far greater external force developmmt

(Amnmssen, 1956 and Komi, Viitasalo; 1977). Snnﬂaﬁy, at comparable force dwelopments,"

eccdntric contractions result in nmch Tower mtegrated electromyograms (Asmmssen; 1956 and
Komi, Viitasalo; 1977) suggesting that fewer motor unifs are recruted in sccentric

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

(work per unit time), the energy cost of eccentric contraction is doﬁsiderably lower (Anmssen;
1956, Davies, Bames; 1972 and Kmuttgin; 1986). In keeping with this, all related physiologic

- responses are lower, for example, heart rate, cardiac output, pulmonazy ventilation, rﬂspi:a'tory

exchange ratio, mnscle blood flow, and mmscle temaperature (Asmnssen 1977 Dmes, Whj,te,
- 1981, Knuttgen; 1986, Thnmsou, Sweetin, I—Iannlton, 1975) '

'.Downhiﬂ running often results inj.d_elayed onset of muscle sureﬁess (DOMS), which is at the

least, unpleasant and may at times be debilitating (Friden, Sjostipm, Ekblom, 1983; Friden,
Seger, Sjostrom, Ekblom, 1983; Komi, Buskitk, 1972; Newham, i988; Newham, Jones,
Clatkson, 1987; Newham, Jones, Edwards, 1983). Therefore, it would seem to be desirable

~ from a practical and fimctional point of view to minimise, if not actually prevent, DOMS. Xt has

been observed that exercise-indnced DOMS is experienced more often ind in preater severity

Departanent af Prysiology, University of i Witwalersrand
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Cin mdmdua]s who seldom exercise than in regulur exercxsers. S:mﬂarly, performanoe of a |

- exercise bout that indaces muscle damage, results if a rapiﬂ edaptatmn of the r-uscle, which. o

 oafses the muscle to be mem resistant o the damngmg effects of o repeated bout ofthe smne |

‘gxercise (Frlden, Sfahnnt)s, H%:tgans, Akeson, 1988 Fnden, Sjostrom, Ekblom, 1983 Fnden,_ o

- Seger, Sjostrom, Ekblom, 1983; Kosi, Busturk, 1972; Stauber, Fritz, Vogelbach, Dabimsn,
1988; Bymes, Clnrkson, Whne, I-Ismh, Frykman, 1985 Davxes, Qunnaeilha Bmokes, Packer
- 1982)

- -'l‘hei'efore, the axm of the-sttldy;vas threefoid o

@) To use the dovnhill running model to induce eccentric muscle damage 50 a5 to”

-'ih?esﬁgate.fhe time fequifeﬂ, compared ko uphil} exercise, for chariges in serum

enzyme aetmhes pnd dslayed muscular soreness to necur, as well as the eﬂ‘eet of .

o sueh an exercme bout on subsequent dynamic skeletal muscle fonetion,

' Furthermore, the study was deelgned t0 determme whether there was a correlation

" ~ between the anmunt of increase in serum enzyme aetmty and the magnitnde of
- iusculur soreness sensation. ' '
(i) Te determine whether 3 repeated exposure 1o eccentric exercise (dnwnhiil rmmmg)'

reduces the damaging effects of eccentric exereise. ’

(iii) To deternﬁgeﬁ?ﬁ%thar. the lower muscle volnmes and forces of contraction in
- female subjects, compared to males, makes females less susceptible to the effects of-
. . . - . N \‘\.'} o N . . .
ecceniric damage, : : o
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2. LITERATURE REVIEW

GEoo

 Exercise, especially unacoustomed suenuous ac_:ti\'rity, can, _i.'eéult in dmﬁag:e to mmscles.
Evidence of damage includes moxphological changes (Armstrong ‘et sl 1983; Fridén 1983,
1984; Fridén ot al. 1981, 1983b, 1984; Jones et al. 1986; Mewham ct al. 1983b), delsyed-onset
muscle soreness and pain (Asmussen 1956; Robbert et. al. 1986; ‘Bymes et al. 1985; C?Iarkson o
et al. 1986; Edwards et al. 1981; Schwaae et al. 1983r'}, performanse decrements (Davies &
"White 1981; Howell et ol 1985; Jones et al 1987; Komi & Viitasalo 1977; MoCully &%
| memer 1685; Newham et al. 1983¢; Talag 1973), and elevation of mmscle protein Tevels in

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

© ol 1986; Hunter & Critz 1971; Newham ei al. 1983a; Nuttall & Jones 1968; Ross et al. 1983)

Exercise-induced mmesle damage is not permanent and tissues are repaued (Fridén et al. 1981,

19834, 1984 Warhol et al. 1985) Moreover, muscles adapt to i stress of repeated exercise -

sach that subseq_umt bouts of exercise result in Httle or no damage (Bymes et al. 1985;

Clarkson et al. 1985, 1987b; Clarkson & Tremblay 1988 ‘Newham et al. 1987). Neither the
precise cause of sleeletal rscle damage induced by exercise nor the méchanist to explain the

adaptation to training and rapeated bouts of exercise are well undesstood. This review will

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

indicators of exercise damage, and the adaptatlon response to ¢xercise training.

2.1 INITIAL CAUSE OF EXERCISE DAMAGE

Many types of exerclse have been, shown to produce muscle damage (Abmham
1977; Apple et al 198‘7 Armstrong et al, 1983; Robbert et al. 1936; Byrnes et al,

1985; Clarkson et al, 1985; Davies & Whrate 1981; Fridén 1983; Jones et al. 1987;

Knuttgen 1986; Komi & Viitasalo 1977, Nb-wiaam et al. 1983a). Dall:ﬁgehas been
observed after isometric exercise (Clarkson et sl 1982, 1985, 1986, 1987a),

marathon runing (Apple et al. 1984, 1987; Siegel et al. 1981; Warhol et al. 1085), .

and eccentric nmscular activity (Armsmmg et al. 1983, Bymes et al 1985;
-cwkson & Tremblay 1988; Fridén 1983; Newham et 4l 1983a, 1986, 1987;

Sc:hwa:_ae: et al 1983a), Two basic mechanisms have been offered to explain how e,
exercise inttiates damage. One mechanism describes a disturbance in metabolic

function, and the other addresses a mechanical dismption of the cell,

[
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2. N l’roposed Metahohc Mechanmms

?. R ' accmmﬂauon have beim proposed o explam m'ascle damage (A;msl:rong '
' o 1934‘ . 1936; Bymes & Clmkson 1986, DeVnes 196{: Irintchev & Wemg:
-' _1937) | S

¥ metabolm waste products were pmuanly responsible for eamrclse-mduced '
muscle damage; then nmscles which contract concentrically amd fatigue
~ more quickly would show more damage than muscles that- develop active
B _tensum eccenmga.br Armsl:mng et al. (1983) compared skeletal nmscle -
damage follovwng eccentrio (downhdll running) and concentric (uphill .
TUTIDEng) exerelse 1 yats. Rmmmg dcmmhill had a Jower metabohc cost and |
~produced greatgr evidence of miscle damage than running uphﬂl Schwane j_g._;.
o etal (1983b) camps.re-d delayed-onset nmsc% soreniess and lood lactic acid ; 0

S

: conoentrauon ‘was sngmﬁcanﬂy increased during level runing, but subjects
did not experience delayed-onset mascle soreness Contraﬁly lactic acid -
was net elevated in downhill runners, but subjects expetienced siguﬁicant
delayed—onset sorevess. Also, indicators of muscle damage have been

| nbserved in rats follamng low intengity teadmill axercise mth no clevation

b | ' ~ in blood Jactate (Kmpers et ak. 1983) Lactic acid does not - seemto be a

' primary agent i the produstion of muscle damage.

T 2,32 Pénposed Mechanical Mechanisms

1 __ Many researchers base their arguments ﬁgaﬁasi_metabolic hypotheses on the

; | finding of greater damage following éccentt_ic mnscle detions (negat_ive K
work) compared with, coﬁcantﬁc contractions (positive work) [Armstrong :
ot al. 1983; Kuuttgen 1986; Newhar. et al. 1983a,b,c 1986; Talag' 1973].
Muscles that develop active tension eccentrically require less energy but

experience greater injury than muscles that- contract concenizically, as
indicated by morphological changes (Atmstrong et i 1983; Newham et al

i | | © 1983b), delayed-onset soreness (Newhmnet al. 1933c, 1986; Taiﬂg 1973),
. 1 nwmommm.mwmufmwma '

-¢:—-_‘ e

| concentrations following level and downhill rumming in humans. Lactlc acid ) c/ '

Dmmg prolangod e.kbmmnmal exercxse, A’I‘P daﬁmency and waste '
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peﬁ'om:ance chauges (N:rwham et al. 19830, Talng 1973), and increases in

plasma protems {especially CK) {Armstrong et al. 1983; Newhalﬁ etal .

tensmn per cross-secuonal ‘area of acuve muscle than concenmn' '

_"*9
".}\_\

steppmg down. Followmg ﬂw step test, no ultra- stmctural abnormahues

were seen in the musoles that had contracted concentrically (Newhain et al.

19836} The pmscles that had developed active temsion eccentrically,

 however, showed marked myofibrillar disorganisation (Newham et al.

1983b). Mavimum voluntary force decrements and pain were also greater in
these muscles (Newham et al. 1983c), |

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

wuscle ‘tension following. cdncm__ltric compared with eccentric stepping,

were at rost (Newham et al. 19830) This observatmn contradictstha spasm
theory of DeVries (1966)

Eccentric muscle actions have been shown to produce more heat than
concentric contractions at the same workload (Davies & Barnes 1972;

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

?nd fimctional components within the cell There is ¢vidence from
myopathy conditions that elevated temperatures can ocause severe

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

hyperthe—rmm, muscle temporatures  can increase markedly causing

‘degeneration and neorosis of muscle fibres (Ga'unert 1986).

Departoeat of Hhysinlogy, Usivesty of tia Witwolerstad

- 1983a]. EMG activity also is lower during negative work (maxsmal and N
submmumal) suggestmgthatrelatlvelyfeww fibres are recnntadto produce o
' iarge forces (Bigland-Ritchie & Woods 1976; Rogers & Berger 1974). N
']:herefore, umler comparable mrkloads, eccenmc actioits produce greater

]

To compare ecosnm and concentric exercise, several studies have
L emplayed a step test (Newhamat al. 1983 ab,c; 1986) Durmg the test, the
quadriceps of one leg pexformed only concentric-contractions by stepping

up, while the contralateralmnscles daveloped active tension eccmmcally by

' there was no evidence of spontaneous electrical activity when the nmscles |



f

Depatment of Physiciogy, Unive sty ofthe Witwaterstaad, S gt

-
.

2.2 MORP}'K BLOGICAL CRANGES

Hstologicsl mldultrastmawral analyses ofmnscle samples prowde thom most dlrect S

© evidence nfmuscle damage (Armstmng etal 1983 Fnden 1983, 1984 Fndén et al

108K, 1983a,b\, 1984, 1986; Hoppeler 1986; Jones et ol 1986; MoCully &
 Faullner 1985} Newham ot ol 1983b). T normal skeletal mwscle, the Z-diss
ppaars as 8 well organised svoven basket or square Iattme (Hoppeler 1986).

Electron nnomgraphs have shawn marked bmadenmg, streamg, and, in places,
iotal d:smptmn of Z-discs followmg eccentric exercise (Fridén 1983, 1984). In

| | taat, changes to the Z-disc are the stost commonly fomd abnormalﬁy ‘and Fridén

et al .(1981) l_mve_ suggested that the Z—d:lsc may be the weak link m the

" myofibrillar conteuctile chain. Tn addition to Z-disc alterations, structural changes
 include myofibrillar ahd sarcolemmsl disraptions (Armstrong et al. 1983; Fidén et

_al 1981, 1983b), widening of the A- and Tbands (Armstrong ef al, 1983; Fridén et

 al. 1983b; Newham et al. 1083b), displacesent of organelles (Fridén et al 1983b;

Newham et al 1983b), increase in mitochondrial volume density (Fridén 1984;
Fridén ot il 1983%), and cytoskeletal changes (Fridén et sl 1984). Tnoreased -

! Gellular infiltration sleo has been noted (Armstmng ot al. 1983; Jones et al. 1986; | |

MeCully & F Faullmer 1985; Stauber & Fritz 1988).

2.2,1 S_equénce of Events

The sequence of events associsted with mﬁscle damage and repan' is mot
well defined, due to different methods used to damage nuscle and the
variable periods of assessment following the insuli, Fridén et al 1981)
obtained bxdpmes from the soleus muscle 2 and 7 days after an exercise
consisting of repeated stair descents. They found mmkedly less Z-disc
disruption on day 7 than on day 2 indicating thas repair was taking place, I
fater studies (Fridén et al. 1983b, 1984), the sawe researchers found
evidence of immediate damago to the vastus Jateralis following eccentric
cysle ergometer exercise, However, 3 days after exercise the damage had
progrossed and separated myolfibrils, swollen mitochondsia, and cytoskeletal

Depurtment cfrhymum Thiversity of tae W:l.wntmd '
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"0 alterations were noted (Fridén et al 16830). Llpoﬁlscm grales indicative  ©

of lysosomal activity (Fnden et al’ 1984) and polyxibosome complexes
'_IepreSEntatNe of protein synthesis and muscle repair (Fridén, et al. I983b) o
_---‘wera seen in areas ofdlsmptlon. Fibres appeared essmuallynonnalby day .
6 aﬁerexam:se "

i

A:mstong et al, -(1933)'found SATCOIMETe disturbances, 'ceﬂu’ﬁi iﬁﬁlttation, -
 ad fibre necroms following downkill romning in rats. Itmn»d:ately aﬂ:er
o exexcise, they observed a &sarray of bandmg patterns and sarcolemmsl

..__msrnrpnon. Munocytes macxophages and ﬁbroblasts were evidenl: 110 2

N daysaﬁerexermse Atﬂﬂst:me,mbsarcolemmalmttomﬁgues,hkelytobe'

: aatelhte cells, also were seen. Satellite cells may be senmnve to muscle '

. damage and may mcrease mmlmber or be act:vated even when the muscle
fibre is only gently compressed (Te.ravamen 1970). It is possible that
satollite cefls move tp.+* ‘\ site of injury, proliferate and become mynblasts :
The myoblasts ‘may .8 transformed fato myotubes -and ultimately
regenerated fiures (Cullen & Mastagla 1982). To fact, ‘myotubes have
| 'prowded evidence for regenemtmn 3- days after downbhill runmng in rats

(Armstrong et al. 1983a)

Similar results were reported by MoCully and Faulkner (1985) following
electrically shmu]nted gecenttic movements of mouse muscle. Steuctural
damage was followed by fibre degeneration and infiltration of macrophages.

- Four days after damage ‘was induced, myoblasts and myotubes were
- evident: By 30 days, nmscle fibres a_ppe_ared aormal. '_ '

Stauber and Fritz (1988) examined, celtular infiltration in xat soleus muscle

thet had been imjured by forced lengthening, They reported that
mononuclear cellular infiltrates, most evident in damaged muscle between

24 and 48 hours after injury, we_re'not comprised maiﬁly_of macrophages, as

suggested by others (Armsirong et al 1983). Rather, the cells were
myogenic in origin aud wers most nm_-nerous between. the tom ends of the

fibres, Lymphoid cells were also found, suggesting an involvement of

Deportment of Physislogy, Universty of e Wilvetaistond
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lymphocytes in wiscle Tepair. At 96 gnd 120 hours after i injuzy, myoﬁhres

_were obsewed in, spaces prewously omupwd by monu-nuclear cells,

_ Usmg 2 d:&'erent eccentric exetcxse promools, Joneg et o (1986) observed _
-+ fibre necrosis and cellulax infiltration in Immans. Foreann flexurs. were' o

- forcibly extended using a winch with & mechanical advantage of sbout 10:1.

- Calf nmscles were exercised as. the subject walked hackward down an

inclined treadumill Although ﬂlel‘e was varishility in the rosponss among o

subjects, degeneraﬁng -fibrea anﬁ mﬁltratmg mononnulear Qens were not

; evident wntil 7 days after exercise. By 20 days after exercise, raamy sma]l E
" rogenerating fibros with basop cytoplasm and fntornal nuclel were

.f' - S 222 Machanisms of Mﬂfphblog‘ical Prmage dnd Repﬁir.- o

~ The precedmg evidence suggests that damage progre&.ses in the postﬁxerclse:' _

period, but is not permanent (Armstrong et al. 1983; Fndén 1983* Fridén et

-al, 1981, 1983b, 1984; Jones et al. 1086) Amcmg the factors ’chat may

influence the dnmage and repair Processes are caicmm (Amlstrong 1984;
Busch et al 1972 Clarkson & Tremblay 1988; Fnden &t al 1983b;

| Newham. et al. 1983b; Soza ot al. 1986), lysosomes (Fridén 1984; Fridén et

al. 1981, 1984; Salminen et #l, 1984; Salminen & Kihlsirom 1985; Salminen
& Viko 1980, 1983b, 1984; Viko et al. 197Kab), comnective tissue
(Atmstrong et al. 1983; Asmussen 1956; Fritz & Stauber 1988; Tullson &
Armsirong 1981), freo radicas (Alessio & Golifirb 1988; Covper et al
1986; Kanter ot al. 1986, 1988), encrgy sources (Npakes 1987; OReilly
1987), and cytoskeletal and myofibrillar proteins {Pndeu et al. 1984
Lazarides et al. 1981; Reichsman et al. 1938)

2.2.2.1 Caloum

Abnormally hlgh levels af caleium (Ca™) in muscle cells can trigger a senes

of events leading to necrosis (Baracos et al. 1986; Busch et Al 19’?2
* Duncan 1978; Knochel 1981; Wrogemann & Pena 1976). These i increases

could result from elther lesions in the sarcolemma or & defect in the abihxy

e AR
I3
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of the Samnplasmm ratxcuhn:n tn reuptake Ca*‘* Iuvestagators have

| : hypothes;sed that wher actin antl myosm gre pulled apart dmmg eccm

exercise, ﬂzasnrfacemembmnexs damaged, allomgemryofamawllulat

: Ca**(AxmstrOng 1984; Newimmetal. 19831)) 'Ihere:sevxdencato suggest_ |
. an agsociation. between cat accumulatmn and satculemmal defects mn
. dlseased muscle (Bodmstemer et al 1978; Cullen ot al. 1979; Cullen &

. Pulthorpe 1975; Rowland 1980). T fact, "holes” in the sarcolemtma and

o Iarge sreas without auy sarcolennm have been observed in ovmontmcted | -
| ﬂbres from pattents w1t11 nnmcu]ar dystrophy (Schmall)mch 1975)

Increqsed Ca*'* may cause mxtouhandnal swe]]mg that wuuld explm ﬁ ‘9 o
© increase mmrbochondnalvolume nntedhyFnden et al, (1983b). When' Ca“- L
levels are high, sitochondria sequester the. excess Ca** to maintain,

T

homeogtasis, Thus, Ca** overload camnses reduction in oxidative

- 'ﬁhosphory]aﬁoﬁ. and"'a*subsaque;_at decrease i ATP (Cullen et al.__1979;
© Wrogemann & Pena 1976), Low ATP levels may initiate a cycle f events
starting with fopaired abillty to extrude Ca‘“‘ via A’I’P—dependent pumps' - .

(Amr_strong 1984 s Wrogemann & Pena 1976).

Accenmlation of Ca™ in nmsulé_ fibres has been shown to induce muscle_ :

damage (Baracos et al. 1986; Soza ot al 1986). Baracos et al. (1986) noted
that Ca** mﬂuemes protem turnover in. incubated rat skeletai musele. They

found that protein degrada_uon wag lowest when ne Ca*™* was added to the
extracelinlar medium and increased with increasing Ca** concenteations,

'addmm:, dan‘.rolene, an jnbibitor of Ca** release from the sarcoplasmic

retic dum, reduced net protein degradation. Thus, i appears that Ca™ from

~ ‘both em'acelhﬂar sources and intracellular teservoirs can nﬁ‘ect pmtem

turnover in molated skeletal muscle (Baracos ot al. 1986)

The damage cansed by eccentric exercise 'resembleé dismptions elicited by

- Ca**-activated meutral protease (CANP) [Busch et ol 1972] After
. mcuuatmg mbbn: mizscle in a Ca™ solution for 9 hours, Busch et al. (1972) |
~ noted complete removal of Z-lines, Myofibrils were then incubated in the -
. presenge of Ca™ and/or sarcoplasmic protein extract. Neither the Ca** nor

‘Tiopartiment of Physiology, Uiiversity of the Wikwlecsnnd,
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o Ca’”'-actwated neutral proteases may also play a rufle in the repalr process .
‘Thers are 2 isoenzymes of Cy"-dependent proteases (Mellgren 1980). The :

B J_ type 1 en.zyme is activated at momohr“concentrannns of Caﬂ* aud the -
type 2 enzyme requires - millimolar concentraunns Tn the presence of Ca“‘* |
 both isoenzymes undergo partial autolytic proteolys. These inical events -
- allow mcreased Cat* aﬂimty and autos,mvanon of the proteases, 'I'hus,:
' 'thare 15 mcreased pmteolync actmty at phymologma]ly attzinable Ca**
concentmhons Proteins that anchor the cytoskeletnn to the plasmalemma -

Dmmntdﬂssmhsythivmefmawawmumﬂ. 5 Y m TR |
' the extract alote caused Z—hne degradatmn_ However, when m},oﬁbﬁ]s O
 were mcubated with both Ca”"‘ and extract, Z-lmes wem ramove The -
_ authors miggeﬁted the presence of a Ca* aetzvated sarcuhlssn‘nc factor
o (refened ta above'as CANP) capsble ofselecttvely dograding Zines. This
L svidence nnphasthat CANP maybe mvolved in ﬂ:ua extens:ve dmmptr.on of N

. Z-dises fcllowmg eccentm exermse. R |

are excellent substrates for Ca*t dependent proteases, and Maﬂgrm(l%?] .

~~ has snggested that Catt-dependent pmteolyms may operate in some aspact '
e of cytoskalatal or cell mesbrane remodeimg :

SeVerail studies, have reported fhat exercisé--damaged mmscles spontaneously

shorten and that the shortenmg js not cansed by an increase i electrical

activity (Brody 1969; Howell et al 1935 Jones-et aL 198’7) Clarkson and

Tremblay (1988) had mbjects pexform rf.apet:t:ve eccentuie muscle actions of
the forearm fexors and th.en msasnrad the elbow angle as Subjects stuod
with their az:mhmgmg relaxed at their SLde.

In an attempt to explain the ﬁresaﬁcé of hyﬁercbntméted fibres in biopsies
from patients with Duchenne muscular dystrophy, Cnllen and Flﬂﬂmrpe '

(1975) hypothemsed that Catt mﬂux nnght causg excessive contraction of

some sarcomeres. This, in furn, would excess:valy stratch’ adjacent |

sarcomeres, Some of the stretched myoﬁlaments would be d:lsntpted,

mltlatmg nem'os:s

- Depertones: o Physiology, Usivesshy of the Wawaiczsraod
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| mduoed contraoturos in musoles that were elect;cally normm at vest, Bmpsy

- analysis showed 8 decrease in Ca‘” ui:takeimg of nucrosomal protein, md -
" the author suggested 1 defect n tho abi‘.ltty ofthe snrooplasnuc rauouh:mto o

g '.sequesterCa‘H‘mns. '

. 'It has))been hypoﬂie.s:sed that tho musclo shortenmg noted aﬁar eccentno .

'_T:emblay 1988) There is somo emdme ﬂ:at eooentno exercise produoes

exg:éxse is due to an accummiation ofCa"'* in damaged fibres (Ciaﬂ;son &

,,,,,

o g&netat:on palncuiarly af low ﬁ'eq_uonolos of elecmcal st:mulation, ha\re
. been noted (Davies & White 1931 Newhan et al. 19330, 1937 Sargoant &

 Dolan 1987). This low ﬁ'equenoy taugue has . been attributed to .
saroop]amo reticulom damage oausmg Jnsufficient Ca** release for force o
'genemuon (Newham et al. 19sac) | |

" The Ca** l;}fpothesioﬁor suscle damage is attractive, but moremvestzgatum

* js needed. Tncreased intracellular Ca** concentrations in exercise-damaged
 muscle'must be documented and the location of the defeot identified.

' noted in histologically preparorl tissue from exercised muscle (Salmmen &

*

2.2.2.2 Lysosomes

Several studies have noted an morease in activity of lysosomal epzymes in
exercised musole (Salminen et ol 1984; Salminen & Kihlstrom 1985;
Sslminen & Vihko 1980, 1983b, 1984; Vitko et al 1978ab). The

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

' Brody (1969) reported a case studym whwh ] pat:ent e:qmnonoed exqua ww - (" :

-

exorolse-damaged muscle is poorly understood. Invadmg phagocytes

oortamly agcount for a large portion. of the increased Iysosomal actwity

Kihistrom 1985; Vihko st al. 1987b). However, increased muscle ceIl
lysosomal activxty 1y ocour a8 well (Vihko et al. 19781)) High Ca** lovels

can increase prostaglandin Ep production, whlch is lmown to increase

muscle lysommo ﬁmouon (Baracos et al. 1986)

Deparionsut of Physiology, Livessity of the Wiwaiersnd
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mcrease m actmty of ncid hydmlases (mast notéhly ﬁghwuromdase)
C follwmg exhaame twadnnll mnnmg (Sahnmen ot al 1984* Satminen &

" Kilistrom 1985; Ssiminen & Vibko' 1980, 1983ab, 1984; Vilko o sl

'1978a b) Salmmm and Kihlstrom (1985) reported mgmﬁcant correlauons r
a between B—ghxcurcmdnse and necrotw lesions in mouse muscle followmg 4

" -_thmnsufmnmgat145m/mﬂ),B-thummdaseactmtywashzghﬂstS .

o 'daysaﬁerwceruonand,atthmtnne,ahzghpmpommoﬂysusomalamvity
S Wasassocmtedethceﬁularmﬁhlatesduemmﬂammatmn. Lo

= e Paasn*.-
| ""Inseveral smdxesuﬁlmngamousemodel, mveshgatorshavenotedan A

Salminen aud Vihko (1983b) found that mouse  skeletal nnmles are

- selecuvely snsceptible to exercise-induced damage Morg necrot:.c. leswns

. were ﬁnmd in muscles that were located 1 in non-exmandmg compamnents
They hypothesised that more damage 1y occ'ur in these companments due
 to uedema causing tissue pressure, r,emzltmg in mchnennc necrosis. Also,
. correlations between activities of B-ghucuronidase following exhanstive

exercise were h]ghest between different muscles within a compartment, '

- rather than between different nmsules n different compartments (Salmman
& Viliko 1983b). Lysosomal activation seems to accompany oedema and
may be involved in the pmcess of ischaemic necros:s

' Contractile proteins also may become exposed to proteolytic attack of

| _lysosomal enzymes after a mmscle is mechamcaﬂy stregsed (Fridén 1984;

- Fridén et al 1981, 1984). The increase in 11poﬁlsom gramlles observed in

blopmes of buman mbjects obtained by Fridén et al (1984) 3 days after
eccenttip exercise when compared with those taken nnmedlately after
axero:se snppnrts this hypnthems o -

To evaluate the role of lysosomes in myoﬁbrillat and total protem _

breakdown, Lowe]l et al. (1986) assessed the release of 3 msﬂurlh]sudme
and tymsme in perfused mmscle of starved and fed rats, W]nle 3-
methylh:stidme is found excluswely in actin and myosm, tyrosine ig found i in
other muscle protsms Inhibxtors of lysosomal prnteases did not affect the
efflux of 3-m&thy]hlst1dme but inhibited tyrosme release. Although total

Department of Physialogy, UiuvumI.y oithe Witwstersrand
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proteolys:s, ‘which pnmaﬁly reﬂects non-myoﬁbrﬂlar protein degmdaunn,

_may oceur w:thm lysosomes, ﬁm7lata suggest that myaﬁhrillar protem' | -
» breakdown uecurs via a non-lysosomal pathway Alihough this study does
not support a Iysosomnlmechmmnfor ayofibrillar damage, the mvm-o '.1
- resnlts gannntbe dlrecﬂycompareﬂmthexemme-mdueed damage B

-' 2.2.2.3- Connecﬁve'ri;sue' o e

Pro&ﬁets of co]lagen breakdown may act as ehemotactm agents “‘ﬁor

manacytes to tmvel fmm the blood into the muscle (Axm;trong et alj)
- 1983). In fact, a ﬁgmﬁcaut decrease in msmocytes has been found in th#:

blood of hutmans at 24 hours following dowlsll running (Schwane ot al

1983g). o mat musle samples fixed for histology following downhill

mnmng, monocytes remained achered to the luiNnet-wialls of the venules
(Armstrong et al. 1983). These cells may have been fixed in the smitial stages
of dmpedems into the interstitium. Upon entering the injured atea,

 monocytes are transformed into macrophages whick then fimction in

phagocytosis. Infilirating cells may cause further fire degeneranon as with

_ mﬂammatory muscle disease (Mastaglia &. Wailton 1982). However,
‘because tissue infiltration ocoms after peak” enzyme release, Jones et al.

(1986) have suggested that invading cells are'a consequence, rather than 2

cause, of damage and are acting to scaveng'e and remove debris, ©

Also, the animal work of Stauber and Fritz (1988) cited above suggests that
mvadmg cells may be predominantly myogenic. Protcoglycans, major.

- componenis of cannectwe tinsue, are important for regulating the myogesic

process including satellite cell reiease, myoblast filsion, '_and myotube

w&m.mmammm
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A

_ | ’Iihe Ingh forces assncmted w:th eeemme exerclse stress the structural -
i 'elem,ems in’ series between the cross-bndges and the nmsc]e’s “bony
attachmelﬁs, mthding connectlve tissue (Fndén 1983). Albraham (1977)
o found elevated Jevels of hydmxyprolme an awino acid ﬁnmd in comective -
_t:sme, i the urine of subjects followmg soreness—mduc:ng exerczse '
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r" 7 L R ° orientation (Frrtz & Stauber 1988). ’I'hus, connective hssns may have a " ,_:"(‘_"-_‘_
L | - - reguﬂntory, aswellasasnucnn'al,mlemthe damageandrepaxrpmcess. o ’
S B _ Fntz and Stauber (1938) used mnmoh:stocheuﬁcal techm.qaes to momtor

a0 | changes in proteoglycan localisation foIlowmg forced imgthmmg o%mt__ R

- %m. R _ soleus muscle. In the exh?,f:,’ﬂular matriz su:roundmg ﬁbreg ﬁnm nommal |,
g ”* ,_ﬁ.; A o "muscles, proteoglycanswere Iooahsedmthsendonqrsmm. Between land 3. o

o daysaﬁﬁ'mjury they were absnt ﬁ'onl\{\]\ns area. I—Iowwér w:thnlS days: .

. ofmjuty, praggqglycan localisation wag es&entlaliy nonnql, The researcherx_
o -' _'mlggestedﬂhw ,«édeacaltlﬂarmamxmnnporﬂmtmrcpmhyprmdmg' %
e -Emctumlstabﬂityﬁrregmdhngceﬂs e

i’

- Free radicals afe chemical specie; thh ane or more unpﬁife&"eiectrohs o
their 6ute1' orbital making them highly reactive .(Blﬁke et al 1987 Mauhlm e,

" & Bendich 1987), Lipid peroxidation initiated by free radicals decreasos the =
_ _ '_'bmmﬁmctmnmcellmembranesandmaybeassocmwdthhnmscleﬁbm‘_-I.__
m LT |  tiecrosis and enzyme release following damaging exercise, In addition, an
o | mcrease in the level of free radicals may be related to loss of membrane 3
mtegnty of the sarcopiasrmc retwulum and mitochondria (Dmes et al, |

1982; Lovlin ef al 1987) ;‘ - o = __

Exhanstive exercise “known to indnce umscle damage Ims heen showm to | '
increase free radmal activity (Alessio & Goldfarb 1988; Cooper et l. 1986; v

Kanter et al. 1986, 1988). Kanter et ol. (1988) cecently measured semm o
malondiaidehyde (MDA) ard creatine Iinase-MB (CK-MB) in the blood of
g runne"sfollomnganSOlunrace.‘Ihepresenceofl\/ﬂ}Awasusedasm _

'5_' indicator of lipid pernmdauonresu]tmgﬁomﬁ‘eemdma.reachons, and CK~
[I MB was used as an indicator of muscle damage. They found a significant -
o coxrelatwn (r = 0.85) betwesn MDA and CK-MB, Alesmo and Goldfar‘b -
L ~ (1988) also found an increase in MDA after an acmte bout of nmnmg in

male rats.
“ }' | . Deportaeat of Pysiology, lhvmnm{ }mtmmd = . 1%, ' H
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"Usmg serum CK, as weil as s lactate dd:ydrogenase (LDH) and aspartate '
" amigotransferase (AST), as ev:dence for mmgcle damage, Maughan etal
(1988) measured thiobarbitaric acid téactive substnces (TBARS) followirg
7oA suimutes of dowahill m:mg TBARS are prddﬁcts of lipid peroxidation. o
‘Subjects with the greatest enzyme increase skowed the greatest(,ém‘ease i
':.serumTBARS The time course ofchanges in ’I’.BARS was also s:mi!azto_'
- that ofsemmenzyme actxv:ues. ! AR

-'I'hus, there is du;a to suggest ] re]atmnsinp hetwem free radmal reactmns

aud loss of membrane mtegnty fo]lomng exercise. Howm, the E

| relanonahlp may not be a causative one (Maaghan et al. 1988). In additios,
the studiss that lmve shown an increase in Hpid pem:ndatmn aﬁe.r exercise
* " have used endurance exercises. The § mc:ease in 1|p1d pe_:ronda_tmn could be

produced by an increase in catecholamine levels in the blood, au elevation
of body temperature, an fncreased rate of hasmoglobin auto-oxidation, qr'
error in oxygen metabolism associated with the inoreased rate of oxygen
wtilisation (Kanter e al. 1988). Considering these factors, it is qubstionable
vihether the damage induced by high force, short term ectentric exercise |

~ would be relnted to lipid perox:ldatton

]

© 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 hos been suggested that for endurance-

type exercise, muscle glycogen depletion moay initiate damage (Nmﬂcgs
1987). §_j_nce_ gooentric exercise generally does not result in totai glycoge:
depletion (O'Reilly et al. 1987), it is unlikely that glycogen depletion wontd
produce the profound damage seen. with eccentnc work in healthy
mdxvidunls

I-Iowwer, glycogen availability may be important for repair, Kuipers et al.

(1985h) found that the glycogen content of nmscle biopsy samples taken 24

Depariment of Plysiology, Utiversity of the Witwnterarand



‘_:\\ . - .- . .

. Lz |
—_—— e

Depummofl’lxsmoloyvniveﬁtyd‘ﬂww‘mvdmi ) _ o Page 1

hourg aﬁer eccentnc r*ycle ergomnter wnrk was Iower thml the glycogen o

~comient of sampler; taken immediately aﬁer exercxse. O'Reilly et al. {1987)
' exammed muscle plycogen lev-is of the vastus lateralis a:&e:: eccentric cycle :

exercise. "Ihey found a 39% reduction in muscls glyoogsi immediab fy after

o exercise, 10 Day= after exarc:se, glyongen levels were mot festored and
‘were . even ‘Tower (but not s;gniﬁcan-iy) than xmmedmtelv postexexmse .
values. Although glycogen depletion sy not initiate damage, the reduced - -

' | " capacity to resynthemse glngen may play m, unportmt role in this repalr -
3 process.

222, 6 Cytoskele:tal and Myoﬁbnllar Pmtems

'_Tha nxtarmed:ate ﬁlamant protem dosmin, glso may be involved in mmscle

repair (Fndeuetal. 1984: Lazarides et al. 1981). There is evidence that this |

- protein acts s a frumework linking Z-discs to one anothet and to the

sarcolemma(Lazarides et al. 1981). Using immunofiucrescence microscopy
with an antibody pecific to desmin, Fridéu et al. (1984) found longitudinal
extensions in biopsies taken 3 days sfler ecoentric exercise. These
extensions were taken as indicators of cytoskeletal disorganisation. The
authors hypothesised that there is an elevated tummover of cytoskeletal
protems following muscle damage, Increased synthesis of dasmm may he
important in renrgamsam of myofibriflar protems

Changes i thé electrophoretic banding patterns of the major myofibrillar

. proteins have not been found with exercise damage, | Snyder et al. (1984)
o examined banding patterns of mmscle homogenates prepared irom rats that

ran downhill for 90 minutes. Thiey -observed mittimal  differences  in

- electrophoretio bandmg pattems in animals sacnﬁc.ed 18 or 24 hours after

exercise compared with unéxercised, control animals. Reicheman et al.

(1988) studied biopsy samples from 4 human subjects taken 48 hours after
f:erformance of high force eccentric exercise, They also found no change in
banding patterns of soajor myofibrillar proteins. However, they did find a

* substantial increase ‘n 4 unidentified protein bands repmsenung molecular
| welghts of approximately 95 000 daltons, 76 000 dalions, 33 000 dalions, |

Depictimat of Physiolony, Uiversty ofthe Witwateroad — TR
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B and 11 800 daltons. Thgse moreases mny mﬂect an eﬂhmged s:jfnﬁlesss of
ceitamprotemsneoessaryfo;mpm e :
5“3 LﬂcntlonandExmntofBamage L _ .:-«' .

Tl

T

'Ihere is diSGrcpancv 'conceming the' location of damags, especially when

" comparing animsl models with human models (A:msr.roﬁ;:, ot ol 1983
 Fridén ot al. 1983b; Jones et ol 1986). Both fast thtch nd slow tthch: a

" fibres xay be mjuxed, Damage ogours prdomantly m he type T fibres of
| anmals(AnnstmGng ot al 1933) andmﬂletypeﬂﬂbres of humans (Fridén
et al. 1983, 11988; Jones et al. 1986). Although no clear explanation exists

N .ﬁarthls d!ﬁ'erme, it may be attributed to the type andseventy of exervise.

Tndividual work periods are mmch longer in axdmal studies than in huian

- studies (Fridén 1984).

~ Recent evidence has shown predominant fast glycolyfic (type W) fibre

damage in rabbit muscle that had been electrically sumulated dunng force
lengthening (Licber & Fridén 1988), :

Selective damaga may be related to motor unit recruitment pattems and/or |

~ structural differences between type I aud type II fibres (Bymes & Clarkson
- 1986; Fndén et al. 1988). However, there is no evidence for salectxve fibre

ream:tment on the basm of PAS—stammg (Fndén et al 198313 1983
OReilly et al, 1987),

It is often diﬁcult to assess the Jocation. and extent of damage because of | |
the small specnnen size and physiological statas of sectioned fibres. Both -

atrophied and hypertrophied fibres have been identified in damaged musole
at 24 hours after injury (Stauber & Fitz 1988), Since this is too shorta
time frame for traditional hypertrophy to ocour, Stavber & Fritz (1988)

 have proposed & mechamism to explain these results. The "hypertrophied'

fibres may be broken fibves that have retracted, and the “atrophied” fibres
7may be samples fiom the end tips of broken fipres. Depending upon where
fibres srs sectioned, tﬁey may appear normal, hypertrophied, or atrophied.

i
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Evidencs from sev-rul animal stodies has suggested that exercise-induced |
injucy is restricted to relatively short segments of fow fibres (Armstrong ot
_ al. 1983; Kuipers et al. 1983), Kmpers et al (1983) noted that necros:s was ._ _
o hm:tedto 150to 1 Zsomcronsegmentsmrats folluwmgtreadmilf

- Armstrong et al. (1983) ﬁmndthat less than 5% of rat mnsqle fibres were

aﬁ'ected by downhﬂinmnmg

| In the cases of myopathy cond:tmns in Imm:ms, it is common to obse.rve a
. aweas of necrosis in small segments of one fibre while areas adjacemt to the
* necrotic Segments remain visble (Carpenter & Katpzm 1984). When this
- happens, & demarcation membrane forms between the area of necrosis and
the healthy ad_]acent segments (Carpenter & Ka:patl 1984). Thus, gections
| of focal necrosis can be "walled-off" ﬁom the remammg ﬁbre and then

repaired (Catpemter & Karpati 1 984)

Ammstrong et 4l (1983) have: hypothesxsed that necrotm fibres may be
suffering from.a pathologmal condition that becomes apparent when the

muscles are mechanically stressed, Perhaps all recruited fibres suffer
sublethal fnjury. Those thut suffer lethal damage may represent random
evenis in which the damagmg procﬁss has passed a point of no retum. Also,
it should be noted t]mT ‘because focal necrosis is probably involved (rather
than necrosis of the entive cell), it may be difficult to estimate damage from
only a few cross-sections of mnscle,

2.3 DELAYED-ONSET MUSCLE SORENESS

- Many types of muscle pain and soreness have been documented (Layzer 1986).
Hough (1902) first hypothas:sed that delayed-onset mnscle soreness fo]lomng

 wnaccustomed exercise was a result of mmscle damage due to mechanioal stress,
His theory, which has been supported by the biopsy evidence presented above, s
now widely acceb’t:ed.

Department of Fhysiology, University of Gre Witwatesand
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'.’.1973) In contmst, dalayed—onset nmscle soreness is unrelated to fangue and*x/s :

described 4s a dull, dching pain uombmed with tmdemess and stiffness (Armstong L

© 1984; Bymes & Clarkson 1986). Discomfort usually develops durmg the first 24 to -

48hoursfo:iowmg ewentnc exercise andpeaksbetween% and'?zhaurs. X then

. subsides and dlsappears within-5 to 7 days of exercise (Abraham 19‘7‘? Azmstrong :
- 1984; Asnmssen 195¢; Bobbert et al 1986 Edwards et al. 1981; Fndén et al

; 1986, Hough 1902, Jones et al. 1_937, Newham et al. 1083s,c; Talag 1973).

3

© 231 Loca!matmn oi' Dlscomfort

L

":

o The method most commrmly used to evaluate soreness has been the

_ questmnnmre Subjects are required to rate perwwed soreness 012 vetbally
- anchored, ﬁxed_ ordinal scale (Bobbert et al. 1986; Bymes &.Cla;:kson _
1986; Bymes et al. 1985; Clarkson & Tremblay 1988; Talag 1973). Using
éuch h scale, Bobbert et al. (1986) assessed soreness in the gastmmem&us :

follomng repea:ted lifting and _ lowermg of the body. hy plantar- and
: dormﬂemg the ankle of one leg. ’I'wenty-four hours after exercise, subjeets

located efther the proximal or distal parts of the mmscle to be most tender =

npon palpatmn I-Iowever, 48 hours after exercise, all subjects reporied that
the midd’ ; patt was 28 sore as the proximal or distal paﬂs.

Others have quantified tendemess using a roundended wooden probe

connecied to a strain gauge (Edwards et al 1981; Jones et al. 1987,
Newham et al. 1083c, 1986). The probe with gradually increasing force,

. was applied to the muscle, When 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 exerczse—damaged muscles. (Edwards et al,
1981)

PR
L

. Department of Physilogy, Universiy of the Wisvatersaed

o



{
{

qumw.wmamwm _ T N _ Page 21

w

-, There ar¢ 2 possible explanatwns for Iocahsatmn ofpam. Enher nmr.scle" o
: "ﬁbres and/or comecuve tissue are damaged (Armstrong 1977; Asmmssen

1936, Fnden et al. 1986). The fibres ]ust pro'xnnal to the musculotendmons

o -Jimcuun are oriented obliquely, makmg them most vulnerable to' the high ~

| tensions of eccentriv exercise (Fndén et al 1986). I-Iuwever, muscle ﬁbres' v
B arehlghlyelastlc comparedmthconnemvehsme, suggesnngthatthe latter

: maybeevmmnresuscepﬁbletomjmy(Asmssen 1956) ;

 Jones e’t:a'l (193'7) 'obsemd ﬂm'msae 'sﬁfﬁxess :md spmms floxion
. at the elbow developed immediately followmg eccentric exercise of the

- forearm flexors. Tendemess when pressure was applied ta the affected |
mnscles and pain on extension developed more slnwly Since there wasno .

innrease in resung EMG activity, the authors conchded. that stiffiress and
spontaneous flexion may be a result of connective tissne damage causing

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

2.3.2 Sereness and Flmti Pressure

(1985) also found that flexion deformities were mnt acoompanied by an
mcrease in electical actw:ty The Jatter investigators concludad that oedema

) w:ﬂ:mﬂle pennmscu]ar connective tissue may alter the elastic behaviowr of
--themmclesandcauseremuonofmouon. Consistent - with this

conclusion. Jones et al (1987) noted that pas&we movements rednced the
flexion deformity possibly by squeezing fluid out of the omscle. Clarkson
and Tremblay (1988) suggested that the flexion deformities Were due to
shottening of fibres by an abnormal scoumulation of Ca*™ in the cells. The

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

pethaps mnkmg receptors more simmh\re to piin,

Ll

The evidence for a relationship between oederma mdmusmﬂar d'ispomfort is

contradivtory. Bobbert et al. (1986) found an increase in limb volume

 relative to the volume of a control imb 24, 48 and 72 hours following

eccenitic calf exercise. Thus, they hypotheswed that an increase in Jimb
volume may be due to oederna formation that results in soreness, However,

" Dephrtment of Physiology, Univecsty of the Wiwalerscand
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- . Talag (1973) found no Elgmﬁnant cm:elauon batwaen hmb vcehmae amd-.

goreness followmg eccentn.c excrclse of the fﬁmarm ﬂexors

~ More sophisucated msethoda of maasimng m:ttamlmcular pl:essute in pamﬁll h
 mascles have lso yielded conflicting resalts (Fridén et al. 1986; Newham&. -
' Jones 1985) Fridén et al. (1986) used a dif catheter tecbmque to measm‘e | _
tlssueﬂuxdpressuramthe antenortibmlcompartment oftheleg. There was - E
- amj increase in pressure 2 days following exerolse. Thus, pressure elevatmn _
sy have been a result of fiuid buildup associated with delaged-onset
muscle soreness. Using a smnlar technique ta- study axemis&mduced_
. soreness of the ehow flexors, Newbam and Jones (1985) found o ”
 significant dxﬁ'q;enc in . intramusoular - pressure between comxol ‘and
exercised muscles. The contlicting results may be due to the compliance of
‘the different compmtmmts (‘Newham 1988). The tibial anterjor

compartment is a relatively low compliance compartment whereas the

compartment around the elbow flexors is more compliant and distensible .
_(Newham 1938). | | |

mﬁammatory drugs are not successful in mgmﬁcanﬂy reducmg muscle

sorencss (Donnelly et al, 1988b; Janssen et al 1983). Either soreness is :nnt
related to oedema, or the oedema observed by several mvestxgatnrs is not
inflammation in the classmal sense. Schwane et al. (19832) found that

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

accompany inflasmation, did not oceur in association with soreness
following downhill running. Tn addition, neutoPIiils were rately observed in
eccentrically exercised rat muscle (Armstrong et al.. 1983). Smith et al,
(1988) reported a larger increase in neutrophils after downhill running that

mduced muscle damag‘e compared with uphill running which did not induce
damage. Because an increase in neuvtrophils eccurred 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 altemative sequence of events resultiug in oedems has been
proposed (Fridén 1983, 1984), Fibre dmmptmn may Iead to formation of

Depmtmmtdmymolny,ﬁmmofﬂwwmtmmd
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. degraded protem components, release s;;f pﬁstain ‘bound mns, and a

S _""subsequent increase in osmntm ‘pressute causmg .ﬂmd bmldup Flhuid
R  pressure may then activate ﬁ“ee aerve endings and be perce:ved as soreness.
" Fridén et al. (1988) found that mascle fibre swelling was directly associated

. with de]ayed mnscle soreness after eccentric exereise. Prehmmary '

_ mvestxgahnns in. our laboratory have suggested that substantml swdhng oan
o _be present long after soreness has subsided. This may suggest that muscle
o .pamreceptorsadapttathmsnnuﬂns o '

Although auti-iéiﬂamatory drogs ave ot proven sucoessfil in the

alleviation ofmuscle soreness, ﬂ:are is some mdence from animal models |

that these drugs mayreduce the exiamt of exexcise damage Kihlstrom. et al
_ (1984) found that prednisolone, a _stermdal anti-inflammatory dmg, given.to
* mice before exercise reduced inflammmation and the Iysosomal response.
Similar results were found using indomethacin, a non-steroidal anti-
inflammatory and prostaglandin inbibitor (Salminet & Kilstrom 1987).

233 Soreness I'erception'

The sensanon of pam. in skeletal muscle i8 transinitted by myehnated group

11} ami unmye]mated group IV afferent neurons (A:mstrong 1984; Bymes

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

throaghout the muscle but are partioularly dense in regions of connective

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

!,','.: | -  Stace group IV fibres carry dull, diffuse pain and are twice as common as

 group TII fibres, Armstrong (1984) has suggested that they are primarily
responsible for the sensation of delayed-onset muscle soreness. o

e Group IV fibres have been placed mto 2 major catégories' (Mense &
\ ' :  Schmide 1977). There are metaboceptors, which respond to mechanical
| and/or chernical stimuli, and nociceptors, which respond to noxious stimuli
In addition, some group IV fibres are polymodal ‘and respond to several
types of stinmli Bradykinin, serotonin, histamine, potassium and
pmstaglandins may activate the free nerve endings of n;iciceptors (Bymes .

Deprrtment of Physiolbmulﬂimﬁiy o the memﬂam;i
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& Claﬂison 1986; Mense & Schmidt 1977) The d.elaym ouset of soreness
ibllomg an goute hout of exewme may be explained hy the time rcqnn'ed

fa}

* for cells. to die and for any or all of- these substances to acm)mulate

. (Armstmng 1984). 1t should be noted that while many wmyopathies are. notl
| . accompamed by soremess or pain, pam does occur in myopaﬂues where

" In add:tmn to- penpheral pathways, exermse-mduced somness may be

th_emsmpﬁbreakdown of i (Morgaanughes_ 1979)_. ST

| modulatedatthaspmnllevel,byﬂmrehmﬂarmﬁvaﬁngsystemmbythe N

- sensory cortex (Bsmzs & Clarkson 1986). Vanatmn in receptor types and

~ the abﬂxtyto modu]atepam atmu]s:lplelevelsm thenervous systemmay
" explain intersnbject varisbility in. soreriess peroeption: and the eqmvocal

) resu{tsobtamedby different 1 mvestlgators. o ' |

2.4 CHANGES IN FORCE GENERATION
241 Strength Loss
Exercise-induced damage' has been assessed vsing chenges in motor
perfonnmce, espemally fonctional nmscle strength (Clarkson & Tremblay
1988 Newham et a]. 1983c, 1987; Sargeant & Dolan 1987 Talag 1973).

After ecuenmc exercise, there is an. immediate decrease in maximal ﬁn'ce
p:coductmn followed by a slﬂw_ recovery (Clakson & Tremblay 1988;

© Newham et al 1987; Sargesnt & Dolan 1987). Strength may remain

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

The mechanism by which eccenitric exercise results in loss of strength hﬁs

ot been clearly identified. Either strength decvements are secondary to

soreness perceptions, of the inherent ca:pacity of muscle to produce force is

lowared At present, there is mcreasmg evidence to support the latter
| explanauon (Davies & White 1981; Newham et al. 1983c, 1987).

Investigation of th time courses for development of sdrén_ess and for loss
of strength suggests little or no felationship between the 2 parameters

Depestment of Physiology, University of the Witwntersand
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- b | . (Newham etal. 19830, ’I‘alag 1973). FoIlowmg eccenmo steppmg exermse, :
; A Newham et al, (19830) found that maximal vehmtary force of the knee _
SR exbemorshadreﬂxmedtono:malby%homaﬁer exercise when soreness L

. was mnst intense.} Although Talag (1973) found significant negative
: A 7'conehﬁonsbetweenmessmﬂsﬁmgmat%(r—-om)ana:rzhom R

o _(r = .0.57) following eccentric am” exercise, the magnﬂ:ude of the ,
o conelaﬁons doesnot suggestastmng reIauonsfhlp '

"i‘o 'detem‘iiﬁe' Whedler eﬁo#s'm maxmm!, NéWham et al {1987) )
o superimposed electrical stimmlation on voluntary isometric actions of sore
o | o __""mmchsﬁonowmgeccmmeofmemmﬂmmmmnﬂ
o o . force was _generated by electrical stimulation. only. if voluntary force
" | | gmeraunn was submmmal Results mdzcated Fhat ma:amal vohmtary force .
was genmted throughout the testing penod. B
'In an effort to examine the relanonsth between strength and strucmral
changes Fridén et al. (1983b) assessed momemc sirength and lsolnnahc
strength (at angular velocities of 90, 180 and '300 /sec) at 20 minutes, 3
days and 6 days foilbwing .eccmuic cycle ergometer exercise. Biolisies wem'l _
obtained at similar time intervals. Isometric strength and mkmetlc strength
- _ “at all angular velocities dropped soon after exercise, By day 6 stwngth .
/ " under all conditions, except at 300 /sec, was back to normﬁl. Bmpsies
| revealeddismptlonmeverysecondtoeverythndﬁb:eupmSdaysaﬂ:er .
exercise and in one-tenth of the fibres 6 days following exercise, The finding
that type II fibres were predominantly affected might explain the slow
strength restoration at the highest angular velocity.

."0;.

It seema that the loss of ability to generate force after eccentric exercise
differs from the traditional view of fatigne. As stated above, the strength

" Joss persiss tor several days or more after exercise, Parplexing, howéir’er is
the ﬁndmg by Clarkson and Tremblay (1988) that sub_]ects were *umable to
fully flex thelr forearm immediately after eccentric exercise of the forearm
ﬂexors and that this condition lasted for about 48 hours, Whether this
indicaies profiund weakness when the musole exerts force in 2 more”

g ....:_-2.-..
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eom:ramd state, or maybe duetoa dysﬁmcuon m actxvaﬁan of the nmsele,
s not kntwm. ' . - “\""\.\

2.4.2 Nemi ActiVatinn

. EMG studles Hlso have suggested that smngﬂl decrements sy be a resn]t
' 'ofdamagetotheoonh'acﬁle apparatus (Komi & Vutasalo 1977, Newhamet

al 19830) Newham et al (19833) found an mcrease wd;egratad EMG
 activity both during eccentric stepping exercise and w‘*eﬁ pre- and post-

| _ exerc:se strength tests were compared. A subma:nmal Imee extenmon test

' perﬁ;rmed at intervals after exercise showed an increase in mtegrated EMG
ot aﬁknee;omt angelsbetween 0 and 90, Tn addxtmn, the neural activation
':necessary to maintain full extension for 2 seconds was mcreased. Recovery

.' oocuned over 24 hours.

x
._\‘

Following eccentric exevcise on an electromechanical dynamometer, Siomi

‘and Viitasalo (1977) measured isometric kuce extension strength and EMG

parameters (mtegrated EMG, averaged motor unit potentlal) They
observed a decrease it maximmm strength andm increase in neural activity
at 3 given muscle tension both immedmte;/y and 2 days after exercise.
-Mechamcal stress produced during eocemnc work may cause stmctmral
changes accorapanied by nenromupsenlar performence decrements. Iujury to

initially recruited motor units may necessitate recruitrhent to additional muits

to produce required forces.

2.5 CREATINE KINASE

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

or plama creatine kinase is considered an indicator of ts:e'erle damage (Armstrong

1986; Kagen & Aram 1987, Rogers et al, 1985) While other plama markers of
muscle damage, including LDH (Jones et al 19433 Kanter et al. 1988), myaglobin
(Dioszeghy & Mechler 1988; Jorgensen 1987; Smith 1968), and 3-methylhistidine
(Dohm et al. 1982) have been used, CK is the most common, Elevated CK activity

Wy
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S . {_{ : e mthe mrcuhttonhasbeen assomatedw:thmyocatdmlmﬁamuon(Appleet al. 1984
R -Marelhetal. 1983, Roe et al. 1975, 19'77 Sobel et al. 19'77), degeneratwe nmscle .
SUh . diseases (owson ef al 1987; Kagen & Amam 1987; Rowiand 1980; Zondel &'
Se o Tyl 1965), and exerciso-induced skeletal muscls damage (Apple ef al. 1984;
“ & U) " Bymesetal 1985; Ciackso et al. 1985, 1986; Evans ot al. 1986; Hmter & Critz
o © . 1971; Nuwham et al 1983a; Nottall & Jones 1968; Ross et al. 1983). Tt should be |
_ 'noted that whsn measunng CK in the blood, total CK camenmmn represents :
. bothfhe eﬂ]nx and clearance ofthe enzymn 'I‘hus, mterpretatlon ofpeak clmnges
mCKshouidbedone“mhcautwn_ B .

2 5.1 Functmn and Stmcture

e _‘Cmanne Kinase has a dimeric stracture consistmg of M subusits aud B -
G o o subumtb(Lang&.WuIzburg 1982; Nanji 1983; Wevers et al. 1977). Thus, it
o o emstsnssdlﬂ‘erentmoenzymesthatarespemﬁctodsﬁ'erenttypesofnssus
Ca ~ CR-MM, CK-MB and CK-BB are found in skeletal muscle, cardiac muscle
B (and skelotal muscle, discussed below) and brain fissue, respectively.
R o | -  Isoenzymes are differentiated by electrophoresis based on differad Tates of

migrnion in an eletrio fied (Apple o al. 1984, 1987; Wevers o, 1977). ?"

_ MM, which, accounts for 90 to 106% of the total CK. activity in skeletal
nmscle, is primarily responsible for the postexercise rise in sgurm or plasma
CK activity (Rogers et al, 1985). With isoelectric focusmg, CK-MM can be
separated into at least 3 isofborms (Clackson et al. 19872; Morelli et al
 1983). Following physical exertion, CK is released from damaged musole as

|  CK:MMj. This isoform is subsequently transformed in the blood to Ck-
) S MM 'and then CK-MM3. The presence of CK-MMj in the circulation
[ | mdlcatesnswreleaseﬁ'omdamagedtlssue CK-MM has been shiown to be
. : o - an earlier indicater of exermse—-mdnced muscle damage for both isometric
| c - (Clarkson et al. 1987a) and eccentric | Apple et al. 1988; Domelly et a14|

1988) emercxse regimens than total CK activity. A recmt study has Fhuwn

. that the time courso of the CK-rMMl response after eocentuc_ eXercise .
R -+ closely parallels the development of soreness (Doanedly et aL. 1988).

% .
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L probable that inoreases resulted from the eccentric wmponeﬁt of rimning
Ly 2 perhaps were exacerbated by ischaemia (Armstrong 1986; Evuns 1987). o
[  Graves et al. (1987) also reported that plasma CK-MB m}s were elevated’ e
s 5 | n30% of mbjectsafleisometric oxercise. :
: N

.CK-MB has been elgvated in the blood ef marathon mmms folli)wmg a"-
- race (Apple et al, 1984 1987; Armstmng 1986; Sxegel et ab 1981) Itx ﬁ;.\_:\ '

j _Alzhough high CK-MB Ievels m"ﬂms clrclﬂatmn are. usua]ly assumated w:th S
- myocardial: infarction, the origin. of exercise-induced plasma CK-MB s
. most probably skeletal, not cardmc, muiscle (Apple et al 1984, Gtaves et al

987 Siegel et al. 1981), Siegei et 4L (1981) used infarct-avid ("lmt spot")- L

samngtaphy 0 assess - myocardial abnormalities maraﬂmn TRAners
' showing marked serum CK-MB elevation. However, normal ot rmﬂts-
« wete obtained. Morsover, Lum:mns et al (1987) reported thaf \,¢ i ac 3
troponin-I and C-reactlve protem were not elevated after a maradmn when _

there was wldence of CK-MB in the blnod

the extent of the delay depends upon the type of exercise. After downhill
running (Bymes et al 1985; Sci wue et al. 1983a) or isometric exercise
(Clarkson et al. 1982, 1985, 1987a; Kirwan et al 1986; Trifffetti et al .

- 1988), CK activity signifiantly i increases 3 to 6 hours after exercw? and

usually peaks 18 to 24 hours after exercise. However, auar local muscular

ecoentriy exercme a mgmﬁcant increase in CK activity gy not occur until
48 hours after exercise and may not- reach -peak values wmtil 7 day
[Clarksgm & Tremblay 1988; Jones et a, 1986; Newham et al. 1986, TL. .

Deportmeut of Physiology, Uoiversity of tis Wawaterumud

_ ,>x " g K-MB has been shown to be e]gvated in the blood of patients who wera

u) o adwitted to an emergency rod;}ii with sevé.re skelotel musole injury -

o (Schwartz et al 1988). Bhmt trauma, . espema]ly from motor—v’ehwla\_, L
- _ ~ accidents, produced higher total CK values and higher CK-MB valuas than

_ did panetramng wounds, Inno case was there myocardial damage o

. X 2.5..2 Time Course angt Meéhanisms of Efflux

A . n

R The increase in serum or plasma CK. activity after exercise is delayed and
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. difference § in the delays may be related to the extent of the damage and will B

be dlscussed in the next sections nftlns review.

 After enzynies are released-ﬁ‘omnmscle into extracellular spaces, they are .
1 transported to the blood by the lymphatic system (Lindena et al. 1979).
Alst;” the lymphatlc gystem. may be important in the. inactivation and

" removal of sbnormal enzyme Tovels (Eisu & Wistanabe 1983). Since dymph

- ,- ﬂow is relatively slow (Hsu & Watanabe 1983), the tranquﬂ of CK .

' thmugh the lymph cr“dd explain part of the delayed appearance of CK in

the blood. ‘However, it is unlikely that this would explam delays of 24 to 72 )
‘hours observed following high force eccentric exercise (Cla:‘:son md

Tremblay 1988; Newham et aL 1987)

25 2 1 Early CK Release amﬂ \T . . Ty |

O

- Hypoxia aad ischacenia have /ﬂeen popular explanations S changes in

membrane permeability resaitmg in enzyme release (.Axmsl:rong_ 1986;:
Fowlot et al. 1968; Wilkinson & Robinson 1974). With exercise, relative

hypoxia and/or ischaemia remﬂthig in energy shortage may cccur in skeletal
nmscle (Armstrong 1986; Fowler et al. 1968). Energy depletion may

contribute to increasing membrane permeability and/or muscle damage
(Armstrong 19°5; Bymes & Clatkson. 1986; Jo_n:es ¢t al. 1983; Thomson et

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

exercise at various workluads Blood samples for serum enzyme analyses
were obtained 5 and 15 minutes after exercise, Results showed that most

‘serum. enzymes increased in proportion to work mtenmty and that trained

sabjects had smaller increases in enzyme levels than witrained subjects at
progressively higher levels of work. The authors suggested that hypoxia
resulfed in an increased membrane permeability.

Under hypoxic conditioﬁs, elevated imtraceliufur Catt concentrations may
cause skeletal muscle fibre disruption. Jones et al, (1984) found that
calcium chunnel blockers, which are effective in cardiac a\ud smooth muscle,

did not prevent muscle damage lesding 18 ezvme release from excised
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mouse soleus foﬂowmg exoess;ve electmal sunnﬂat;on. They hypothegmgd |
| :that with ﬁltxgue, Ca* may enter the ﬁbre by s mu{b that is sepatata ﬁ-om |

the normal C&*"’ channel

Othsr researchers have suggested that high energy phosphates smsintain the o
'mtegnty of the cel!membraneandmﬂnence enzyme leakage (I-Itmr.er&- _
Critz 1971; Thomson et al. 1975). Employing electrical stizmulation ‘of
tetanised cat ]Jmhs, ’Ihomson et al (1975) found an mverse relatmnslup o
 between enzyme eﬁlux. and ATP depletion: determined indirectly by
- decreased work capacxty They cquiuded that mtracelhﬂar AT?P must be
depleted hefare enzyma smuxwﬂl oceur.

 Jaoreased CK activity i the blood following isomstric exercise suggests

that ischaemia may play a role in enzyme release. Howéver, comparison
between high and low tension isometric exercise also suggests that
mechanical stress may contribute te the response (Clarkson. et al. 1982),
Subjects peﬁ‘med 2 exerciégs anl, consisting of 35 maximal isometric "

actions of the knee extensors, and serom CK was amalysed fo]lbwing gach
bout (Clatkson st al. 1982), Ten:five (10-second isometric action, 5-second
rest). and 10:20 (10-second isomstric action, 20-second rest) exercise

programmes were performed on diffevent days using contralateral Hmbs,

Serum CK elevation was significantly greater for the 10:20 than for the 10:5
condition, The higher tension may have occhuded more blood flow and

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

provide time for resynthesis of creatine phosphiate (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 mischanical stress without substantial |

fibre damage.

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 mmscle, These anthors

i
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" suggesid that the vibration caused an increase in n pormenbility of the cell |
\ memibr, ne. Vibration may also serve as a mechamcal stress to the muscle,

- _altermg membrane permeabihty of the fibres. .

.t‘\

" Duncan and Jackson (193*?) mcuhated mouse soleus muscle in 2, &\

| - d_umtrog heaol (DNP) to mduce damage. DNP produced an mnneamte effiox
“ ofCKinto tho medium thet was dependent on extracellular Ca™. DNP aléo I
. |  produced vltrastractural damage, but this was mot dﬁl’mdent on b
v - . extracellular Ca**, Using other treatment conditions, CK. efflux could be |

 inhibited but myofibrillar damage could not. These researchers concluded
- that the myoﬁbn]lar dmmge aud CK eﬁlux were the result of different
mecha:m '

.Aithough changes in membrane permeability assooiated with metabolic
disn}rb.mqes' and unaccompanied by myofibrillar damage may play & role in

CK effux immed. .tely following or for several hours following exhaustive
work ¢ - high tension isomefric exercise, it is ymlikely that these fiictors are 2
principal cause of the delayed CK efflux following high force eccettric
exercisa, Peak CK efflux, observed at 5 or more days after high force
eccent-ic exercise (Clerkson & 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 al. 1987; Newham et sl 1983a), The
longer, delay in the appearance of CK in the blood after high force ecoentric
exercige has been suggested to be ceincident with necrosis (Clarkson &
Tremblay 1988).

PR T T T T 5 N PR Sy

T b T g

2.5.2.2 Déddyed CK Releaso and Necrosis

| - Clarkeon and 'I‘mmblay (1988) proposed a mechanmm 10 explain ﬂm._ 0
" » delayed CK release after local mugcular govenitric sxercise: ’I‘hey suggested ' :
' that e qreise-induced damage may cause an sccumaulation of Ca™ resulting
in: (2 production of noxious stinml such as bradykinin and histamine
) catsir s pscle énrenéss; (b) nmscle contractures leading to decreased
e o - ramge of motion; (¢) impsirment of sarcoplasmic reticulum and

;
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i -'mltochondrh‘*l fonctioning; amd (d) activation of sarcoplasmw protaases

resulting in loss of sarcolemmal integrity and delayed relesse of CK.
" Although there is no direct evidence to support this theory, smich indireot

“evidence exists (Brody 1969; Busch et al. 19’?’2' Cullen & Fulthotpe 1975;. -
_Neewhametal. 1983c) S s

Since myoﬁbrﬂlar damage, BOTENeSS’ and shrength decremants have been o
observed prior to release of CK into the cm:ulatxon, it seems that ﬁbre N
| destmctmn 1s progesssive and that sarcolemmal disraption occurs in the

*final stages dj necrosis (Clarson & Tremblay 1988). Fridén et al (1984)

2.5.3

found an. indfease in the intermediate filiment protein, desmin, 3 days |

followmg eccentric exercise and suggested that this was evidence for - |

samommeogenems. This obsmvamm is consistent with the point at which

‘genum CK just begins to incraase, snreness is maximal, and range of motion
is most reduced following local muscular eceéntric exercise. However,

' strength is only beginning to recover at this time (Ebbeling & Clarkeon

1988).

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

Ca* from the fibre resulfing in reduced Soreness and greater range of
metion, Althongh 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. ¥

strength is dependent an fhe structural reorganisation of the fibre, this might

explain why strength does not return to normal wntil 7 to 10 days after
eccentrio exercige. - '

CK Related to Loeation and Extent of Injury

Muscular uptal?e of radiolabelled complekas,' such as technetium
f,oyrophosphate, has been used as an indicator{_gsf muscle damage (Jones ot
sl. 1986} Newhan et al, 1986). Tecknetium pyroplosphate uptake is related
to loss of sarcolemmal imtegrity (Vita & Harris 1981) Although

mvestlgators have - found no evidence of increased tec]meimm
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pyrophosphate uptake into musoles ﬂ:at have contmeted ooncentnoa!ly,

_ ume course of radlonuciexde uptake by eccenttically exercised muscles
. parailels tha ofCK activity in the biood (Ibnes et al. 1986; Newham et al.
1986;. Jones et al. (1986) found 1 laxge increase in plasma CK 4 to 6 days
-aﬂer secentric exarclse Increased uptake of techneuum pyrophosphate, nto
the exermsad muscles followed a similar time- course Technetmm__ o
- pyrophosphate therefore, may be valuable in 1dennﬂnng muscles ﬁom
wlnch CK:s ’bemg reIeased.

“To studythe relauonslnp between sarumCK and muscle mjury Stemess et
al. (1978) gave. mtraumsclﬂar injections of local damagmg dmgs to rabbus, ;
plgs and humans. They found marked serum CK elevations. In addxtmn, E

postmmtem histological exammatmn of the animal muscle revealed large
areas of necrotic ﬁbres at all injection sites, The \\uthors mferred that

- enzyme activity was related to the seventy of the damage and to the volume

of tissue affected.

In conu'asr,_although exercise-indnced CK elevation may indicate muscle
damage, it does not provide an index of the magnitude of the damage,
Kuipers et al. (1985a) exarmined serum CK and amotnt of muscle damage
following . exercise in rats. Using serial sections of mmscle with Tight
- microscopy, & 3- d:mmmonal reconstruction was made and damage was

quantified. The correlation between serum CK and percentage of muscle
volume affected was r = 0.04.

Seversl investigators have also fafled to find a significant relationship -

between cardiac muscle damage follmmng a myocardml infarction. and

serum CK activity (Roo et sl 1977; Roo & Starmer 1975; Scbel et
21977). The low eqrrelat_wns between Ck and hst_aloglcal messurements of

infaret size have been attributed to contimied release of CK from the
damaged tissue and to differing release rates depending on jufarct size (Roe
et al. 1977; R0 & Starmer 1975; Sobel et o1, 1977). These observations ou
cardise muscle damage may be applicable to skeletal mmscle damag also
(Clarkson et al. 1935)
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Mazkedly ]ngh blood CK values (often o over 2 000 U./L) have been fonnd

after local eccentric exercise (Clark‘.son 2 Tremblay 1988; Jones et al. 1986;

. Newham ot al 1986), whervas values less than 500 U/L are commonly
- found aﬂ;erdownhﬂ!nmnmg or:somctrm exercise (Bymes et al 1985; ’

Claxkson et al. 1935; Schwane et al. 1933a} In add:tum, a large intersubject

'vmabihty in the CK resp@nse to exercise has been well documented
- (Newhametal 1987; Noakes 1987; Sargeant&DolanIQS'?) For example,

in cne study where subjects pexfonned an eccentric exermse, some subjects
showed i mcneases of cK actmty up to 34 500 U/L, while other subjects

a diowed increases of Jess ﬂnm 500 U/L (Newham et al 1983a), This

vanabﬂ:ty is puzzling sinoé in most cases it is unrelated to general fitness of

subjects, physioal 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
mmscle disease contained a dialysable mhibitor of CK wiuch resulted in a

. large uiirestimation. of actual CK levels, They conciuded that for certain
, patients, CK inhibitors may be released into the bloed from injured or
damaged muscle. Clarkson und Ebbeling (1988) investigated whetht:r the

presenco of CK mhxbxtors might explain the Jarge blood CK vaﬂabnlﬂty :

among snbjects fgllomug an ecceniric. exercise of the forearm flexors,
_Suhjects were classified as "no CK responders”, "low CK responders”

(mean peak CK after exercise = 400 U/L), and *high CK responders” (mean
peak Ck after exercise = 2 800 U/L). Serum from high responders was
mixed with séium from no or low responders. In all cases, the dxfi‘erences

between the expected and observed CK activity for the mixes were within
e:q)ectad variability for the assay. Although CK inhibivors have been found
fa plasma from patients with muscle injory and disease, this study was
unable to demonstrate the presence of CK inhibitors in the serum from
subjects who showed evidence of severe exercise-indnoed muscle damage.

Depostmet of Physmlom!. Uhivereily of the Wilwetsssrand
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' Whitficld and Martin (1936) exnmmed genenc vmanon and seram CK )

activity, They studied 206 pan‘s of twms and found that tha data were

cousistent with a slm;ﬂe wodel of varistion in wlnch armmd 60% of the
' v.anauonwas ganetwm ongmfortha males and 81% ofthevanaﬁonwas

genetic for e femnles. While it might be te:mptmg to suggest that CK
: re,;ponses to exercise may have a genetic component, yesearch from |
- Clarkson (]988) shows that some subjects would be c!asmﬁed a8 hxg,h _
_ mc-aponders ‘when erxermsmg on6 arm and low responders when exemismg -
~ the opposite arm. The lngher CK. response for one am could siot 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 durmg the exermse At .
_ present there is no clear explannuon for CK varisbility. '

| I-Iowsvea' it has been m;g'gemd that the Ioiv CK response for some subjects

miay be a consequence of 2 smnlar exercise pezformed prior to the

laboratory exercise (Clazkson & Tremblay 1988) A prior exercise may

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

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

plausible since lsboratory exercises of only one-third (Clarkson & Tremblay
1988} and one-sixth the munber of contractions have profoundly reduced

" the CK response to a subsequent exerciss of longer duration employing the

same musolos.

2.6 MUSCLE ADAPTATION

- 2.6.1 Training

o

Physical conditioning results in reduced morphological changes, delayed-
onset muscle soreness, performance changes and CK activity in the blood

following an acute beut of exercise (Bymes et al. 1985; Clarkson et al

1985, 1987b; Clarkson & Tremblay 1988; Evans et al. 1986; Fridén et al

1783q; Hunter & Critz 1971; Kirwan et al. 1986, Kunttgen 1986 Kot &

| Busk:rk 1972; Maxwell & Bloor 1«981 Newham' et al. 1987; Nutta]l &.
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2611 EnergyMetabb]ism |

Alterations in_energy metabolism and structural adaptanons ha‘ve been

- proposedto explamthetmmmgresponse

v

\

(Hunter & Critz 1971; Nuttall & Jones 1968). Huater and Critz (1971)
fou_nd that 10 weeks of cycle ¢ ometer training, 3 ume_s per week, reduced

Dqsmwﬂrmmmvmwmwmm o - . :Pﬂgﬂ.::zﬁ_ |
" Jones 1968; Scitwane & Annstrong 1933) Howeyer, the changes that
~ ocour with trammg to protect muscle ﬁ'om subsequent damage are aot
. - kmown. The models used to giudy the training eﬁ:’ect inclade endui‘ame

' _runnmg (Evans et al 1986; Maxwe!l & Bloor 1981), cycle ergometry -

4 (Fridén et i 1983a; Hunter & Cntz 1971; Kmrttgen 1986), welghthﬂ:mg

- (Nuttall & Iones 1968), pmlungeci mometnc exercise (Clarlcson et al. 1985;

Kirwan et al. 1986), downhﬂlmnmng (Byrmes ¢t al, 1985 Schwane &

. Armstrong” 1983) and novel eccentric exercise (Clarkson et ol 1987b;
~ Clarkson & Tremblay 1988 Komi & Bushrk 1972; Newham et al. 1987) o

pragm e

 An increased ATP supply is often 1denhﬁed as the reason for reduced K
~ levels in ﬂ1e circulation of trained subjects following intense exercise |

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

(36%) aud 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, resu]t.mg in 8 reduced CK

Tesponse.

Nuttall and Jones (1968) have implied that a metabolic adaptation also may
be responsible for the decreased CK response following weight-training.
They found a’gniﬁcam'indreases in serum CK values and delayed-omset
muscle soreness following & 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
‘weeks. The amount of weight lifted by each individual was equal to 15%

and 25% of bodyweight. Four days after the conditioning period, the initial
exercise was repeated, but semm CK levels did not show the same

magnitude of increase and no muscle soreness resulted, The authors:
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__suggested thatthem:scle cellmembme wasmseme wavprotectedunder o o
_ candmansofamddendemandibrmgypmduchon. . |

2,612 StructuraIAdaptatmns j

_ Although the anergy metabohsm explanauon for nmzscle adaptatwn camnot
‘e rejected, recent evidence mvolwng eccentnc tminmg regimens argues' a
against this concept (Fridén 1983; Fridén et al. 1983a, Kauttgen 1986; .
Komi & Buskirk 1972), Knuttgen (1986) has reported. that during the early
- stages of eccentric cycle ergometer training, subjects were unable to resist
- the foroe of the pedals even when ATP and CP values were not difforent
from resting levels. The inability fu tontmue exercise, therefore, may have

been the result of fibre damage. Following 6 weeks of training, the subjects
could ensxly performtha exerclse for lang penods of time.

Using » similar cycle exercise regimen, Fridés ot al (1983) oxamined
mascle soreness and morphologmal changes over 8§ weeks of trmnmg'

!i)umg the first 1 to 2 weeks, muscles became sore and there wag gvidence

of fibre disruption. Symptoms were xetiuced folluwmg trammg desp;te an

mm‘ease in work

©Komi and Buskirk (1972) assessed the effoots of 7 weeks of eocentric
. condmommg ofmeforeamlﬂexorsumng a specml dynamometer During -

the first week, all subjects expmenced musdle soreness that was attiibuted

1o overstretchmg of mnscular elastic compunents Soreniess dxsappeared .
after 2 weeks oftrammg In addition to deoreased soresess, there was &

slgmﬁcant increase in mamual isometrio tansion. -

 Friden (1983) has listed 3 possible mechmﬁm;s of structurel myofibrillar

adaptauon that may result from eccentric traming to Tirnit damage First,
sarcomere length may be increased, However, this would be only a

temporary _solution for tension reduction because_ increased length would -

D prtzocit o Physiniogy, Untveesity of e Witwatersrmad,
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B0 reeult m non-op’nmal over]ap between actm and myosm ﬁlaments.

Srecond, sarcumereogmems mway result in an increase. in, the number of L
longitudinal sarcomeres, the ﬁn}mmal units of the contmct:le system._ ._
- Third, anillcreasemsgmhemsofz-bandpmtems ormtermedmteﬁlameﬂis o
. 'mav strengthen myoﬁbrﬂ& |

'

. 2.6.2 Repeated Bout or Rapzd ’I‘rammg Effect

i

Iu all ofthe stud:{es above, trammg mvo]ved 3 penod of weeks, Reoenrly

_ mvesugators have suggested that the prophylactic effect of trammg may be .

due to performance of a single initial exercise bout {Armstrong et al. 1983;

Bymes ¢t al. 1985; Clarkson et al 1985, 1987b; Clarkson & Tremblay.
. 1988; Kirwan et al. 1986; Irmj:chev & Wemig 1987) The body of research
focusing on repeated bouts of exercise has resulted in the develapment of

addﬂaonal explanatmns to acoount ﬁn‘ muscie adaptatlon.

Clarkson ot al '(1'985')” exemined the serum CK response to a repeated bout

of ﬁ:rearm flexion momemG exercxse Compared wﬂh the first bout, a

. substantial reduction in the serums CK. responsé Avas fouud fo]lowmg the

| second bout which was peﬂa'ormed ] week later. In another study using knee
extensmn isornetric exerclse, subjects-did 4 bouts ofexereise each separated _

by 1 week (Tnﬁlettl ot ai. 19383). A]though there was a significant

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

“no additional seductions with suhsequent bouts.

Wihen a.second bout of isometric exercise used a different mnscle group

from the first, Graves et al. (1987) sl feund a Jower CK response
following the second bout, To firther investigate this finding, Clarkson et
al. (1987b) used an eccentric hamstring exercise. All subjects performed a
second bout of exercise 7 days following the first bout. However, some did
the second exercise with the ipsilateral:"]imb ‘while others did the second
exercise with the contralateral Timb, Sllb:iects were positioned to assure that
contralateral tmscles were not active in isometric stabilisation. Althongh a
repeated bout effect, indicated by 2 _Iowér CK and soreness .response,"_i}vas

Departieat of Physiology, University of e Wilwatetarand
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i‘oundfortheipmlateralgmup noaﬁ'ectwas semwhmthecontralateri:

O lmb was exerpised. 'I'.herefore, the authors conclnded that mnscle o |

adaptatmn is more ]ikety a peripheral, rather than a cmra], respmlsa

Perhaps the remlts mported by. ¢ vaes et al. {1987) were mﬂuenced hy
st:abihsmg activity in ramscles 6&113: fhan those d:rectly mvoived in the N

presm:ibedexermsp(CIaﬂmonetnfflE)S’Fb)

~ Tnboth ammals and humans, 2 single bont of dmhiil Iunmng has been
S 'sufflclent to reduce the CKresponse/,m wbsequent bouis (Amstxong etal |
© 1983; Bymes et al. 1985), When | ,{ repeated bout was given to homen

- subjects at 3 orﬁweaksfollowmg the first bout, semmCKactmty and -
muscle soreness w.ere significantly reduced (Bymes et al 1985). However, o
when the exercise was repeated at 9 weeks, no significaut differences were
tound between the initial bout and the bout repeated at 9 weeks. Armstrong

etal (1983) have suggested that an initial bout ofnove_l exerise reaults in a

temporary reduction in the pool of stress-susceptible fibres.

Muscle fibres that undergo efhal 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 pattemn or ma}r represent 2

small percentage of fibres that are constantly degenerating (or ageing)

makmg them more susceptible to stress. Stress-susceptible or degenerating
Hhres may 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 tht it would not bhe
'necessa:ty for a entire fibre to be fragle. Since focal necrosis can occur

(Carpenter & Karpati 1984), only portions or amall areas of a fibre may be

. fragile and susceptible to exerciss damage. There is evidence fnm biopsy
* samples of healthy human subjects that a small peréentage of fibres appear
dnsmpted (Meltzer et al 1976). It may be these fibres that are lethally'_

damaged during exercise.

A]though the stness—mscepﬁble fibre hypo 3 is plnusible thers are data.
, to suggest that fibres are not destroyed but. strengthened (Clnrkson &

T A T b ey
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 ‘Trewhlay 1988; Schwane &Armstrong 1933) ¥ the repeated ‘bout effect

T were the result cfehmaﬁon ofﬁ'aglleﬁbres, injury to thlspopulaur'"
| _ -shculdbe ewdent aﬁ:erasmgleinitmlbom: ofexerclse Schwane and °

. Armstrong (1983)ﬁmndthnt30nnnutes ofirannngmratsprotectedthe )
 ‘vastus mtermedmsmuscleﬁ'omdamage ﬁﬂlowu;g 90 minntes of downhiil .
Tutning performed 3 days Iater Howe:ver, f‘.lere was b0 mdxcatmn of
' damsge after the 30-minute nm mggesung that necros:s did not occur- and _' '
thatlethaldamagewasnotapremqms:teformuscleadaptam - '

i
A ‘1\ ; I_‘</‘.\1

I
i

: Clarkson and ‘I‘remblay, 1988 suggest that strengthenmg of the muscle
 membrane or connective tissue may e:q:lam rapid adaptation . Following a
- forearm flexion exercise mmen consisting of 70 maximal ecosntric mscle

acﬁons, there was .S.igniﬁnant elevation of serum CK, increase. in Soreness
and decrease in isometric strength Prior perﬁormauce of ‘an exercise

consisting of elther 12 or 24 maximal eccentnc actions (Clarkson &

Trembiay 1988) testited in no CK‘ resmns\., Jess so_reness and smaller

' girength decrements when 70 actions were perfbrmed 2 weeks later.
-Abhough the exerciséscansisﬁﬁg of fower nmscle actions did not produce - |

substantial damage, they did pMe protection from subsequent damage.

Newham et 4L (1987) have implied that ¢ mechanism responsible for the
repeated bout effect may be assub'iated. with connective tissue and not
mmscle fibres 'per se. Subjects performed 3 repeated bouts of an eccentric
exercise of the forearm flexors with each bout separated by 2 weeks. There
wasmlmcreasein sea:umCKacuwtyfora]lmbjectsfallumgbom 1, bat

-no significant changes in CK values were found following bouts 2 and 3.
Each bout. produced progressively less soremess. Force: decreased |
immediately following sach of the 3 bouts but recovered more rapidly

following bouts 2 and 3 compared with bout 1. Stisnulated forces also
showed a decrement after each bout with a faster retum to baseline

following bouts 2 and 3, There was no evidence of an increase in strength.

In fact, maximum volaatary sorce was stiil reduced by approximately 20% 2
weeks after the third bout. Because muscles became neither stronger sor

: Iess fatignable, changes may have occurred in the connective tissne. Any

Tepertment of Physiclogy, Universiy oF the Wibsstarsead

4" P




)

L -
L o . H Lo
a - . LS

D@wmwmﬂwm . ' Pﬁ@ﬂ 41

. _,_g.-,/" o -

~ damage .ausedbytheﬂrstbout ofexercxae m:ght act ds 2 sunnnisfornew
co]lageﬁ synthesis, In' this way, the collagen stmcture wmld be
streaz k- nadan&proteeted ﬁ'omﬁlrﬂmr damnge A l/{

'Iherap:dtralmngEﬁaﬁ“ 5 *hregardto sermnarplasmaCK actmtymzyhe
mﬂnwd by the tyi R &erclse used. Clarkson and Tremblny {1988} and -

* Newhay et L (1987) found that there was absohltely 1o increase in CK

second bout: of downhill running was reduced, there was an mcréase

" Likewiss, Schwane et al. (1987) found that afier 1 week of downhill

trammg there was still & CK response, albext reduced

Akﬁough prior perfcinnmce of s lo'cnl eccent::ic exercise cai;prevent release _
- of CK upon a repeated bout, other mdwators of liamage are . onIy h |
_'attenuated. For example, ﬁ)ﬂumng a ;epeatad bout of eccentric arm
exercise, soreness develops, and there is loss of strength (Clarkson & ”
* Trembk y 1988). Howéver, when compared with the first bout, soreness

 disappe rs and strength recovers more tapidly following the secand bout.

Clarksoi and Trexhblay (1988), a more rapid repair of damage would

s

* activity *ullowmg a second bnut ofewentm gxercise ofth& foreannﬂexor&
Huwever, Bymes et al. (1985) noted that a&hough the CK respons/ tp a

“The ads tation must protect against dawage in such 2 way that a final stage - |
~ in the jamage process, mecrosis or loss of sarcolemmal integrity (as -
indicated by CK effhrx) is prevented, In light of the theory proposed by

reduce the hkelihcgd of rezching a critical stage leading to necrosis -
. following a secorid bout of exeroise.

Becauss recovery from axemse-mduced tmscle &amage is a slow proms,
a second bout of exercise pafomnd too soon aiter the mmal bout mzy
exacerbate damage and causc a setback in the repair pracess. Therefore,

. most researchmwhohavemmmmeﬁthempxdtrm e:&'eethavegwen a
'ser-_nd sout of exercise after fill recovery from the first bout. In contrast,

Ebbehr 1 and Clarkson (1988) had subjects repeat an eccentric exercise of
the for-amm flexors 5 days after performance of the first exercise, When

Thepartoment of Physiclogy, University of the Witwalersrand
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- range of moticn and sh:angt‘h were not ﬁﬂly restored, and serum CK was

not back to baseline. However, the second bout did not initiate a setback in -
o the mpan- proocess. Less damage was pmduced by the sacond ?mut, and -
| fecovery fime wis faster even though the misscles were not fully restored.

The resnlts of this smdy muggest that the adaptation may not be at the site

of thé contxactﬁe elements singé isometiic strength and the ab1|1ty to ﬁﬂly

o ﬂemhe?ozemmhad not fully recovered within 5 days following bout 1. At
* this time, muscle shortening, prosumsbly cauSed by muscle contractures,
. was also evident. Complete repait does not seem to be # prerequisite for .
) nmscle adaptatwn to emems&-mduced damage These data may Imd'
* suppoit for the hypothesss . 1 sttengthening of the membrane and/or

associated endonysiurg.

_v7 2 CONCLUSION

. - This review has focussed on both désmiptive e\a;idence__gnd. proposed mechanmms

for exercise-induced muscle damage, repair, and adaptation. Particular cmphasis |
has been pladed on the bigh mechanical forces associated with eosentric exercise
that cause extensive dismption of muscle fibres, Evidence of damage following

: 'repetztwe eccentric mnscle actions includes mmphologcat 'changes, delayed-~onset

msde Soreness, performam:e decrements, and elevation of muscle protems in the

| _blu@d, especially crestine kinage, Hlowever, the precise cause of skeletal muscle

_ damage 0 the mechanism of repair are not well understood. Calcium, lysasomes, |
connemve tissue, fres radicals, energy sources, and cytoskeletal and myofibriilar

pmtauna may be involved in the damage and repair processes,

Damnged‘ims.séles adapt to exercise, and all indicators of damage are reduced
following epeated bouts of exercise. Several hypothoses have been presented to
explain. nmyscle adaptation., Str&ss-suscepﬁbla fibres or. susceptible areas within a
dbre 1oy be eliminated < then regenerated, or mnscle fibres ind/or commective
tissue may 1}__:3 strengtheneﬂ witly an initial bout of exercise. | |

Deparizoca of Physiol-gy, Uuiveesiy o e Wil
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! METHODS | F |

SUBJECI‘b |

7o

Twelve recreauonal Joggers, six malg.s and sixe females, rangmg n age from 23
years to 32 years took part m the study. They were healthy and active. but ﬂone

. Was palumpatmg in any training progtnnnms, ami they had ot pl’@wously

parnclpated in studies involving ece ‘contractions. . Their physical

charactensmcs are shown in table 1. The subjects wace instructed to refrain from

: unacwstumed exercise during the course of the study starting 48 hows before the

ﬁrst exeréise session. All the subjectg’ivare fully informed of the nature and risks of .
the pmcedures to be used aud sighed an informed consent document. The Btudy

© was appmved by the Unwers:ty of the W‘:twatersmnd ] Commttee for Research on

Panan Sub]ems, protocol aumber ; 14/6/92

- ahle 1 I'h;:saca! Characterisgcs of the §ug;ect§ §11_ d

. L u AR ! e e
BT o o N P P SPUE PR E BRI LST

‘Subject Helght . Weight | Age '
o __ Jm] Tkg] fyears] -
_ Miales . o . o
A 1.60 b 5630 28
B 171 , 65,10 . ' 29
¢ ,1.80 C 7834 31
D .1.66 - 5920 _ ' 2
E 176 ' 6532 - 28
¥ 179 B . T463 R
. Mem: 172 Memi : 66,48 Mean : 39
1 8d.Dev.: 0079 - Btd Dev. 1 g 557 ___.‘Std.nw.:z_lgl
A 1.72 55.50 27
B 1.70 63,10 23
C 1.59 55,80 - 26 .
D 1.64 . 54.39 24
B 1.62 . 53.64 : : 25
F 1.68 : 6020 23
Mem: 1 66 | temisrdl ' Mesn : 25
- Std.Dev.: 0,050 | SulDev.: 3,720 . 8. Dev.: 1,633 g

Depicansst of Paysology, Uriveseiy of e Wibvateramad
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.During the fiest paft of 'the. stlldy, each ambjeet ran uphill on 2 mbtoﬁsed treadonill

(gradient of 10 degrees) at 10 Jon/hr for 30 mimutes. After one week ofrest, the' o

’suhjects Tan downtiill on a motonsed treadmill (gmchem of -10 degtees), at the

same workload of 10 km/hr for 30 minutes.

T

!\—/'J N

- -ne.subj'ects then rested for oné week before repeating ‘the downhill run on the -
. motorised treadill (-10 degrees gradient), at 10 kuvh fox 30 minutes. Subjects

- were instructed to refiain ﬁom any form ufphysical actmty dm'mg the weekly rest

o -permds.

N ojrder to determine the effects of uphill and downhill muning, as well as the-

 skeletal muscle adaptation to downhill ranting, it was essential for the protocol

3_.3

design to follow a non-i'axfgiomised consecutive sequence, Therefore, the uphiﬁ_ -
running session was followed by the initial and second downhill runs.

During each running session, heart rate was continually monitored usiog a three

lead ECG, and oxygen consumption was detexmined every 30 seconds nsing an

open circuit, on line system (Oxycon 4 : Mynhardt Bunaik, Netherlands). Statistical
comparisons were made on the measurements taken at 10 minutes. |

BLOOD SAMPLING
.+ ‘\_._

Blood snmples were taken p.nor to exercise, immediately after exercise, and 24
hours after exercise by veuipu:imre from the cubital fossu into a serum separation
tube. The blood was allowed to clot for 10 minutes at room tempersture and then

~ centrifuged for 20 minutes to seﬁarate the serum. After centriﬁzgntidn, all serum,

samples were frozen ut -20 degrees Celsius wntil analysis for creatine kinage
aotivity, The creatine kinage activity was assessed in duplicate samples at 25

legrees Celsius by the method of Szasz and co-workers (1976) with # Boshringer

Maonheim Test Kit. Each sample wag analyaed at least twice.

Dopastmaent of Pysiclogy, Universiy of the Wiwalerszand
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* at acheduled times without any mvolvement from the mvesngators. Soreness was

. Deputment of Piysiology, University of the Wikwatctsrund, e - ' - Pagp:45

mz-,scw som:‘m:ss EVALUATIONS |

| Suh eots regponded to a printed sorenessqnestmnnanre at the start ofeach runnikg .
_sessmn, nnmedmtely post-exe:mse, and 24 hours post-exerclse Each su]uect was

giviaa twrough prientation to the questionnaire, and completed the quesnﬂnnaire

- rated using a scale:

3.5

- 0= completed absence of soreness.
2= = light pain f¢lt enly on palpitation. | o
4 =moderate pain, stiffiess and/or weakness especially during movement.
~ 6 = severe pain that Imnts the range ofmotmn

Each subject was asked to consider specifically the muscles of the buttatks,
quadriceps, hamstrings, shin and calf. Although subjects were necessarily informed

that reuscle soreness may be encountered at some point during participation in the

study, they were not informed of the hypothesis.

SOKINETIC MUSCLE TESTING

The mmscle performance of the hamstrings and quadiceps of the dominant limb
were isokinetically assessed pre-exercise, immediately post-exercise, and 24 honrs
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
— |

Prior fo testing, each subject underwent a 5 minute warm-up perind of aerobic,

_lwv resistance ergoweter cycling. The subjects were then fixed to the testing

devios w:th straps around the chest, pelvis, thigh and ankle, The aukle strap was
plroed ahave the ankle, The axis of the knee was placed in line with the axis of
rozation of the dynamotneter, Bubjects were allowed to grasp the handles of the
beuch during testing, -

Department of Physiclngy, University of the Witwntenzund
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" Each Timb was weighed before testing by< the Cybex's automahc: fimb welghmg _
- systemto correct for the grautatmnal effsct of torque (GET) Each estimate of the - |
GET was added to the qnadrweps peak torque and subtracted ﬁ'om the lmmstnng
- peaktorque The: mbjeas waethenmstruoted to pmfonn five sub mmmal (50%) - _
repet:tmna at the three isokinetio testma velocities of 60 degrees/second, 13 B
E degreesper second and 240 degrees per second to become ﬁmﬂm Wlth theteshng .
: devwe, -

| - Thereafier, the isokineﬁc ‘ mnscle 'p_erfofmance test was started. First; twa sub
- maximal repétitions of knee extension and flexion were performed for practice, and

| ’ then, after a 30 second rest, five maximal vbluntaw repetitions of altemaﬁng knﬁe_

 flexion and extension ocourred st 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 |
hamsiring and quadriceps muscle groups. After a two minute rest, the same

protocol was repeated at mn angular velocity of 180 degrees per second (_two'

~ submazimal followed by five maximal voluntary repetitions). At a joint speed of |

180 Idegree's per second, Yorque output at fiunctional 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 repested for 20 maximal
voluntary Tepetitions at a gpeed of 240 degrees per second, At a joint speed of 240
degrees per second, the muscular endurance of the hamstrings and quadriceps can
be determined. Musoular endurance is defined as the ability of the contracting
muscles to peﬂhnn repeated contractions against a load. The endurance ratio was
calculated by éxpressing the mean torque from the last 5 contractions as a
percentage of the mean torque of the initial § contractiong, |

Subjects reveived consistent verbal encouragerment thronghout all the tests. Special
7 attention was paid to the instruction to mmumally exert each cdnuaction over the
" fll range of motion; that is, from the very beginning to the very end of the

Deputieat of Physiology, Udveraty of o Wibwatersrond
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. After completing the three ranning seésions,. the mean plasia creatj‘hé
| kmse vitues for both the male and female subjects was axpressed as an
absolute value (u!l) and as a value standardised to body welght (ufl.kg) In
addtnon, the mean percent change jn plasma cveatine kinase -after each
semning session was calculnted for both the male and female groups. o

T - S '_'Péroentciiangewgscalmﬂatedésﬁaﬂows:

e d . i . 2 Exe.rci- Exermse-.
o _ Percem’age Change = _4Hom' Pos;m Ex:'m:e 100%

The raw data can be found in Table 7, Table § Table 9 and Table 10,
Appendix A. '

_ o . A Mﬁﬁn»Wititney Statistical test was then used to fest for any significant -
| - plasmn ol;eaﬁne kinase differences between the male and female subjects
\\ : after the three runmiag sesslons : (upkill vs. downhill 1), and (downhill 1vs.
. ,;::5 - . downhill 2), In all the statistical analyses pe:fonned, the null hypothesis was
rejected at the 5% level

| -  Similarly, a Mana-Whitney Test was used to gséess the diﬁ‘eljehuos between
| the malo and fomale groups with respect to the percent change in pesk.
_'_'1 | torque at 60 °/sec, endurance ratio, and peak torque at 180°sec of the
' | | quadncep and hamstring muscles after uphill and doumhi]l nmnmg (uphill
~ vs. downhill 1), and (downhill 1 vs, downhill 2).
Percent change was calculated as follows :

Depertuscest of Prysiclogy, Undversity of tho Witwalessraad,
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24I-I Exer ~ Pre — Exerci ‘
| Percentage Change~_. onr.Post cise Pre se 100%

Pxeﬁxme

-
: '_’Iherawdata cmheﬁnmdm'l‘able 11, Tabflkz 'I'ahle 13, Table 14 Tablf:

15, Table 16, 'I‘abIe 1’7 Table 18, Table 19, Table 2.0, Table 21 and Table
o 22,Apptmdn:A. o

3.6.2 Males and Females Grouped Tngether

| AsthareWereno sxgmﬁcant mmamcesbetmenmemaleandfemale -
| subjects wﬂ:h Iespect to the absohte, standardised ip bady welght, snd
'percent change in plasma creatine Kinase aﬁ:er up}u]l and downlu]l nning, | _
B wag possible to group the male and fomale sub* "ts together (n=12). The
: percent change in plasma creatine kinase for the T mbmed group after the
three rmmmg gessions was calculated as follow5.

Percemage Ci:ange— 24 Pos;m E:;ml:re fse x 100%

A Wilco:ﬁn'pairéd non-parametric test was ased to assess the
- comibined group percent change in plasma creatine kinase differences

between the munning sessions : (uphill vs. downhill 1), and (downhill 1 vs,

dowahill 2). | b

Similarly, as for the plasma creatine kinase values, there were no significant -
differences between the ruale and feraale peak torque and endurance ratios
for the hamstring and quadricep muscles, and therefore the male and fomale
‘data was pooled together (n=12). The percent change in muscle
pérfurm:mca' for the combined group afier the three running sessions was -
-~ calculated as follows: h

¥

4

34 Hour Post Exercise— Pre— Exercise < 100%
* Pro—Exercise T

Percentage Change =

Deportment of Physiology, Univecsiy ofthe Witwateesraud.
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quadmep&oftbs combmedgrwp(uphinvs down]u!ll and dommll tvs”

3.63

A 'Wilcoxin paued non—paramemg tegt was used to test the percent c.h:mge N
dlﬂ'erences in the peak torque and endurance ratio for the hamstrmgs and ;

downhi[l 2)

.'J

I’ercewad Muscle Soreness in the Comhxned Group after Uphill B
andDownhillRunnmg. S o S é

_ A Wilcoxm pmre:i nun-pmrametno “test was u.Sed to test the stat!stmal f . }
o dift”erence between the perceived muscle soreness responses hnnn&ately T

. 3:5.4

3.6.5

the percent change in the skeletal smscle performance of the hamstring and
- quadricep mmscles for the combined group was analysed using a Spearman

before , lmnndmtely after and 24 hours aﬁertheuphﬂl and 2 downhillnms
The questionnaire resyonses can be fOImd in Table 23, Append:x A. :

Relatlonshlp between Percent Change in Plasma Creative
Kinase and the Percent Change in Skeletal Muscle Performance
after Uphill and Dovwnhill Running. _

v o | -
The telationship bet_ween the percent change in plasma creatine kinase and

correlation co-efficient (s).

4 ] . - . o

ﬁelﬁhonshlp Between Percent Change' in Plasma Creatine - - f
Kinase and Percieved Mucle Soreness after Uphill and Downhill ' 4
Running

The relauonsh:pbetween fhe percent thange in plasma creatme kinase and

the perceived muscie soreness (questionnaires) for the combined group was

~ analysed using a Spearman correlation co-efficient (r).
3.6.6 Differences in Energy Expendxture durmg Uphill and Downhill _
Rmining

The differences in heart rate and oxyzen consumption in the combined
group affer the uphill and initial downhill running sessions were determined q
using a Wilcoxin paired nor-parametric test. i
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4 RESIETS

T

" 41 DIFFERENCES IN ENERGY EXPEN])II’IIRE nnnm; UPHILL AN!)
DOWNHILL RUSNING-

_ 5 Themmﬂdomhﬂ.nm,incompansontothauphﬂnmmngbout,resultedma .

' fslgmﬁcmﬂyiowe:meauhm rate and oxygen uptake vahe in the male and female |
* subjects (p<0.001). Figure 1 and Figure 2 illustrato ﬂ“mt the pegative work
: _assoclated with dovhdll mnnmg results in & lower energy cost (heart rate and '

oxygm consnmpﬁon) t!mn an equal pos:twe workload ofupkiﬁ nmnmg

"p<o0il

Heart Rate tBeatsfmin)
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*p< 6.001

Orygen Consumption (alfkguils) =

ey BEEE o (0=12) during uphill and downhill runping. - ¢

,"\

o 4.2 PERCENT CHANGE IN I’LASMA CREAT]NE KINASE AFI‘ER 30
' : o M]NUI‘ESOFUPEIILANDDOWNMLRUNNING o

S Theuphﬂlnm,mcompansontothemmaldmhﬂmnmownhiﬂ 1),restﬂtedma .
| sagmﬁpanﬂy lower mean percent change in plasma ngeatxne kinase (p< 0.001). The

X v o mm percent increase in plasma cr‘eatine"kiﬂase after the uphill run was 23%,

‘ . whereas the initial downhill run resulted in a plasma ‘creatine kinase mean percent

mcreaaeofl&()%(F1gure3) S o
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When the downhill ru was repeated one weels after the initial downhil running

session, mth 1no intervenmg exercise, the second downhill ran resulted in a
.agmﬁcanﬂylower(p<0001)permtchmgemp]amcremnelnnase(F'1guIe4) S
Themmaldownhﬂlnm(Downhﬂll)resultedma lsﬂ%changemcreatmckmase, .

whereas the Iepetinon of the run one week Inter (Downhﬂl 2), sesulted in 2 55%
change in plasma creatine kinase (Figure 4).

' The percent change in plasma oreytine kmase after the second domhill nm

(Downhill 2) and aﬂertheuphﬂlmndldnotdﬂfermgmﬂcmﬂy o

!ﬁgure& Mhan percent anga nlasma h.g m..ﬁkmasg__%) iti tﬁe
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43 PERCEN‘I‘ CHANGE lN THE ISOKINETIC PERFORMANCE OR THE
HAMSTRINGS AND QUADRICI“‘Q MUSCLE GROUFS AFTER Ul’ﬁh.-l‘
AND DOWNHILL RUNNING .

“The initial downhill run, when compared to the ughilf run, resulted in sigaificently
larger decreases in the peak turque {p<0.001), and endurance ratio <0 001) of
both the quadmep ami hamstring mnscles of the combined grm;:

- "_"'H-x\_

T e Y

The mean peak torque of the hamstrings deurease}» by 3% aﬁ:er ths uphill run,
whereas the initial downhill run resulted in a -16% decreasemmsanhmnsnmg _
peak torque (Figure 5). The memn peak torgue of the male md fb-n*"?e quadnceps
decreased by -2% after the uphill run, whisreaxs ‘the initial downh:li run resulted in 2
~15% change in mean quadricep peak torque (Figure 6). -
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? SR _F_‘lg_lgeS: Mean perggj: M ,'m the : _
o combined group (n=1} i fafter unhi]l and dmhl_l! ronuing, '

s L

~15

Peroent Change i Peki fergue (%)

SRy _ . . o . *p=a.001
! _.-\‘\ ) _ i TPHEILL, B DOWNHILL 1

combined group (n=12) afte~ uphill and downhill running.

ri . e

I addition, the mitigl downhill run, when domfared to the uphﬂlrun, resulted in a
significantly larger decrease (p<0.001) in the sndurance ratio of the quadsicep and
hamstring muscles, The meun em!nxance.ratio of the hamstrings increased by 2%
after the uphill run. ,whereas the initial downhill run resulted in a -13% deotease i
K the mean hamstring endurance atio (Figure 7). Smularly, ﬂw uphﬂl rm reslted in

anmmtcfmymow Uaiwmtycﬂhswmmmd .
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o S aOl%mcreasemﬂ!emeanmdurancermo ofﬂ:aquadnoq:s, whereasﬂleiniﬁal
. | | L downhill s resul.ed ina -32% deéfease in meafn quadricep endmnce ratm
(Figureﬂ) :_ o S _ﬁf : _.”

TLw

: _ S _ - ep<oaor

SR L S T memmL . pewNmmLi |
ﬂ . | © . Figure7: Mesn_ '_ ent_change in_the hnméh'ing_ endurance ratio of the
b, . combined group (s=12) after uphill and downhill running,

* Percent Chasge In Endlovarce Rofio (%)

C 20

<20

L

)
Percent Change in Endsrance Ratio (%;}' '_ -

e e :
combinmﬁ__ \\.l_t.p_(_'na—-'lg)_ aftg;_g' phill and downhifl runping. -

i

- The initial downln‘ll ran thereﬁ:re resulted in 3 decreased mean peak tarque and
endurance pe:fmjtnance in the hamsumg and quadncep migscle groups '
Depnmna:.tuﬂ’hyaohgy.lhwmv e Wil
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o g g - Thncomplenoﬂoftheseconddovmhﬂlrun,onewaekiatm- whmcomparedtothe -_
| mmaldownhillmn,resultedmmgmﬁcanﬂylessdacreasemthemeanpeaktemue,
_ andendnmoe rntm nfthahnmstrmgmdqua:dncep musclasmthe cumbmed B
'.[hememhamstmgpeak torquz decreased by -16% a:Eter the imt{al downhxllnm,_
) - whereas the second domhﬂlnmmhedmamgmﬁcanuy lowar(p<0001) |
L changeof-*&%(Flgureg) Similarly, themeanquadnceppeaktorquedacreasedby -
- ~15% after the initial downhiil run, whereas the second dovwiill run rosalted in 5

~ s | mguxﬁcanﬂylnwer(p<0001)chmgeof-6%(ﬁgure10) | ] E '

N ‘Ihe percmt chnnge in hamstrmg and qtmducep peak torque aﬁer the Se..nnd.
downh:ﬂmnandaﬂertheuphﬂlmndldnotd:ﬁ‘etmgmﬁcanﬂy ' '

L

4

I PO

* p < 0,001

20

B e et

- Pervent Change in Peak Torque (%)

b o : ' DOWNEILL L - : DBW.NH]LL,Z

m Mean gercent cha nge m tl_m hamgtrmg péa _k torgue of t_h_g _
ned : itial ill_and sgctmg :
' downhill running sessions. . o |
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%0001
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 Percent Change in Peak ‘Tuique (%)

dnwn]nll runnmg sessmy_s. - r’ | - S
Tn addition, the mean endurance xam:o of the mnbmed group hamstmlgs decreased _

- by -13% after the initial downhill £, whereas the seennd downhill nm resulted in o
& significantly amaller (g < 0.05) percant change of -7% (Figure 11), Similarly, the
 mean endurpnce ratw of the comb? i group quad:nceps decreased by-32% after |

the initial downhill ran, whereas the second downhill run resulted ina s:gmﬁcanﬂy .
smnller (p <0, 01) negutive percent change of -9% (Figure 12) '

‘o
if
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TFigure 12 :Mean_percent change in_the o uﬁ'driggp_”_ _endurance ratio_of the
combin _ -;‘"'n=lz after, the initial_downhill and second
downhill running sessins. = S
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' : o . " The percent changemendnmnce ratio aﬁer the seoond dqvmhﬂnm and aﬂmcthe_

L SN : '. : :.J
A P uphili T did not differ significantly i in both the hamstrmg and quadncep muscle ..

_ : ' groups,

4.4 Bﬁ‘FERENCES IN THE MALE AND E‘EMALE BESI'ONSE 'li) ‘*'J'P]':I]LL -
' AND DOWN]I[LL RUNNING '

T T S P

4.4.1 Plasma Creatine Kinase Response

ot e Pt S T 5 -

| | The male subjects, “when ‘compared to the femals subjects, suowed no
m o . significant differences in the peivent plasma creatine kinase changes
o ' (£>0.05) after the uphill and the tw dowaihill running sessions (Table 2). In
_addrtmn, the & where no mgnﬁcm plasma crestine kmase dirferences
{$>0.05) after the uphill and two downhill running sessions when the
- plasma creating kinase values where standardised to the subject's body
weight (w/Lkg), or presented as absc.ute values (/1) (’I‘esble 2.

Table 2: Mean plasma ereatine kinase response _{absolute, stmdardiséd to body
| - weight, and gergent change) after uphill and downhill running (males vs.

L females).
Y MALES ~ UPHM T DOWNHILL1 nowumx_z
% Change CK. - 16.9(32, 26) 211,38(87.28) 3457(16.74) |
Pre-Exercise | 24 Hr Post- | Pre-Exercise | 24 HrPost- | Pre-Fxergise | 24 Hr Post-
. Exercize _ Exercise Jh ‘Exercise
ST — = S —— = = = e
CK standardised (wlkg) | 0.93(0.16) | 1.06(0.26) 0,83(0,18) 2.6900.71) | 114047 | 1.61(0.52)
CK absolute (w/1) 612(13.22) | 69.4(12.77) | 58.32(27.96) | 173.37(27.96) | 82.05(34.38) | 106.43(35.35)
N [FEMALES _' | |
h W % Changg CK ' 28,55(38,0) B 148.12(75.17) 74.43(49.00)
lo!| ' o Pre-Exercise | 24 HrPost- | Pre-Exercise | 24 Hr Post- | Pre-Exercise| 24 Hr Post-
]  Ezercise |- Exercise _ Exercise
CK standardised (wlkg) | 1100.14) | 14037 | 109021 | 2300.25) 1.12(0.2) 1.9(0.4)
1’\ CK zbsolute (w1} 62.7(3.02) | 79.3%(19.05) | 60.449.47 145.83(:13.51)_ 63.45(10.89) { 107.38(21.08)
_ - Values are represented as mean (S0) _
: ] O There were no significant di_ﬁ"srences betwaen the male and female subjects with respect io pfasma creatine
Iinase after uphill emd downiill running,

. : ) '\i\
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' 4.4.2 Tsokinetic Muscle Perfbrmanee of the Hamstrmg and Quadncep
groups (percent t:hange)

.
B8 .

- "The percent. change | in peak torque o endurance rauo of the himstrmg
- and qaadncep muiscle groups, ofthe male subpcts, coinpara& to the ﬁamnle
 subjects, 7 s not mgmﬂmﬂy

(p>0 05) aﬁe&r the uphﬂl and two

' dowzlhillmunmg sessions (Table 3) - - q} L
downhill running (males vs. fem:les) - Sy
 OPHOLL ' Hamstelng | Quadriceps Bamstvipg - |  Quadriceps
% Change Peak Torque L77(2.61) | -2.55(2.70) 219596 | =L72(5.03)
% Change Badurance Ratio- -+~ ] 35(2.03) | -0.65(8.68) 235 (3.70). 0.80 {2.84)
% Changp.in Torgue at 180%/sec %748 (5.80) | -1.58{10.53) *‘-s.so 956 | -1220069 | -
9% Change Peak Torque 1517 (3.10) [ -1613 (341 | ~1733 (7. ?'z) tr-12.88 (343) |
% Change Endurance Ratio 1 -1530(3.36) | -20.55(5.76) | -11.60(0.02) | -2021(5.90) |
|% Chango in Torque 2t 180%sec | 20.67(6.45) |7 -16.10(4.10) | -30.88 (12.98) | -19,18(7.57)
DOWNBILY, 2 S o ' ' . |
% Chpnge Pealc Torque 52 (344 | -627(255 | -L27(6.11) -5.90 (1.39)
% Change Enduraace Ratio -$.08(222) | -<1.63(7.75) | -5.82(19.24) | -7.35(12.08)
% Change inTorque at 180%sec | **3.682.5) | -7.08(G.03) **,10.70_ G.10) | -6.63(9.29)
Values are represented as memn percent change (3D) :
* males andﬂmmies significamly different. aﬁ‘er up!dl!(jﬂ o, 05)
wh males and_g“emales signifi cmttly differemt qﬂer' downkifl 2(p= 0. 05) o

: I_-Iowimr,f’with mfere:nce: to 'Table 3, the -pe‘rcent'_ change in forque 4t an
5 anglar velocity of 180 degtees per second for the female hsiﬁxstﬁngs after

‘the uphill ron was s:gmﬁcanﬂv worse (p<0.05) than that of the male

‘subjects after their uphill yunning session. The mean female hmnstnng_ '

torque at fimctional velocity decreased by -9% after the uphill run whereas
- the males increased by 7% (Figure 13). | .
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4 lﬁgure 13 -Male and female mean gercent change dlﬁ‘erenges m hamsmng
R : Mue at 180 degrees per secand after uphill rgg_gw_, '

In addm:m the percent change in the torqna at an ang]e of 180 degrees per

‘ second of the female hamstrings was sigaificantly higher (p<0.05) after the o

swond downhill un when compar...d to the percent change in the ma;e
‘hamstrings aﬁer the second downhill s {Table 3) The mean torque at an |
angle of 180 defzress per second of the female hamstrings decroased by -.

L 11% afte. the second downhill nm, whereas the male snb_;ects (iecreased by
-4% (Figure 14). : : -
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. Figure 14 iMale and female ﬁean:gercent ._change Mces in hmstrmg

. torque at 180 degrees per second after the second downhill run

T
ST A

45 RELATIONSEIP BETWEEN PERCENT CHANGE iN

PLASMA

- CREATINE KINASE AND SKELEYAL MUSCLE PERFORMANCE
(QUADRICEI'S;(AND EAMSTRWGS)

L

'Ihe re]ahonsh:p between p!ssma creatme kmase percent change and skeletal _
| | m:scleperformanoewasnotcnmlatedwhenthe male and female data was viewed
: sepm‘ately However, when the male and female data was pooled together (n=12),

i ~ the percent change in plasma creatine kmasa after thy second-downhill mun was'

. significantly correlated (r=0 7343) to the percent change i in the endmance ratio of
the quadricep muscle group after the second downbill run (Tahle 4) Thereﬁ:re, the

decrease in endurance ratio of the quadricep mmscle group was ]nghly related to . -

the percent change in plasma creatine k:mase which occurred as a rosult ‘of the

' seco:id downhiﬂ mm,

Depurtaegt of Pysiotogy, Usiversity o the Witvibersennd
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* Peak Torque
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- Endm'ance Rat_m

(%)

Ly

Ha:ﬁstrings

e

_ Hamstri_ngs

. Quadriceps -

Hammgs

Qﬁadnceps

£==-0.09

1=-024

=032 1

=035

TT=034

=028 |
A

-

Quadriceps I

Hamstrings

Qﬁadricep_s

Hamstrings |

Quqdﬂoeps. :

§ r=-024

r=-0,08

=.0,58

=045

=005 .

- r=-033 |

Quadriceps

Hamstrings

_Qundﬁceps

Hamstrings

Cuadricept |

r=030- |

r=0.0_¢-- =032 | =020 | *r=A074 | r=-0.15

The data is presmred asa &eaman con'efaﬂon co-e_ﬁ‘ictent fi')
Sgggg;:canf correlation. - '

~ RUNNIXG.

. after the uphﬂlmn. _
) _ . The perceived muscle soreness immedintely after the initial downhi]l un was
o significantly greater (p < 0.05) than that perceived by the subjects hmmedistely
Ce | o . ferthescoond dowmhllrm. <
‘3\ . . \\z‘._., : . .
s | Similarly, the nmscle soreness perceived by the subjeots 24 hours after the uphill

downhill ren.

‘soreness (p <0. 05) t]1auz4hcurs after the second downhill run.

47 RELATIONSHIP BETWEEN PERCENY
CREATINE KINASE AND PERCEIVED MUSCLE SORENESS AFTER
UPHILL ANP DOWNHILL RUNNING

o L I}apanmmtni’mysiuioy,trnivmﬂy of the Witwatessrond,

Tur. was significantly less (p < 0.001) then that expemanced 24 hours aﬁer the initial

CHANGE IN PLASMA

Torque at 130°fsee 1
o (N

I”ERCI'IVED MUSCLE ‘GORENESS AFI'ER UPB]LL AND BOWNB]IL

o I. The pﬁmeived musclo soreness immediately afier the initial downhill run was
' significantly greater (p<005)thanﬂmt pex. w&dhytﬁe subjccts imediately -

In addition, the 24 hour post mmal downhﬂlm y1e1ded sxgq‘ﬁcanﬂy more muscle




quﬁnwtofﬂxymloy tﬁumstynﬂhcvrmm

Pa,gn 65

’Ihepercant Mgemphmmehnasemhomaﬁathemmaldownhﬂmn B

i wag s:gmﬁcanﬂy correlated {r=0. 85) to. the peruermd muscle;soreness 24 huurs _ o

aﬁatheseconddomﬂzﬂlnm('rablw) _ o
Therefore the mcxmamplasma creann;}hnﬁsa%hours aﬁerthe‘imhal downhill
'mwashghbrdaedmthspmedmsdemmessﬂhompostexemm

('\ ’

|
DOWNHILL1
" |Spearman Cotrelation
§== —

Post-Exercise

24 Howrs Post~Exéi~é_isé'

o]

UPH]LL

Lo

Spearman Cm'elaﬁuu
Coefficient "

t=034

r TPZS

=015

Ji

r=034

=05 &

F=085%

_|Coefficient

SpeannanComlaum

r=0,09

r==0.4 :

1=045

0

The datgq is presenred asq @emman earrelation co-e;ﬂ‘icxenr fi;l

* Significant cmlaﬁan i
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S.DISCUSSION . e
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SR : _ (dmnhﬂlrummg)mmﬂtsmadmasedenergycustwhen comparedwuhpos:uve
o L work (uph:ﬂ running), The magmtude of the changesmhaanrafé nnd oxygen

’ﬂme present stndy snpports preuous reseamh shang that negatwe work e

_ uptake are snnilarto the changes reported by others investigators who have used - Can

~ uphdll and downhz']] nmnmg as part of their reseamh protocols (Clarkson et al,
1985). 'The reduced energy expmdxture for acomtnc exercise compared. 0
._ _ comparable levels ofcunoentnc exerms\sa ggest buge mcruments in perﬁmnanr*p
Q I “That this_does not ocour undesfines the exireme debiiating effects of the
' ' u]trasu'uctural muséle damage associt "A Wlth eccentric exerdise. '

g
o~
F

52 DELAYED ONSET OF MUSCLE scnmi«i;ss @®OMS) -

The results of this study fndicate that sbjects perceive a siguificantly greater

- amount of vmsoular soreness and stiffaess immediately I\cﬁer and 24 hnuré after an

o inifial bout of downhill running, when compared to a c%rrespondmg workload of

_' S _ | uphﬂl rupning, Therefore, downhill renning can bb tx/ sidered to induce muscle
| ~ soreness dne to the bias towards ecoentric contractions.

e premas study, Schwane et al (1983), examined plasma creatine kmase Jevels

- followmg 30 mmwfes of ecce:nttlc cyclmg on a specially adapied ‘bicycle, Although -

 the ecoentric workluad sst by Schwane was similar to that of this study, the time |

- course of delayed onset muscle soreness (DOMS) differed. Schwane reported
| greatest percsived soreness at 12 hours post exercise, whereds in this study the
highesi percetved soreness vahies were recorded 24 hours post-éxercise, with no
indication that peak values had been achieved at this time (Table 23,  Appendix A).
Utilising  different exercise regimes, other mvestlgatlons ‘have reported peak
soreness to occur at 30 hours post exercise o longer (Newham. et al, 1983;
Schwatle et al, 1983; Tiidus et al, 1983), The present study has found ‘that the
soreness Tatings wese quite variable among subjects, with some mlbjects_repérﬁﬁg
little to no soreness, and others reporting intense soreness (Table 23, Appendix A).
This finding is consistent with other studies (Newham et , 1983; Schwane et a,
_. 1983), yet no explanation. presenﬂy exists ﬁr this phenomenoz, ‘The posmve
S C Do ofFaysilony, Untvrsty 6Fths Wilstertind

-

S v o L= T PRI, T T T e i s TR

R ¥ o—



)

-

St o

-

T

Dmdrmmmyfmwmm ‘f':‘:: _ o T Page 67

g combmatlon of these factors (SchWane, 1983)

83

) __{__’jf-'

cozrelamn between perceived muscle somess and mmeased plasma creatme -_
«kinase 24 hours after the iniial dmmhill r;m t;uppmts plasma nreatme kmase s |

marker of muscle tissue damaga :mc! mbsequent muscle sormess -

u : . . . o . S =

'The soretiess and suﬁwss mq:exmced by fhe runners mnnedxately after and 24
| -\\honts after the exposure to the first dowahill run, is hypoﬂwmsed to have occm‘red
~ hs o result ofamanﬂnx ofcalcnmmns inta the saxcoplasmmch causes excesave

- contraction (Cullen ot ﬁ, 1975) Gmerally, subjects expertenged pain in all the

major eﬂﬁlsormdﬂﬁ}:ormusclesafﬂlehlp,th!gh, md Iog, The tendomesi was

| descxibed as bemg loc,,hfsedm e dlstal pom(m ofthe mmscle in th&regxon of the

mmscle “tendon, junctlon. This coizlrl be due fo the fact that mnscle pain receptors

. axe most coﬁoexrtrated in the regmﬂsﬁ ﬂf the tendnns and connzmve tisstie, or dae
to a loca]matmn of the damage m the dmtaj nmsclﬂ-teamm region, of to a

A ...\_ .

PLASMA. CREA'I‘]NE K]NASE RESI’OWSE

s

When active muscle ﬁbres are stre ‘1ed, as ocowrs during dqwnh:ll mmnning, the

fibres generate greater tension than when allowed to, shorien’ ’fuphﬂl runumg) In
~addition, the metabolic cost of generating a given tension is alse lower during

eccentric contracnpns (downhill rynning), when compared to the concentric
contractions of uphill running (Smith, 1988). Consequently, not osly may there be

-~ fewer motor units active during ecceatric oontractmns, wut the metabolic cost of

iy

- perfornting the same work is mmch Jess, In these circumstances, the delayed tise in

plasma creatine kinase which ogcurred after the first downhill run cannot have been
a }/aﬁnsequenoe of the energy expenditure of downhill running. |

It is known that eccentric contraction causes.mnrpholb.giéal damage to skeletal

mmscle (Ciarkson et a], 1987b) Friden et al (1981), found extensive areas of Z-line

streaming after downh;i; aming. To produce a given mmscle force, fewer motor - '

vnits are activated in an eccentric than in & concetitric contracuon (Ammss:m,

1956). Therefore, mdawnhﬂlnmnmg,theforcelsd:stﬁbuted uvernsma]lercross— |

sectional area of nmscle and the tension per active cross-sectional atea is greater B
seems probable that tl:is increased tension per unit area could canse mechamcal

Diepactnent of Phyaniogy, r— m=wmm '
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mm:nphon ofstructu.tal elementsmthe muscle themselves orin the cnnnectxve.
tissue that is in series with the contractile elemmtg_(DavEm 1981). This may lead -
o the release of algesic substances pausing the pain and tendermess, and intinic a |
" process leading to the relem of large quantities of creatine kinase into the plasoa.
- The creating kinase proteins are too large to escape from musele m:less there is
E mtheramembranedmmptmn orchangemthamembranepermeabﬂﬂy Thedelaym
appearancc of creatine kinase acuvrty in the blood a.ﬂ:er the initial hmbﬂl -
might be due to the slov Tymphatic system which clears the creatine innase from
 the exira ce]lular spaces, However, it is unhkely to be the ouly explanatmn. Lévels
~ of creatine _kmaae activity in the blood reflect a balance beiween efffux and
cieatance, so therefore the results suust be interpreted cautiously, What is clehr, is
 that the creatine kinase is escaping from the damaged tissue, This statement is |
reinforced by the results of ressarch conducted by Martin, et al (1983), in w]:mh a
" sadio-active substance (technetium 99M pyrophospha*e] was injected into the |
‘blood of ultra-matathoners. After 50 and 160 km it had been taken up by the
damaged tissue - the highest tissue levels occurring in the lower limbs, and those
| rmmers with the highest va]ues having the worst DOMS

54 SKELETAL MU‘?ICLE FUNCI‘ION AFTER UPH]IJ.. ANB DOWHILL
RUNNING

Warhol et al ( 19\%5), have reported that ATP coticentration, remains unahanged

- following negatwe work, creatine phosphate decreases mthm normal fimits and - -

lactate accummiation is wmexceptionsble, These results Ague in favour of the
maintenance snd efficacy of the mmscle chemical pmcessés rwponsible for energy
supply during and following negative work (downhill mnmn_,g}.rlt may well be,
there_aﬁ:ke, that repeated strotching of the nmscle actnally danimgbs the contractile
protein machinery direcﬁy and affets th»a..cyciing' of cross-bridges within the

. muscle ﬁbre resulting in a loss o}.‘eﬂicienay of the normal contraét_ioh Process,.

" According to I(ﬁipers (1985&), eécentric muscle exercise may generate higher losal
temperatures than concentric contractions. Kuipers postulated that the elevated
témpemtures in the musoles could cpitcetvably damage the structural elements of
the mmscle, ramﬂtiﬁg"'in necm_g_i_s of muscle fibres and breakdown of comective

" . Department of Frysiology, Universiy of tis Wiwikerwand
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' .tiSsues. This meory eould therefore be used to explam the decreased mumln -

performance of the hamstrmgs and qtmdnceps after the initial downlill run.

o E

. An electromyogtaph has revealed that durmg downh;ﬂl running the forwarxl swmg o
. _ofthelowefl:mb mmﬂatedbythehlp ﬂexots, andthe knes extensors (quadmeps);
Lt initially to prevent the leg from foldmg up too rouch aa the t'mgh is pullﬁd"' '
_ '-_'fmward {De Vnes, 1923). During md-recovery, théte is a lmaf pe,nod of pawer T

producnon of the quadriceps (2 concentric actior,; but then the knee. ﬂmmrs . -

(hamstrings) dominate and provide a vigotons eccentric effort fo control @,
. otherwise éxcessive whip-like action, sbsorbing the enetgy acquired by the leg.4nd
slowing it down. in preparation for foot strike (De Viies, 1983). Clearly, the
8 repetitive ecoentric muscle contrastions of 30 minutes of downhill pmning placesa
large eccentric st:ain on both the quadricep and hamstring nmscle groups, and asa

result, 1§ dscle performance canL be impaired.

- According te Cullen (1979)_.' sﬁ"nctural\dalﬁage to the sarcolesama or alterstions in
permeability of the cell membrane resulting from the high mechanical forces
- generated during downhill running, is accompanied by a net mﬂux of calcium fons .
‘from the fnverstitium, When abnormslly high levels of calcium iors exist in the cell
- the mitochondria acounmlate the jon, which iahibits cellular respiration and initiates
2 b}'cle of events in. which the cells lowered abifity to produce ATP compromises
the cells ability to actively exclude calcium ions '(Wrogemnnn, 1976). This |
destructive cycle could possibly result in impaioment of oxidative phosphorylation

pud abnormally high calcium ion voncentrations in the cell. According to Davies
(1982), high calcium ion concentrations in rauscle cells. have been shown to

- activate & calcinm- ~dependent proteolytic enzqu that preferentially degrades Z-

discs as well s troponin and tmpomyosm Therefoxe, the above theoxius of
Wrogemann and Davies could be used to) explmn the decrease in pmcle

performance of the hamstrings and quadncepg\as shown by the suh;ects i this
- study aﬂ:enj'the initial downhill run.

After the initial / vahill run there was 8 sigaificant decrease in the peak torque,

endurance ratio, and torgue at an angular velocity of 180 degrees per second of the
hamstring and quadricep groups of zmscle in the combined group. A previous

Deprutaent of Physialogy, Uiversity of the Wilwaletams- ; ' e
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- eccenmd sumly 'hy nggﬁ(l%’ri}, suggests that- ;'he dmnmshed musnﬂar

perfo:ﬁ]mce resulted boti frgm mdaced vohmtary effort due to-the sensarucn of -
soreness and to a Towered mh.ﬂmt capacity of thg musclé to_pl‘odupe :i:;ceq._.

Therofore, in the present study, 24 xours after the first downhill sun, wheo the S

" muscles wero sote from the previous day's’ exerhun, the suluects pruduced _'
L consxderably tess f"ce than the pre-exercise valnes. These results suggest that ,
~ performance ; may be reduced during the period of DOMS' both. thmug,h reluctmce o

~ tousethe mnsole becanse of the pam, and through loss of mherent fame—pmducmg o

55

capablkty in the muscle.

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 rmscle damage, &t
is clear from the rosults of this study that sfter the first exposare to tho ecoentric
exercise(downhill running), tlm_ mscles seem to have ap adaptive response, 4s
evidenced by mmch lower levels of plasma creatine kinase activity fn response t0
the same exercise bout and less of a full in muscle performance. In addition, the

musole sorensss perceived by the subjects immediately afier and 24 hours after the

‘second downhill run was significantly less than that of the initial downhill run, The

above infprmation suggests the prophylactic effect of a single bout of eccentric
exercise with regard to the subsequent development of muscle soreness. Clearly,
this phenotnenon of adaptatior has great practical application. for runners who are
attempting to reduce the amount of muscle damage expeﬂénced'aﬂer training and
racing. For example, the Conimdes Marathon ramex facing the 'down' run should

" be able to subsiantially decrease the aimount of mmscle mjmy caused by
| eccenmcaliy-bmsed downhﬂl running. '

What then is the mechanism(s) of this muscular adaptaﬁon if the adaptatmn
observed is u tissue training response? '

Previous stadies (Bymes et al, 1985; Clarkson et al 1986; Norton et al, 1985),
have fous,. that the increase in plasma creatine kinase activity is unrelated to gither
the development of muscle sorcmess, the amount of strength loss after ecoenktic

Depentranat of Physotogy, Uakversy of s Wirwatecsrand
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" exercise, fitnsss leval of the subject, or lomm body wmght. Slmilarly in this sudy,

- the only correlation between percm clmnge in plasnna. creahne kinase and skeletal . i

-nmscle performnnce occn:red in the endurance ratio of the qumdmep muscies aﬁ:er

- the second downhill rup. Reasons for the absence of a coxrelatmn may muhtde
~ individual vanaﬁnns and/or inhibition of creatine hnase activity. Jackson et al

) (1987), attributed the large creatine kinase vambﬂlty in patients with Duchene-
| dystrophy to mdmdualdm&‘arenoesmthereiease of euzymes from the mnsele. On
the other hand, Kagen and Aram (1987),ﬁmnd a dialysable inhibitor ofcreaune

o . kinase activity present in plasma obtzined fiom pssueuts with mmscle disease or -

. injury, but not in the plasma of other individuals. They suggested that the creatine

| . kinase juhibitor may be released alun,g with the creatine kinase mto the blood ase
 result of the muscle fibre. damage. . :

| 'I'h.erefore, the lower plasma creatine kmase response after the second downhill

runniing bout may be due ini part to an adaptation resulting in the release of creatine

 Idnase whibitors from the muscle ssue, Xt still remaing ymclear why inter-subject

vatiability exists in the creatine kinase response to exercise induced ruscle
damage. Apparently some subjects moy be more resistant to damage, although the
explanation for ﬂus isunclear,

In addition, there #!Ie. other possibilities to account for the muscular adaPtauon that
has ocourred. Firstly, there might be a change in the pattern of motor recruitment,
and secondly, there might be soms intrinsic adaptation to the muscle fibre, . '

"ﬂmdly, fibres may be nearing the end of their postmitotic growth or 2 smali part oﬁ-

stress susceptible fdbres are destroyed at the first exposute. At thig stage, it seems”
that the latter two points are more likely explanations because the EMG Pattem
does not change, suggesting that musole recruitment is unaltered (Davies, 1981).

Accbrdéng to Carpentar and Karpati 221984), rmscle’ filires that undergo lethal
injury with exercise may be more ffagile or more suscepﬁbié to damrage than other
fibres. Fragile fibres may develop through disuge of 2 given motor unit recruitment
pattezn or may represent a small percemtage of fibres that ate constantly

degenerating (or ageing) making them miore susceptible to siress. According to

Depratsuces of Physology, niversity of he Witwalzscand
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Carpentar and Karpatl (1984), stmss-suscepﬁble or degenemnng ﬁbres muy o

* cmbody a p0pulannn of colls that are destroyed by an mmal bout of exemse 'W.lﬂl . :
the strong, healthy fibres mthstandmg and anrvwmg the eﬂ'ects of repeated -
conﬁaetmn. It shouldbenoted that :twould 1ot be necessary for an entire ﬁore to

“be fragile (Carpentar et al, 1984) . Since focal necrosis can occur (Cerpenter &

Knrpati 1984), ouly portions of small areas of a fibre may be fragile and mseepﬁblz '
10 exermse damaga

'Iherﬁﬁm in this study, a pool of ﬁ*ngile or stress susceptible muscle ﬁbres mght |

hmbeenlethaﬂydamged andehmatedhytheﬁrst bout ofﬂnwnhﬂlrunnmg. :
Injmy& these stress suscephble fibres would result in a release of creatine kmase :
fmm tme damaged tissues and a product m of no;nous ‘stinauli leadmg to the
sensatum of pain (Bymes ot al, 1985). The noxious shnmh, which could be
produots of the mﬂamatmy Tespo;-2 of release of endogenous chelmcals excite
free nerve e.ndmgs o the muscle Lethal 1 injuries from the first bout of downhﬁl
running could haw xedﬂted in a temporary reductmn in the stress suscgpﬁble fibres
so that Eerfo qﬂ‘ of the second downhill nm would result in a reduced plasma '.

cr:atme kizase and soremess xesponse (Ammstrong, 1984) This could also explain

the plasma creatine kinuse adaptation to downhiil nuuning in our group of subjects.

L]

Pridén (1983), has listed 3 possible mechanisms of struotural myofbriller

 adaptation that may result from eccemtric training to limit damage. Firstly,

sarcomere length may be increased. However, this would ‘be only a temporary
solution for tension reduction because increased leagth would also zesult in non-
optimal overdap between actin and myosin flaments, Secondly, saxcomér&Ogmesis _

may result in an increase in the muber of longitudinal sarcomeses, the fimctional
units of the contractile system. Thirdly, an increase in synthesis of Z-band proteins

' or intermedinte filaments may strengthen myofibrils, Therefore, it is possible that

the above three mechanisms could result jn a structural myofibrillar adaptatmn that
would protect the muscle from subsequent ecoentric damage

A central neural mechanisms may also play a role in explammg fhe_ muscular

pdaptation that oocurs after the initial dowshill run. The adaptuion could, in part,

result, from endorphin release by neurones in the central nervous system (Kelly,

Depaetmend of Pysinlogy, Daiversty of the Witwatersnd
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- 1982). 'Ihese endogmous olnods (axampls, beta—-endorphm), wlnch are -mors |
- potentithan mo:phm in mducmg snalgesin, are secreted by neurones i the braie -
©and spinal cord with the ovam]leﬁ'ectofmhibﬂmgmsnﬁsmon ofpam (Goodsmian,

1583; Kerr, 1978). It has been suggested that endorphin releasa is increased during

exercise (Keﬂy, 1982), so axermse enhanced endorphin secration could Potenuaﬂy E B
| pxnwde an imlgeaw eﬂ:‘ect nzinimising the: sensation of DOMS ‘after the second

duvmhill Tun,

5.6 MALE VERSUS FEMALE RESPONSE TO UPII[LL AND DOWNBIIL o
 ROUNNING

g wassurpnsmgto see that there was not a significant difference between the
 plasma creatine kinase response in the male and female subjects after uphill and -
_ downbill runuing, since data frora previous studies have suggested a Jack of

creatine kinase response to moderately stremions exercise in fomales, but a brisk

* creatine kinase deviation in men (Grf™ ) 1965; Hunter et al, 1971).

f If creatine kinase release indicates damage to mmscles, as cmniy assumed, the

results from this study imply that the musdles of-males and females are equally
sensitive to adverss factors. ' '

Although there isa great range and oveslap of strength sbilities in men and women,
when the measurs is the absolufe amountjof forée exerted or weight lifted, the
average woman is about two-thirds to four-fifths as strong as the average man
(Lavbach, 1976; Hudson, 1978). In this study, the above phenomenon is clearly
indicated by higher peak torque values (at an angular velocity of 60%sec),
endurance ratio values (angular velocity of 240%sec), and torque values at an
angular velocity of 180°/sec for the hamstring and quadricep mmiscle groups when
compared to the female subjects, -

It would therefore seem that the greater muscle volumes exhibited by the male
subjects would result it a greater plagma creatine kinase response after uphill and
downhill running. However, this was not the case ~ the male and femsale subjects
cannot be differentiated with respect to the amount of muscle damage and

Departmoatt of Btysiology, Univenaty of the Witwatesstend
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subsequent plasma c-.reatm kmse leve.ls aﬂ:er uph:ll and downhill :mmmg .

- 'I'harefore, the smaller nmsc.le wlumes I the fomale sub]ects dnes not make them o

1%5 suscepﬁble to the ﬂamagmg effocts of dom!uﬂ mmmg and therefora 2

o decreased plagma creatme kmase rewonse

W‘ith respect to ékeletal muscle pe:foimansg, .t_hé femalnhmsnmgs,m comparison -

" to the male subjests, are more susceptible to be damageli by uphiil amning Whﬁ’l o
_ 'torque at pn angu]m' velocity of 130 degrees per seoond is used a5 8 meaSure of"

e performnoe. According to Noskes (1983), fomales have twice as much
body fat as ,do equally active men, and this could present as 2 possible explanation

| for the loss n torque at an angularvelomty of 130 dega'ees per second in the female
- hammésaﬁeruphﬂlnmnmgmmguphﬂlmnmg,thehmstmgmclesmch' o
apeakofactmtymextendmgthehpjomtjustasﬂaeheelst!ikesthegmnnd(De

Vries, 1983).The greater non-metabolising tissue or dead weight carried by the

: 'ﬁemale subjects durmg up]:ull running could therefore aogount for the. greater
. hamsmng stain, muscle damage and subsequent Ioss ml‘f muscle perfonnance o

expenmed by the female subjects aﬁer uphﬂl nmnmg

nqmwﬁuﬁom,t&iwwmewﬁwmg-. _
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6.1 CONCLUSIONS

’Ihe remﬂts of this study indicate that downh:d mnmng, charactensed by a large _. .

- eccentric’ compenent, produces gteatar skeletal nmuscle damage than does

 concentric work of a considerable- ‘higher metabolic cost, Evidence of dsmage
| ﬁ:llowmg repauhve eccentric muscle actions (dowahill rmaing), inchude delayed
B unset muscle soreness, hamsumg and quadricep nmscle pezfonnance demmmts,
and_elevation of pIasma oreatinie kinase. The lower muscle volumes in ferale
subjects, compared to males, does not maka females less susceptibie to the

_damagmg effects of sccentric exercise, However, with respect to the torque - -

- _ '_ produced at an angular velocity of 180 %/sec, the fomale hamstmgs are more Prone .
' to be damaged by uphill muning than the male hamstrings. The greater body fit
and therefore dead weight carried uphill by the fomale runners could resu!t in
excess:ve hamstnng strain, and subsequent loss m mnscle pecformence.
The precisal'caum- of skeletal xmscle ldamage and the mechanisms of Tepair are not
well understood. Calcium, connective tissus, and cyto-skeletal and ﬁyoﬁbri]lar
N | proteiﬁs may be involved in the damage and repair process. 'IDamaged nmseles
| i | - udapt to downhill running; and sll indicators of damage (piasma creatine kmase, |
soreness and nmscle performance) are reduced following a repeated bouz of
downbill running, one week later. Several hypotheses have been presented to
explain the muscle adaptation that ocours afier the initial downhill fmining session,
Stress-susoeptible fibes or susceptible areas within a Sbre may be eliminated and
then regenerated, or muscle fibres and/or commective tissne may be strengtheued
with an initial bout of downhill renning, A creatine kinase inhibitor may have been
released along with the creatine kinase ito the blood, and the presence of this
inhibitor wonld therefore decrease the amount of creatine kinase released from the
muscle aﬁer a further eccentric msult, I addﬂuon, exercise enhanced endoxphin
secretmn and the subsequent presence of these endorphing could provide an |
analgesic effect, so minimising the sensation of DOMS after the second downbhill
.
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62 RECBW;&NDATIONS

. .'I'heresults of this studyhmveanumberofpra@tzcalmph&aﬂunsrehteﬂto exernise'_ . o

ptum and IGadershtp in ﬁtness aud rehabﬂxtaﬁnn pragnmnnes N
e

J Firstly some protecl:lon agamst exerczse-mduced DOMS is pmwded by lntls: -

- ﬁamlng This study has shown that performanee of a single 30 mnnme bout of
- eccentric exerciie, Which itself elicits DOMS, results in reduced DOMS fonowmg B
- 'repetntlon of t same activity. Also, several investigators have reported

.progress:vely dacreasmg soreness after the first ‘several days of xepeated intense

| eccemnc exercise (Fridex et al, 19831) I{nm: et al, 1972). These observations are

of interesi physiclogically, but such regimes are not of pracucal use if avmdance uf
all soreness 15 the ob_]ecnve ' '

- 'Iherefore, b‘_v combmmg the remﬂté'of this 'study and those of Schwane et al
* (1987), more than twoe weeks of training involving very gradnal progression of

exaroise Joad are indicated if DOMS is to be avoided. Furthermore, incorporation

of exercise involving 2 substyatial eccentric componsnt (example, downhill walking

or jogging) should be incorporated into an exercise program of an fndividual who |

is training for an event that involves stressful ecoentric work. The Comrades

Marathon onner who is facing the eccentric load of the 'dows’ Tun from
Pietermaritzbuxg to Duxban, is advised to mcoxpomte dzﬁ‘erent fornis afeccmtﬁo
training into hizher training. For e:cample, hill training (both up]ull and dawnhﬂl) is -
essennal In addruon, a weight tmmmg program which emphasises . mocentno
contractions is important. The runner is helped to lift a weight concanmctﬂly but
has to Iower the wmght eccentrically without assistance. This action can be
performad on a seated leg extension machme for the quadnceps, and on a lymg leg
ﬂe:ﬂon mackhine for the hamstrings.

One Im;st recognise that large differences exist among individuals in terms of their
responses to eccentrically biased exercise and trammg, and therefore the ﬁ'equenc.y,' _
intensity, nature, and duration of an- eccentric training pmgram should be tailored
to meet the needs and responses of the individual
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sy .

iy

2,69

241
2,50

288
- 316
2.53

% S

222
22.8
212

©L26

1.31
‘146
1.51

110
"o8

100

1i38

104
118
106
112
103
107

19.4
230
22.3
232
C 192
22.7
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1.29
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1.40
1.33
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. 1
. ; B upfhill and downhill rupning
_'q T S _ - " 24 Hour
e [ Pre-Exercise Post-Exersise _ Post-Exercise -
ok . Yalues : Values | Change |, Veines 1 Chenge |
o s “lso.8 - [57% (8666 - |80.0%

| O L 76.54 «2.1%  [63.65 102% _

: fUp-hill  {53.65 31.64 P4L0% (6420 19.7% | -

'_ ' ' le3a3z - 54.23 -144% - |6193 3.3%  [61.56

: - 5820 50.28 R13.6% (5639 [31% -

j 86,12 80,97 -6.0% 184,27 -2.1%

i Means{6130 iz S11.9% [540 169%
S _ mn@m’w: 1322 15.86 _ 1277 _ o
R 4625 58,36 [262%  [19632 = [324.5%

K 64.75 74.26 14.7% {20165 211.49

L - Isear 62.31 1109% 130,61 {13249%,

s IDown-hill 1 60,11 68.23 135%  [192.32 219.9% [102.24
o 42,35 93.21 - 120,1%  |162.60 2839% . -
€ 80.27 19374 16.8% . |156.70 95,2%

MeandS332 1502 T33079% (17337 311.2%

. Stanisxil Dev.:J13.65 |52 e .

B 64.36 66.37 31% 8376 130.1%

110,62 140.65 27.1%  |150.70 36.2%

i 130.31 131.73 Li% . 14260  [9.4% o

Hnown'-hiuz 90.23 111.65 23.7% - {115.62 28.1%  [9413

E 40.61 150,66 247%  [64.67 - 59.2%

f 56.22 62.36 105% 18120 |44.4%

| Meowri[82.06 (5390 - 15, 1%'" 106.43 34.6%

Stamdord Dov.i[34.38 38,87 . yasas

i [MEAN ﬂs’r 19 74,34 116.40
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Table 8 : Plasma _creatine Kkinase ' e '

i downbill running. The da

c T ' mean, standard deviation, and percent _c!'mp_g' einp lz_nmia ereatine kin age after
:";! ' . uphili and downhill nmnmg S - o o '

o S _ - 24 Hour
© PreExercise | - Post-Exercise - Post-Exercise )
Measured _ I Moasured | Pevcantage | Measured | Porcentags | RITAN
B L - et S, Change | Values | l.Sheoge =
5365 55.62 37% - [5023  |12.3%
. 1 - fessr 63 - ke 6472 |59%
. fupmi  [s476 9632 [759% |11030 . [1014% -
i 7432 Cles23 . 128.1% |20 23.9%  [72.58
370 o leaT0 - |7.8% 0 [6872 7.9% -
160.52 1332 |236% (8023 31.7%
! Moan:(62.65 | S e T 211% P38 28.5%
_ _ Standord Devifl8.02° 88 19.05 .
B :  Wsa2s 0 6436 1422%  [15424  [2408% |
- ' 130 7249 |iza% 9836 - 60.5% . "
. 46020 - 6823 13.3%  [197.65 ~  {2283% P
o - . IDown-bill 1 {73.33 - |es3s - ppaa%  hs232 148,6% 98219
o4 1 - 66.23 © 19922 49.8% _ |115.66 74.6%
S 56,29 . 18516 . 1513% 13276 135.9%
: ' Mean:(|50.44 . B 1) B (v 34,89 1685 . j481% |
MMDW.:“BA? ' 1525 3851 T

B 56,6 69.64  |93.0% [123.69 T|118.5%
. 57,32 : ~|92.98 1622%  [9433  |64.6%
ST 132 _ 52.36 2.0% {12062  |135.0% B
! [IDown-hill 2 69,98 84.17 203%  [132.70 §9.6% - [81.48
' leda7  |e3a7! .1.6% {7961 24.1% '
8129 - 1 _]79.32 24% 19335 l14.8%
; Mean;[6545 ' 173,80 17.3% 10738 74 4%
i _ Stawdard Devi1089 - 14,80 2147 '

[BIEAN 6219 7686 | 11120
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| T 24 Hour -
_. PreExercise _Post-Exercise Post-Exercize.
{Mcasured Values Measred Values] Percentage [Measured Valnes| Poveentoze | WIEAN
086 0.90 - 4.7% 1.54 79,1%
.- § 089 0.87 22% | 10 124% |
1Op-Rdl -~ 0.69 0.40 ~A42.0% 081 174% |
o o 1,07 010 «90.7% 1.03  w3.7%  [[0.89
089 0.77. «13.5% 0.87 ~2.2% :
: L 115 1.02 -5.2% 113 | -i.7%
C o Meawft . 053 0.69 ~24.8% 106 T 16.8%
: mﬂ 0l 037 __ LY R
T T 082 1.04 268% | 349 335.6%

0,99 114 15,2% 3.1 213.1%

0. 0.80 12.7% 1.67 . 135.2% _
iDown-hilk 1,00 115 12.7% 325 | 218.6% |[L.57
1 _ '

0.65 143 - | 120.0% 2.50 | 284.6%

1,08 1,26 16.7%. 210 | %4.4%

* Mean: 088 1.14 24.0% 269 211.9%
Stand 0.18 021 - o :

Dovd]| : )

- 114 1.18 3.5% 148 t 29.8%
170 2.16 21.1% 231 - 35.9%

: ‘1,67 - L.88 0.6% 1.82 9.0%
jDown-hill 152 1.89. 24.3% 200 31.6% [[1.42
b : : _ :

o 0.62 0.78 25,8% 1.00 61.3%

- 075 084 12.0% 1.10 46. 7%

Mean: 123 142 15.6% 1.62 33.7% |,
Standa 047 0.57 052 _
[MEAN 1.01 1,08 1.79
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L .plasma creatih:e.ldngg_ & after uphill and dawnhill running

T o
s . 1 . e 24 Wour . R
_Pre-Exertise -~ Post-Exercise .~ Post-Fxercive
- Meassired | Measmred | Percewiape | Measured | Percerifage
e Ve ,Valuss g o lovatues [ Change :
i S o oo e o Jo0% 0 jLoe L [50% Y
- b e 0 je10 008% 0 {103 |54% '
A fUp-bil oo - . L7 I7T3.0% 0 18 . 98.0% |-
SR SRR | %y A ) 1,75 29% . 0 |L70. 0 (241% flas
L3 128 [13.3% 129 14.2% o
o hor 125 [238% 1.30 28.7%
_ T Meang| 110 SR X T 78% . ¢ |40 219%
sfmananm"o.m'_ ) ' sl esr T
- TR - L6 432% - |78 [243.2%
: 1 S s Jasw Wo.is - -864% -
- oy R 8. 140% 354 [2308% |
E Down-hill 1 240 . 1.81 29.3% 336 La0.0%  te1
i 23 11.90 545% 181 47.2% -

o lo.s3 o har siew 220 |136.6% ]
B N T n%h P 1186% | °
Standard Dev.if02] 033 125

10.50 _ 147 63.3% ' 150 . 166.7%
- 0.92 - 093  [LI% 236 134,8%
ﬁnown—biuz' 130 | 155 [192% 240 . |846% . [1.44

1.20 - j1.18 «1.7% 150 25.0%

. 140 - 1132 1-5.7% 1.60 14.3%
Meani[112 S as 0 18.5% B F T 74.00,

Standurd Devaiinal : 022  Jod1 '

MEAN L1l - 130 1,87

¢
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Pre-Exercise . Post-Exercise . Posi-Exercise
Valnes_ Valoes Vg?g
138.00 14200  [2.9% 139.00  [0.7%
. f134.00 138.00 [3.0% 14200 = 16.0%.

Top-ail - 140,00 - |14400 . |2.9% [138.00 - }-1.4% .
C (14800 {158.00 16.8% 1148.00  10.0% 140.00
130.00 |12800  KL5% 13400 |3.1% .

138.00 140,00 i1.4%. 141,00 - 12.2%

. ] 132.00 1141.67 2.6% 14033 . £.8%
Standard Dev.si6.07 o5 - L 4.68 L
- j130.00 12500 .- -3.8% 10300  [-169%
[£32.00 113.00  |-10.6% 11500 |-15.5%
1 - [E26.00 13600 [-7.9% 10500  [-167%
Down-hilk 1 [125.00 120,00  |[-4.0% i13.00 - [-9.6% 119.94
L [137.00 11500 16.1% 11200  |-18.2% ' '
131.00 12200 |-6.9% 113.00 [-13,7%
Mean130,17 11833 . .g2% 11033 -15.2%
Standard Devl4.36 a’e 3.20
112600 12400 [~L.6% 123.00 |-2.4%
“[140.00 [136.00  |-2.9% 134.00  [-43%

- o [[138.00 140,00 - |1.4% 13600  |-1.4% o
‘Down-hill 2 (142.00 136.00  |-42% 140,00  [-1.4% 131,11
13400 12200 |-5.0% 12200 }-9.0%

{120.00 ¢/ 120,00~ |-7.0% - 118,00  [-8.5%

Moons[134.83 4 [129.67 3.0% 12883 -4, 5%
Standard Dov.|6.34 R ' lass _
MEAN 13433 | 13022 ' 126.50

Depe-roant of Physilogy, Untiversity of the Witwatorsond
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| Table12: Pesk toryze values (¥m) in the '
S . yunning. The data is §

RIEAN

ﬁé Eour

" Posi-Exercise

_ Pre-Exercise
- Vilnes

- soo
Up-hill - 492,00

36.00

[83.00

- §19.00
20,00 -

37% .

- {3.8%

-10.5% - .
-12.4%

Percantage [MEAN
50%  f
leo%

’132.39

. Meangbd.67
Stendard Dev.sji5.32°

T1% ..

~[ez.00
.. [sv.00

. lesg0.
[Dowa-hill 1 (82,00
A 94.%
_J98.00

“T17.4%

«3.8% .
~17.3%
-8.5%

-25.5%

- 126.5%

[83.00

_ Meand[96.67
Siandard Dev.{|7.87

TA73%

83.00
47.00
: 24.00
Down-hill 2 192.00
' 03.00
29,00

B

* 195,00

96.00
82.00
93.00

2.3%

- -3.4%

Lpe
4. o

H.8%

4.5%

Meunt|90.50
Stapdard Pav.:[2.52

89.33
6.08

~1.3%

90.50

8861 |

80.78
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any

i - I e ¢ 24 Hour
Ve ' o 4 Pre-Esercide ‘Post-Exercise | Post-Ezercise S
o ©F Messared Measuared | - Percentage |- Memured |- Fevceatage IVFAN- 34
s _ . = : _Viues, Volges | . Change VR ' -
L ) S jemo0 {2200 | {1.8% C 21600 {36% -
' 8 penes 22400 [14% - (21800 . |-LA%
 EpwiB. 23300 . 0 123300 j0.0% . [21600 }73% | -
SR - S f2d0000 - - 124600 . {2.5% 234.00 . [2.5%  [225.89
_ N pueo o [213.00  (0.9% (200,00 [-0.9%
' . vmo00 : 239.00 - 13.9% 23100 |0.4%
Me, 42650 I L T W T 2:5%
S Stendard Dev.s|1013 - - A8 o 9.71 i -
R T 3 234.00 (21400 [85% 0 [196.00  [-163%
Mé"ﬂ\; . S o 223,00 . ﬂﬂﬂ.fm - H6.7% }93.90_ "13.2%_.— .
R |J o J[235.00 - {20400 |13.2% 0 [187.00 [204% - )
Down-hill 1 [[242.00 . {21600 {-10.7% - [201.00 . 6 9% (21111
S - [218.00 : 20000 {-83% (189,00  [-133% :
SN _ — 234.00 {21100 |-9.8% 190.00 - |-18.8%
S R -Mun:ﬂ-ml.w . 70883 9.5% . 19350 .16.2%
e - | wiondard Bevaig®l o reR ; 1561 o
) 230,00 22600 17% @ [21400  [-7.0%
ARRE : S Pap00 o ald0c R27% 0  J20800  |55%
R - - 22800 22600 l-09%  [21300 |66% '
i _ M—mz 231,00 236,00 |22% 22600 | [-22% @ 121873
211.00 208.00  [-1.4% 198.00  |-6.2% .
22800 21600 |-5.3% 205.00  |-10.1% .

Mesnif22467 . - 22100 .1.6% 2067 . .62%
Standard Dev.g??4 . 1008 ' 950 ' -

. 227739 : 2011 - _-208.28

;
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s ' o . o Values - . __Valwes | Chango Valoes T

' B 16L.007: . . [16600° [31% 16400  |L9%

o © o faseo - fiszee 2% [15c00 1A%

- - tOp-hil 156.00 S 15900 11.9%. - 15200 2l

:; | A lmsoeo. . (13300 . [3.6% - f  [130.00  [dn. of1s3a7
P - fiespo 0 o [161.00 0 24% ' 15000 }00% | .

ok o f1s200 . 162,00 166% . |158.00  {3.9%

) - ' .. Meangl5333 _ {15550 1.4% 150.67 . «1.7%

Co Standord Dovg967 - - 1Hes - Huso :

- 0 pmse - hesoo  [<40% 15200 [13.1%

> o . 15800 - - {14700 7.0% - [138.00- {~12.7%
b seoo - [14600 -8.2% 13300 |-164% |

Down-hill 1 §147.00 13800 [-61% - [12200  [-17.0% . [145.94

. jieroo - 15100, 162% 14600 [-93% . S

o : - |160,00 O 1152.00  |-5.0% J1%6.00 - |-8.8% o

6o — Mem:f£60.00 _ - 3 T gqey 0 [1950 L1999

s S Steadard Dev.d[8.94 ., o ey . T

D 16200 . [158.00 |-1.9% . [15000 |-7.4%
; 164.00 - 15600 [-49% - [1s200 [73%
Jn - flasoo 14100 47% . |13900  [61% |
: own-kil 2 [154.00 156.00 - |1.3% 14600 |-52%  [153.28
| - 158,00 - 15000  |5.1% {149.00  [57% | .
‘o __f1e200 157,00 _[-3.1% 156.00  |-3.7%
: “Mesns}}1,58.00 I T T 31%. . |aeer 500

| somasiverdsor - les _Bm
C - |MEAN . 15711 | 153.09 14628
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Post-Exercise
Bercenta -g"?mAH:-

2.

Valumes Values

fora

,.f’ﬂ;. .

~lego0
- frtroo
- llogi0-

119.00
105006
1109.06"

110.00

108.00

97.00
114.00
116.00

~ 1110.00

115.00

11400,

98.00
121.00

{114.00
{114.00 *

“117.3%

27%
10.0%
11.7%
8.6%
4.6%

_ f\-;-/.’/ Meantl10533
) ;' Wanard Dev.s[1021

109,17
665

|EEEES
(ks

1.5% -

109.11

[Doven-nill 1

97.00 .

+ 111400

110.00
111.00
108,00

11500

05.00

106.00

56.00

|87.00

101,00 .

108.0¢

82,00
02.00
37.00

174,00
-~ |89.00

95,00

T15.6%
~19.3%

- 20.9%
- |+33.3%

-17.6%
117,4%

08, 1'1-:'_'_\

“Memnd 108,17
Stawiard Dev.

49

98.83
778 -

[56.50
7.5¢

20.7%

bﬂmﬁﬂ 2

109.00

{1800
190,00

11600 -,

_[ro4.00
1106.60

108.00
114.00

93.00

114.00.
101.90

180.90

104.00
116.00
90,00

1112.00

28.00
00.00

4.6%
L%

A0.0%

34%
.5.8%
_6.6%

110511

195.00
844

-19% )

103,17
5.60

=3.7% .

—

T MesnIOTIT
St Do 1005

107.22

10433,

-100.83

':“,‘,

Y

i)
!
N

.
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V. Pre-Exeriise

'I ﬂ N .

* Valves

Posi-Exercige
Porcentage

- Valnes 'l Cllil_l_gf: -

E;f

jUp-bin

~ 50! = 64.00

8. 1}0
' 52.4 0 : '
| 463, . 6400 [.6%

8.5%
-2.8%
o 25%
- [6.4%
13.5%

00 (A%
19.4% -
115.8% .
1-3.8%
1-19.2%
21.1%

mho -
lesno .. :
64.33

Mean:

65,43 - E7.67

; : 4.0%
kX : 83

':: ‘8.5%

W diehill 1

- "T: T

-,

.o
A

|36.8%
|-23.8%
- {-48.3%

F12.5%
-24.4%
-39.5%

|8.8%
-4,8%
{-13.8%
3.6%
-7.7%
17.1%

5700
4u00
| ssmo -
56,00
78,00
76,00

53.00

th“"
Stansard Dov,

=|554§1.7 — 21%
H

. ~10.9%
14.60 L

-13.6%
.12.5%
-1.8%
7.9%
-12,3%
l1s3%

16.9%
T
}ra%

-9.2%
+14.0%
=17.7%

5000
48,00

5(_5'.00

400
5‘?00. s

54,89

«13.6% ~10.7%

38.39 51.78

§2.06
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" Table17:

Cjopnin . B1es0d 180,00 - (98%  |i7600  [F3%

; : R TR L
e . R q-"_ s
Ty S L e T oL
A e ) LR -
L T L L U DRI TSI P S SR P
' o,

- sifter_ wphill and dgwnlnll ruming, The ta _ )
a!ues, ag gr_gg; 48 gm, standard gevmtmn, gnd percent changg fjr._r ug

and tlownhiil mm_ggg

. Fre-mxemfe : Post-Eixorcise . : Posbl’.'.xercise
g Measured I Meaured | Porcentsga | Menaed Ezmnhga ﬂmm
_\Tniqe! s ] Volaes _Chonge- . | Valuas Chagge
165,60 S b I < B4 4.3% ~ +{168.00 '13% . ' :
173.00 - 169.00 -~ |23% - [159.00 - [-B.1%: I ¢

15200 © - |165.00  [86% - (16300  {7.2%:  [16230
17800 14200 . [-207% . {143.00- . |-20.1%
{15000 15200 Ji3% 15900 |00%  p 0
Mew w83 - 16350 03%  PSB . ~20% a
Standard Dewa 1137 - 407 : B 93
172.00 . o 16400 14.7% 15080  |-128% _ R
[i68.00 - {1560 MTI% 146,00  {«13.1% : e
. 16400 115200 |7.3% 2900 213% .
Down-hill 1 [175.00 CLo o J160.00 L86% 0 142,06 -189%.  [[154.39

o 14200 13100 (77% - - [115.00  (-19.0% - :

- 1200 {17000 1-6.6% - 161,00 {-11.5%
Means]| 167,17 _ - |155.50 “1.0% 0 1050 -16.1%
Standard Dov.i|13.78 _ 1Sy, 1628 -

172.00 16200 17% - 16000 7.0% g

173,00 “|168.00  [2.0% 159.00 - |-8.1% N

B 13600 113800 [Ld% 129.00  |-5.1% o
Down-hill % [159.00 . 157.00 © L13% . |152.00  [«44% 15901

f169.00 © h6s00  |-24% 0 160,00 [5.3%

L0 170.00  |-2.9% 153.00 _ 1-12.6% .
_ Meanifi164.00 16117 =1.G% ClsRAT 1%
Stomdard Pevafls8y [12.29 - 11.89 3

IMEAN _~ 165.00 | - 160.06 .. 15083

J __? .
s, L
= PRI R
! NI S
do
; "(: 'JI
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!
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©|89.60
187,00

Values -

Messmred -

Percen

114.00
84.00 . -
92,00

-]
[33%
33%

. 09%

<2.3% -
-7.1%
12 7%

9428

- {Down-hili 2

| sndaraSiav
. .!m

Standord Deva13.49

e

110300

548

: ﬂm_oo
85,00
125.00 -
94,00
110,00
1102.00

Dowo-hill 1

2,00
120.00

79,00

92.00 .
85.00 _

107.00

EY T
.7.9%

40%

-16.0%
«16.4%
16, 7%

255%
-18.2%
-17.6%

21.8%

450

Mmﬁ'ms.oo
Stondard Dev.tf|12.53

917
1612

To19.6%

~19.2%

52000

100,00

3.0
900

114,60

- [106.00

112,00 .

. 96,00

126,06 .
89.00
97.00
98.00

40%
11.5%
«3.3%
-14,9%
27.5%

5% o

-3.3% -
6.0%
2.7%
“4.3%
~15.8%
-15.1%

103.61

ManIO‘?’.Sﬁ
1027

103.00
1334

“4.1%

~6.6%

104.17

G

90,89
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! _Post-Exercise . Post-Exercise .
.| Msasnred | Percemtsge [ Messured | Percemisgs [MEAN .
= S Changs Vil ., S0 -
: . fo3.00  [-155% {11400 {3.6%
: o 84.00  125% - [92.00 |21%
90:00  14.3% 103.06  |-1.9% .
: . 7900  [3.7% 85,00 3.7% 100,50
S {11200 [-12.5% 13000 |L6% - -
; 9200 {-10.7% 10500  |1.9%.
5. 18T 11.5% 105,83 1.8%
i 1129 : 1520 '
i 18600  85%  [82.00 .12:8%
s 9500 . 169% 2600  |-15.7%
80.00 [-8.2% $2.00 155% ||
; 7200 12.2% 7000 1-14.6% [o0,78
: 11000 127% - {9900 214% §
; 87.00 -6.5% 82.00 -11.8% )
WE T 00% - 8307 -153%
{ 1243 - 9,33 :
; §9.00 [4.3% 87.00 -6.5%
o 103,00 98,00 -4.9% 96,00 -6.8%
_ 98.00 93,00 ~5.1% $9.00 9.2%
: |Down-hit 2 (81.00 700  [25% 7200 © pILI% 9511
o 125,00 120,00 [-4.0% 113.00  [96% |
i : N 194,00 |93.00 ,  11.1% $9.00 -3.3%
' N mxﬁﬁym z 9333 23.6% 91.00 -8.1% _ y
= Stondard Dov.]|14.68 _ |rass N 13.37 5 -
E (MEAN 100.67 92,78 0344 ’
. ,} :"I
f. b
3
o E
|8
_D@mm'ﬂmyﬁom,thivmﬁymhumw S d



e e e e e

e o R o T M Hur
Pre-Exercise .. Post-Exercide ... Post-Exercise :
Mensared Measaved | - Percentage | Measured | Percentse [AYRAN
Vg}_gg . Vsl_g‘g : %@ Voluea - Change -
. #8500 {8300 {24% - [90.00 - [59%
- 463,00 . 6000 - |+4.8% 62,00 - L6%
(Up-hill 7400 i 75.00 {14% 7800  [54%
§72.00 73.00 . J1.4% J70.00  }a8% 11200
168.00- 6200  |-10.1% 73.00 12.8%
~_[70.00 |65.00 -5.7% 73.00- 4.3%
B Meamiii?72.17 . 69.43 - - 3.4% 74,00 3.4%
i Stendard Dey.s|7.31 875 L 940
20,00 7200 -19,1% 63.00  1292% -
. [[73.00 74.00  [l4% 68.00 -6.8%
£82.00 85.00 3.7% - [73.00 -11.0%
Down-hill 1 §69.00 69,00 0.0% 65.00  |5.83% 72,50
Co 76.00 63.00 -17.1% 72.00 -5.3%
{1500 - 65,00 «16.7% 69,00 -11.5%
Meantf|77.82 71.33 ~8.0% 6833 " -11.69%
Standard Dov.$703 7.87 _ 388 g
' 04,00 69.00 - |-20.6% 62,00 - [-340%
64,00 16300 - |-1.6% 66.00 3%
73.00 18506 - [164% - 7100 -2.1% :
Down-hill 2 [}72.00 72.00 0.0% 71,00 6.9% 7233
' 69.00 74.00 1.2% 80.00 15.9%
- [i83.00 65.00 - (21.7% 163.00 -%4.1%
Mean:{75.83 7133 ~44% 65,83 -5.8%
|| Stomidard Devif10.87 et o 747 .
(MEAN 7528 . 70.83 70.72
J -
T _
'
Dipurtonet, of Physiology, Universty of fhie Witwatersroyd 5

T o ST I N R R

R




!
|
y

W R

R

114.00 S 10200 - 1105% - (08000 [44% F
et 0600 . S 8200 42% 0 (9400 . F21% 0 § 0 .
[Uptin ~ gead0 - . [ve0e - {71% 9300  f167% -
o mes00 - - - fs200  132%  fo200 |38%  j9878
109.00 S oo B73% - 10100 L73% _
- 910100 . _189.00 - |-11.9% 98.00  1-3.0%
Mean:{101.67 ' 94.33 -B6.7% o033 Lo.6%
Standard Devif1067 . L - _
108.00 o0 13.7% 93,00  [-13.9%
93.00 _ -~ |80.00 - j-18.4% 70.00  |[-28.6%
94.00 - S {8200 l128% - 7200 0 [234% | “
Down-hilt 1 10200 - . 19200 8.8% 82.00 ~19.6% {9033
98.00 - . 94.00 4% 24,00 .14.3% -
__§102.00 R 93.00 . 1-88% - [78.00  |-23.5%
¢ Memlo03 5083 - 9.6% |98 .205%
Standwrd Deviifd.80 877 3 o

120.00 - |11500 -4.2% 98.00  [18.3%

9200 - {8%.00 |33% {7800 ~15.2%

93.00 ' 87.00 ~6,5% 80,00  |-14.0% _
Down-hill 2 [[112.00 110600 |-5.4% 94,00 «16.1%  §57.50
Cfeo00 - [89.00 -10.1% 90.00  19.1% .

_ 104.00 o |w200  19% . 10700 [2.9%
. Menmums._sa * 28,00 w52% 9117 w11.6%
Standard Dey 502 . {11.42 : 1100 K

MEAN 1 - 101,78 | 04,39 90.44
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M& ratio_values
_— um:!_ull runmne,

. mean,

»

l’re-Exer_cEe'

24 Hour
Post-]!‘.tercisa

Measured
Valnes

Volaes
=

To8.00
fo2.00-
~ 1102,00
{7300
_186.00
§85.00

184,00

- l78,00
180,00

83,00

26,00
83.00

96.00
94.00

- }2.0%

- {104.00-
180,00
183,00

{88.00

2.2%
ao% |
26% (8833
-3.5%
15% .

. Meangf0.17 |
Bﬁmﬂari])w 891

" [3450

1801

00,83

- 0.8% -._{\I_""

103,00
192,00
98.00

| inaum4uni 85.00

[96.00

84,00 .
83.00
82.00
85.00
90.00 -

79.00

18.00-
63.00

76.00-

a _-30 o
69,00
{18.00

'437%..

-18.8%
-18.8%
-14.6%

[84.83

405

=
4.89

202%

{85.00

53.60 -

86.00
102.00

-8.6%
22.5%
-14.3% -
<3,4%

9200

-42%

182,00

87,00
95,00
84.00
82,06
79,00

T128%

- 17.7%

5.8%
4.__{.-. .
b [goan

"2]‘»‘0(1!

Standayd Dev.:

90.17
851

1.8%

84,83

Jsss

“7,4%

86,72

o211

23.44 i
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0 = complete absence of soreness
2= Iight.'pain felt ounly on palpation _ |
4 = moderate pam ) some stiffaess and/or weakness during movement -
6 == severe pain thiat limits the range of motion | |
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