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RESUME 

Le but de cette ~tude ~tait d'~tablir a quel degr~ l 'h~r~dité 

contribue aux variations inter-individuelles dans la relation force­

v~locitê du muscle humain. Plus spécialement, la méthode de recherche 

a utilisé des jumeaux afin de déterminer l'estimation du facteur hérédit~ 

pour: la force musculaire maximale dêvelopp~e par les fléchisseurs de 

l'avant-bras d'apr~s les courbes force-vélocité de l'individu; la vélocité 

maximale (V max) de mouvement de l'avant-bras produite par la contraction 

des muscles sous condition sans charge; et la force isométrique maximale 

(Po) produite par la contraction de flêchisseurs de l'avant-bras avec le 

coude a un angle,de 80 degrés par ra~port au plan hor;zon~l. 

Les sujets étaient des jumeaux de type monozygotique (N = 9 paires) 

et des jumeaux de même sexe de type dizygotique (N = 8 paires) dont l'age 

a varié entre 11 et 17 ans. 

Un ergom~tre conçu spécialement a servi a déterminer la relation 

de la force-vélocité des fléchisseurs de l'avant-bras au moment 00 ils 

• ont déployé leur force dans la paume de la main de façon collective. 

De la position de départ a 60 degrés par rapport au plan horizontal, 

chacun des jumeaux a fait une seule flexion maximale volontaire des 

fléchisseurs de l'avant-bras pendant une série de charges différentes. 

le rayon du mouvement était de 50 degrés et chacun des jumeaux a porté des 

charges identiques avec une période de repos de trois minutes entre chaque 

épreuve. la force maximale a la paume de la main (kg) et la véloc~té 
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maximale linéaire (m/sec) correspondante furent obtenues avec un déplacement 

de l'avant-bras de 85 degr~s a chaque épreuve. 

Ces valeurs obtenues par expérimentation, de même que la vélocité 

linéaire maximale du mouvement sous condition sans charge (V max) ainsi 

que la force isométrique maximale (Po) étaient les points de repère sur 

lesquels les courbes de force-vélocité de moindre carrés furent établies. 

Les courbes de la force musculaire maximale (kgm/min) furent calc~lêes 

d'après ces courbes de moindre carrés. 

Les estimations de la variance a l'intérieur des ~aires furent 

obtenues a l'aide d'une analyse de variance a un palier pour la puissance 

musculaire maximale (MMP), la vélocité maximale du mouvement (V max), et 

la force isom~trique maximale (Po)' Si la proportion de variance a l'intérieur 
2 

de la' paire F :: ~ Hait statistiquement significative, les estimations 
W"11Z 

d'hér~dité (Hest ) furent établies d'après l'équation suivante: 

Une différence significative entre les variances des paires MZ 

et des paires OZ fut établie en ce qui concerne la puissance musculaire 

maximale et la fotee isométrique maximale; la valeur Hest se rêvêla respec­

tivement a 97% et 83%. Cependant, la valeur F(~) pour la vêlocité 
W MZ 

maximale du mouvement n'êtait pas significative et la ~eur Hest pour 

cette variable ne fut pas établie. En se basant sur c~e analyse, nous 
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concluons que les varfaDilit~s inter-individuelles de la relation force­

v~locit~ du muscle humain sont bas~es presqulentièremen~\sur la variation 

de 11 hêrêditê. 

., 

,. 
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ABSTRACT 

fhe purpose of thi~ inve~tigation wa~ to a~rprtain to 

what extent variation in heredity contrfbute~ to interindi-

virlual variation in the forcp-velocity relation of human 

mu~(le_ More specifical1y. the twin ~turlv methnd of research 

was employed for the purpo~e Qf attemptinq th derive heri-

tability ec:;timates for: the maximal muc:;clllar power developed 

by the forearm flexor mus~les as derived from individual 

force-velocity curves~ the maximal velocity of movem~nt of 

thp forearm (V ) produced hy the (ontracting forearm flexor max 

muscle~ under unloaded conditions and; the maximal ic:;ometric 

force (Po) produced by the forearm flexor muscles at an el­

how angle of 80 degrees with respect to the horizontal. 

Ma~ monozyqotic twins (N=9 pairs) and like sexed dizy­

gotic twin~ (N=B pair~) participated and their ages ranged 

from 11 to 17 yea rs. 

A specifical1y designed ergometer al10wed the deter-

mination of the force-velocity relationship of the forearm 

flexor muscles as they collectively exerted their force at 

the palm of the hand. From an experimental starting position 

of 60 degrees with respect td/the horizontal t each co-twin 

pair made a single voluntary maximal flexion of the forearm 

flexor muscles for a series of different loads. The ent,,\ 

range of movement was 50 degrees and each co-twin pair re-

ceived identical loads with a three minute rest interval -

between each load. The maximal exerted palm force (Kg) and 

its corresponding maximal linear velocity (rn/sec) were 

(i) 



nhlained at d forearm di\placpmpnt of RS deqrees for the 

ctiffprr>nt 10(\d<>. 

rhe~e pxperimental1y nbtained valups, alnnq with the 

!nilximal lineilr velocity of movement undpr IJnloaded conditions 

(V max ) i\nd the maximal isometric forcp (Po) provided the 

r p f pre n c p. po; n t <; 0 n w hic. h the "b est fit" for c e - v plo c i t Y 

rurves wpre drawn. The maximal musclJlar power (Kqm/min) 

furves were cillculated from the "best fit" force-velocity 

rl1rves. 

Within-pair varianre estimates were generated hy a one-

w~y analysis of variance for maximal muscular power (MMP). 

maximal velocity of movement (Vmax )' and maximal isometric 
\/OZ 

force (p). Tf the within-pair variance ratio F "" . 2 . 
o W Ml 

wa~ statistical1y signfficant, heritability estimates (H t) e<; 

wpre dprived from 

H est 

the fol1owing equation: 

W20Z - W2MZ ... ----r---w OZ 

A significant difference between the Ml within-pair 
-- . 

variance (W 2MZ) and the OZ within-pair va~iance w20i was 

found for maximal muscular power and maximal isometric 

force and disclosed a Hest value of 97% and 83%, respectively. 

However, the F ratio ( W~DZ ) for maximal velocity of move-
W MZ 

ment did not prove significant and the Hest. value f'or th1s 

variable was abandoned. On the basis of the analys1s, ft 

was concluded that the interindividual varfability observed 

in the force-velocity relation in human muscle fs gover~d 

almost entirely by variation in hered1ty. 

(tf) 
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Introduction 

CHAPH:.R l 

~TAT[MFNT or THF PROBLFM 

., Man y a pet son ha s "m use d h; ms e 1 f b Y 
throwing bits of stick into a tiny brook and 
watchinq their proqress; how they are arrested. 
first hy one obstacle, then by another and 
aqain. how their onward course is facilitated 
by a comhination of circumstances. He might 
~~cribp much importance to each of the5e 
events. and think how largely the destiny 
of the sfick had been governed by a series 
of trifl ing accidents. Nevertheless, a11 
the .;,ticks sllcceed in passing down the cur­
rent, and in the long run, they travel at 
nertrly the same rate. The one c1ement that 
varies in different indfviduals, but 15 con­
çtant in eaÎ.h of them. is the r.atural ten­
denfY; it corresponds to the current in the 
çtream. and inpvitably asserts ftself"'(21) , 

Hiis notion of the constancy of heredity. that varied 

hetween individuals, and inevitably aS"erted itself. was 

rldvancp.o /:ly Galton as early as 1875. Tod&y, there 1s lit­

tle doubt that hereditary differences have contributed to 

the existing variability in the mental and physical charac­

teristics of human beings. However, heated debate still 

remains over the problem of how mueh of the inter-individual 

11' variability is caused by variation in heredity, and how much 

is caused by variation in environment. 

The varia~11ity in some characteristics such as eye 

colour, hair colour t or fingerprints, might be considered 

to be governed exclusively by differences in he~edity. for 

1 

.. 



thpy are not modified by existing differences in postnatal 

environment. However. even 5uch traits as these. must have 

had an appropriate environment during prenatal development 

in order to express themselves at al1, Other characteris-

1ics. such as test intelligence, morphological dimensions. 

and physiological processes. show continuous variation and 

arp known tn he markedly influenced by postnatal e~viron-

ment. ~uch characteristics as these, have offered a fa-

vnrable openinq for an attack on the heredity-environment 

problem; for the distribution of any given continuous trait 

for a givpn population~ can be represented by a normal dis-

trihutinn curve, 

Gdlton (21) was the fir~t to suggest that differences 

and ~imilaritie~ between monozyqotfc (MZ) and dizygotic (OZ) 

twin~ he used as a criterion of the relative powers of here­

dit Y and environment. With this i~ mind, Holzinger (33). 

contrived the heritability index (h 2), which he described 

a<;. lia measure of the relative effects of nature and nurture 

factor~ upon the differences found between members of twin 

pëlir~ reared within a family" (59, p. lll). The heritabi-

lit Y index formula was: 

W2DZ - W2HZ 
W2DZ 

(l) 

where~ W2 was the within-pair variance of the twins for the 

trait under study. 

2. 

Holzinger~s heritabi11ty index considered only the 

within-pair variance for the twins and did not take lnto 

account the between-pair variance or the interaction effects. 
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rh~ index ha~ been rnodified and elaborated by others (7.60, 

61. 81), and the word index has general1y heen replaced by 

e~timate (4,46,47,49,50.56,76,77,78,79.80), but the meaning 

has remained unchanged. The heritability index, as proposed 

hy lIo1zingf'r {33}, has signified ooly 1\ proportion of the 

3. 

total variance in a trait that can be attributed to vdriation 

in heredity. Heritability is a useful ward, provided this 

r~servation is kept in mind. 

Rpcent attempts that have been made to derive heritabi­

lit y eçtimates for sorne physiological variables have uti-

l i le d Ho l z i n 9 e r's i n de x a s a bas i s (4,47, 50 • 51 ,52 , 56) . The s e 

stlJdies have poc;tulated a simple model of the relationship 

between herf'dity and environment in order to make the com-

putations behind heritability estimates more explicit. The 

mod~l ha~ suggested that heredity and environment contri­

bute jointly but independently to al1 continuous traits. 

in an additive summation. Further, two basic assumptions 

must be accepted for the modela Firstly, that the amount 

of pre and postnatal env1ronmental influence. which has 

contributed to the total within-pair variance for Ml tw1ns, 

is comparable to that for OZ twins. Secondly, that the 

heredity-environment interaction effect has been nil. The 

heredity-environment model, and the tenab111ty of accepting 

its underlying assumption, are discussed later in a separate 

section which establishes the theoretical framework for the 

present investigation. 

Only in the past few years, have phys1cal educators 

,1 

... 
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become increasingly aware of the fact that the observed 1n­

ter-individual variation in many physiological variables 

may he governed largely by hpreditary differences. Hiqh 

hereditary component~ have heen found to contrfbute to 

pxi<:;ting differencec; in cardiorespiratory (4.47,51.82). as 

weil as neuromuscular responses (15,41,50,52,56,57). Sinee 

many of these individual differences become accentuated un­

der the influence of exercise, the l1mit to which an indt­

viduAl may excel in a given athletic event may be "set" by 

hereditary factors. Therefore, continued re~earch into 

the extent to which heredity contributes to existing dlf­

ferences of physiological responses to exercise 1s of ut­

moçt practical importance to physical educators. The twin 

stllrly method will permit a number of these responses to be 

r~nked in arder of the contribution of heredity to the total 

variance in each of those variables. Further, it will a1-

low the eventual prediction of potential performance in 

athletic events that require the acquisition of specifie 

physiological attributes. A one-kilometer run test, has 

already been designed to predict potential performance 1n 

events that depend upon an indiv1dual's maximal oxygen up­

take (48). 

One physiological response, which is presumed to be 

the basis of individual differences observed 1n activities 

such as sprinting, throwing, and jumping, 1$ the maximal 

muscular power that can be produced by the contracting 

muscles. The variab111ty in maximal muscular power has 

4. 
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hepn shown to be governed by differences in thp relative 

position of the force-velocity curve upon which the muscles 

have contracted (35). The force-velority curve of contrac­

tinq mu~clp~ has demonstrated the inverse relationship 

betwe~n the maximal amount of force a mus~le can pxert, and 

it~ maximal velocity of contraction under loaded conditions. 

The heavier the load that a muscle or group of musclp~ 1s 

made to contract maxlmally against t the greater will be the 

exerted force and the slower the velocity of contraction. 

Conversely, the lighter the 1oad, the less will be the 

exerted force and the faster the velocity of contraction. 

Whpn the corresponding force and velocity values, obtained 

from single maximal muscular contractions for a series of 

v~riablp loads are plotted. the force-velocity relationship 

5. 

i~ Axpres~ed as a curve (31, p. 137). In addition. the 

forr.e-velocity values of maximal isometric force (PO), and 

the maximal velocity of contraction under unloaded conditions 

(Vmax )' have provided further experimental points at the 

extreme ends of the curve {S5}. The force-velocity curve 

is always expressed in the same form, that 1s t as a rectan­

gular hyperbola, though the absolute values of the coord1-

nates on which the curve is drawn may vary with the specfes 

examined (22,53) t the type of muscle (1,72), and the muscle 

temperature {28,44}. 

At least four empir1cal equations have been proposed 

to describe the hyperbolic nature of the force-veloc1ty 

relation of contracting muscle (31, p. 137). A. V. Hill 

-
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has adapted the simplest "characteristic equation" to the 

curvp which relates the velocity of contraction and the 

exerted force in a dynamic contraction (28). rhe equation 

was: 

where, 

p 

p '" 

"" 0 

a '" 

b "" 

{p + a} (v + b) ~ CP + a)b o 

the l oad on the muscle, 

the maximal isometric fo rce; 

a cons tant wi th the dimension 

a constant wi th the dimension 
and 

v ~ velocity of contraction. 

(II) 

of fo rce ; 

of ve 1 od ty; 

For many years, the decrease in exerted force when the 

muscle was made to oppose lighter loads was attributed to 

more energy being used to overcome an increased viscosity 

6, 

of the muscle at greater velocities of contraction (6.11.18, 

20.22~25,26,30,32,53.54.73,74). However, the experiments 

by Fenn and Marsh (17), have concluded unequivocally that 

as the speed of contraction increased, the force decreased, 

not in a linear fashion as would be expected if viscosity 

alone was concerned, but rather in an exponential fashion, 

a small hypothetical correction beiRj ma-dë for- t-Ae true v1s­

cosity effect. Fenn stated that "this exponential relation 

was concerned in some way w1th the pPOcesses of developing 
, 

extra energy for work of shorten1ng" (17). It 15 now known, 

that the diminution of force as the veloc1ty of contraction 

is 1ncreased. is related to a, property of the cross-bridges. 
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A~ the myofilaments ar~ allowed to move faster, they are less 

r~p~hlp of makinq th~ cross-bridge connections between the 

HrlT' and myosin filaments, which are presumed to be the 

, , t Il '. () f for (e q e n e r a ti 0 n i n mus cul arc 0 n t ra c t ion li (34). 

fhp forcf'!-veln r i ty relation has bf>en demonstrated in 

j:,oLdprj striated muscl!:' (17.28,44), as well as the intact 

htll11;,n mu')(lf> (Q.49,85), The measuremE'nt has made possible 

the defprmination of the maximal muscular power output, which 

hrt~ h~pn $hown to he the produr.t of the force and corres-

oOf1dinq velocity values obtained at approximately one-third 

ot thpir maximum value') (?7.?8,65). 

The Problem 

From the meager data availahle. it has become apparent 

that a wide inter-individual variability exists in the re­

lative position of the force-velocity curve which has been 

responsible for t.he existing differences in maximal muscular 

power output of indivfduals (35). Further, varfability has 

been demonstrated in the two components that determine the 

shape of the force-velocity curve at efther end, namely, 

the maximal velocity of contraction under unloaded conditions 

(Vmax ), and the maximal isometric force (Po) (9t8~). 

" Komi (50), has recently revealed a very high (99.21) t 

heritability estimate for maximal muscular power as deter­

mined from the measurement of the maximal running velocity 

~n a stairC8se and the subjects weight. However, no attempt 

has been made ta derive heritabflity estimates for maximal 

muscular power based upon ind1vidual force-velocity curves. 



Therefore., the problem of this investigation will be to as­

certain to what extent heredity contributes to inter-indi­

vidual variation in the force-velocity relation of human 

muscle. More specifically, the twin study method of re­

search will be employed for the purpose of attempting to 

derive heritability estimates for the following components 

of force-velocity curves obtained from the forearm flexor 

muscles. The components to be studied are: 

8. 

(1) the maximal muscul ar power developed by the fore­

ilrm flexor muscles as derived from individual force-velocity 

curves; 

(2) the maximal velocity of movement (V max } of the 

forearm produced by the contracting forearm flexors under 

unloaded conditions; and 

(3) the maximal isometrfc force (Po) produced by the 

forearm flexor muscles at an elbow angle of 80 degrees. 

Limitation~ of the Studl 

Cl } Err 0 r sin cal i b rat ion, tes tin 9 p re c i s ion and 

standardization; 

(2) Errors in drawing th.e "best fit" force-velocity 

curve from the experimentally obtained values; 

(3) Degree of repeatability of the test; 

(4) The shout method will be used fo-r motivation. 

Delimitations of the Study 

(1) The study will be delimited to a sample of nine 

sets of monozygotic tw1ns and eight sets of di zygotic twins. 

Thei r ages range from 11 to 17 yea rs • 

..' 

-
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(2) Only two measurements will be obtained for maximal 

isometric force (Po) l'Jr the forearm flexor muscles and will 

he analy;::.d at one elbow angle (80 degrees). The highest 

value will be used. 

(3) Only two measurements will be obtained for the 

maximal velocity of movement (Vmax ) of the forearm under 

unloaded conditions and will be analyzed through a range 

of 50 degrees. The highest val ue wi 11 be used. 

(4) Only one single maximal voluntary contraction of 

the for e a rm f 1 ex 0 r mus c 1 es will b e 0 b ta i ne d for one 1 0 ad. 

As many different loads as poc;sible will be used in order 

to obtain as many force-velocfty values that will increase 

!",he accuracy of the drawing of the curve. 

(5) Al1 fOr'ce-velocity values obtained from the dif-

ferent loads will be analyzed through an elbow range of 

50 degrees. The highest values will be used. 

(6) The maximal muscular power curves will be obtalned 

from the "bes t fi tf! force-veloei ty eurves. 

Theoretical Framework for the Investigation 

When the twi n s tudy method was propos ed by Galton, the 

distinction between monozygotic (MZ) and dizygotic (OZ) 

tw1 ns was not clearly understood (21). It 1 s now tnown. 

that MZ twins have resulted from the cleavage of a single 

zygote into two separate embryos. Because of the precise 

nature of mitosis and DHA repl1cation. MZ eo-twin pairs. 

have rece1ved identical genetic constitutions. Most commonly. 

the individual embryos have individual amnions w1th only 

one chorion and a single placenta. However. 1t has occurred 
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th;J.t. MZ twins have two amnions, two chorions and two pl acen-­

ta (although often fused) (3,5.14,64). 

Oizyqot1c twins have resulted from the separat~ ferti­

lilation by two dtfferent sperms of two ova released from 

the <;ame or more often, different fol1icles at about the 

<;amf' time. Si nce DZ twillS arise from two zygotes that are 

produced by fertilization of two separate ova, they have 

the same genetic relatlonship as ordinary siblings and dif­

fer approximately .1)0% in the;r genette constitution (3,5, 

14.64). 

The twin study method has compared the degree of di ver­

qence (or lad of concordance) between a sufficient number 

of MZ and OZ co-twin pairs of the same sex. in order to 

e<.timate the extent to which variation in heredity has ac­

counted for the individual variation 1n any organ1c attr1-

bute. Since OZ twin pairs differed approximately 50% in 

thei r genetic make up, while MZ twin pairs are identical ~ 

any perfo rmance di fference between MZ co-twi n pa i rs mus t 

have been due to nongenetic factors. As stated previously,. 

in 0 rder fo r any compa ri son to be made be tween MZ a nd OZ 

twins in the twin study method. two basic assumptions must 

be accepted. Firstly, that the amount of w1thin pair 

variance contributed by the pre and postnatal environmental 

i nfl uence for MZ twi ns, 1$ comparab 1 e to tha t for OZ twi ns 

and secondly, that no heredity environment interaction 15 

present (47,59,61,841. 

Cons1dering the first assumpt1on. 'ft has been understood 
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that il di fferf'nce in prpnata 1 envi ronment for the Ml twins 

(uneflual circulation, nutrition, intra-Ilterin(-' poc:;ition). 

mily pos<,ibly prndllce po<.tnatal structurrll ancl hiochemiçal 

differpnce~. Furthpr. pxperimentation hac:; revealed that 

morli fication of cellular cytoplasmic aqcnts has inollced 

po,;tnatal difference!> (A,lO.lQ.?3,24,38)62). In ac:; much 

as these prenatal differences may exist for sorne Ml twin~. 

it is presumf\d that any unequality suffered during the pre--

nati'll ppriod ic:; 110t enduring,. and is neutralized after 

bil-th undpf the influence of a qenetic maturational pace~ 

maker (46.56), The twin<; that werp temporarily grouped 

ae:; monozyqotic in this study. using t.he "physical simi~ 

Jari ty" methnd of clac:;c:;ffication (61). rev~aled no o:;uch 

"tnH'tlJY'al abnormalities or differances. 

Regrtrdi ng the tenabi l ity of the assumption of com­

parable postnatal environmental influences for MZ and OZ 

twins. it is obvious that. the more similnr the population 

from which the twins are drawn, the less likely are dis-

crepant results. All co-twins employed in this study were 

obtained fram the same city, lived at home with their 

parents and had similar leisure-time activities and socio­

economic backgrounds. The assumption of similar postnatal 

environments for MZ and OZ twins does not imply "invariant 

environments", but that the environment "varied approx1-

mately in the same direction and to the same degree" for 

al1 twins in the study {56}. Vandenberg (77), has sug­

gested that for psycho-motor functions, and for cogniti ve ... 



"~"-~--"---"---------~-----------------___ ... a ____ ............... 

abilitie~. one could envisage some division of labor or 

specialization occuring within a twin-pair 5uch that one 

twin developed more in one direction. However. this may 

oecur in MZ as wel1 as OZ twins, and even if ft happened 

more in OZ twins. it may be attributable to a greater 

initial divergence resulting from hereditary differences. 

If environmental influences within the family were in part 

responsible for greater differences in, for example, cog-

nitive abilities within OZ twin-pairs than within MZ twin-

pairs, ft may be expected that the correlations between 

the differences of tw;ns on a variety of tests appeared 

quite high. Vandenberg {17} has pointed out however, that 

this lS not the case. Jensen (37) has a1so indicated that 

the assumption of greater environmental differences for 

OZ than for Ml twins has not been established as a fact 

(31) . 

There have been some attempts to obtain evidence on 

the validity of the assumption of equal differences on 

the average between MZ and OZ twin partners due to the de­

gree of familial influence (40,58,63,86). All these 

studies postulated increased pressure toward similarity 

and a greater intimacy in MZ twins, but. '-they attempted 

to support this hypothesis by an analys;s of measures ob­

tained retrospect1ve1y on the tw1ns; the extent to wh1ch 

the evidence thus obtained 1s relevant. may be questioned M 

(77). On the other hand, even when reared apart, MZ tw1ns 

1 ? . 

have shown 1mport~it,mental and behav10ral sim11ar1t1es (39,71). 

" 



For phy~jologi~al variablps howpver, ~hp they of central 

nprvous <>ystt:m or of autonomie nervouc; functioning. it i'i 

<,1 i11 di ffir.ult to question the a<;sumption seriously" (77). 

fn vipw of the evidence, it appears justified to accept 

thp il,<;<'llmption of romparable po<;tnatal environmental in­

fluf'ncr<:; bptwepn Ml and OZ twins, 

The second ilssumption ts that no genetic-environmental 

intE'r(}lt i on 1., prpsenL Put in other words. that for the 

total vênianrA for MZ i'lnd DZ twin<; re~pectively. "heredi­

tarv anrl p"virnnm~nt~l romponents have 7ero correlation" 

(fil) ln orrtpr that thE' milgnitllde of interaction effects 

or> A')(prlilinerJ for any <;pecific trait. "empirical study" 

1') llPr;PSSi\rv (37 ). In t:hj~ resp~~ct, limited data are 

ilvi\il"hlp ,,~ ln wnether different genotypes respond in 

rliffArrnt way~ ta the <;amp. pnvironmental factors. For 

phy;ioloq i cal vr1riab i es. th;s has required the utilization 

0f <;p1ît-twin pxperiment<;, in which one twin trained for 

ft sDPcifir variable in question while his identical coun­

terpart acted as a control. Recent data obtained from 

split-twin training exp~riments on V0 2 max have revealed 

that for this variable, the interaction between heredity 

anrl environment was a nonsignificant cause of the total 

variance (83). Whether the same conclusion can he drawn 

for the specifie neuromuscular variables that will be 1n­

vestigated in this study, ft seems that no tenable con­

clusions can be drawn at this time. The simple additive 

mod~l of heredity plus environment to be presented may not 
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of \J7 twin<; dnn it <;hotlld he modifierl to in( llld~ an arldi-

t;onal term çiqnifyinq the mutual interaction l1etwppn hpy-(>-

dit Y and pnvironm~nL Howf'ver. it ;" unlik~lv thaï such 

lntprarti0n took place to ilny markp(t df>qrf'e in thE> pril<;ent 

Moc;t of thf> lwins will bp at an eaplv ilgf> of 

OPvf>lopmpnî. and the rlifference<; in pnvironmental influence 

wi Il not he (\$ pronounced at this ~priod ilS they would be 
~ . 

. ". nH" latpr (/pvelopmental ;;ta!1P (47). Riqorous evidence 

nf hprpditv-pnvironment interaction l~ oPf>derl fot thp spp-

rifi( I/<lrl<lolp<; undpr stlldy before thi<. componpnt need bp 

Înclflr1f>d if" the:> hC'ff'di ty-environmpnt model. Therefore. it 

"('Pille: I\ju::.tifiahl~ to omit thi". componp.nt ft'om the compu--

lations of n~ritahility estimôtp.<:; without risk Of seriou~ 

() l' r 0 r .. (4 1) " 

ln orrlrr to make the a$~umption~ hehind the computation 

of hedt"ahility ~~timates more ~xplicft, a simple additive 

model for the effects of heredity and environment has been 
\ 

poc;tul<\ted. The model has taken ioto account the preceding 

a~~umptions of comparable pre and postnatal envirohmental 
\ 

influences for Ml and OZ twins and nil heredity-environment 

i n ter a c ti 0 n . For M Z t win s, sin cet he re i s no 9 en e tic 

variability, the within-pafr variance (W 2 ) is attributed 

to nongeneti c vari abi 1 i ty, namely envi ronmental effects 

{W 2
e

} and measurement error (W 2
m

): 

W2MZ = W2MZ + W2,.,Z (II 1) e m 
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ror oz twins, the within-pair variance depends partJy on 

qpnpti r variahility (W
2

g}t partly on environmental effects 

rW?) A tl t (W 2 ): • p an'I par" y on measuremen error m-

(I V) 

lf thp rnmpar~ble environmenlal influences are excluded 

and pquation~ III and TV combinpd. the within-pair variance 

in Dl twin'i due tn variation in heredity can he d~notpd 

as . 

(V) 

F Ill' the r. i f e q li il ti 0 n V -; s arr a n 9 e d 1 n rat i 0 f 0 rm, and the 

tp,'m w?nz referred to as heritabflity estimate (H t 1 q es 
{4,1l7,77}. we have (47): 

H ~ W20l - W2MZ X 100 
"s t w2D-Z--~-- w20Z-~ 

Thus, the heritability estimate i5 the ratio of the dif­

ference of the wif:hin-pair variances between OZ and MZ 

(vI) 

twins~ to the total within-pair variance among OZ twins. 

Equation VI is only introducèd when the F-ratfo, as proposed 

by Clark {7}, 15 proved significant at the required level 

of confidence. The F-rat10 1s between the OZ ~nd MZ within-

pair variances and 1s wrftten as: 

w20Z F := -..---

W~MZ 

If the F~ratio proved significant at the required 

level of confidence, herftability estimates are der1ved 

(VII ) 

1 1 

1 

1 
1 

~ .J 
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from equations 1 or VI. It should be emphasized that the heri­

tahility estimates 50 derivpd do not indicate to what ex-

t~nt a trait is inherited, but only to what extent its 

variahility was governed by variation in heredity (60). 

The confidence placed in any conclusions drawn from 

the twin-study method of research depends on the accuracy 

with which the twins were classified as MZ or OZ. With the 

pos~ible exception of a successful skin graft or reliable 

evidence of a single chorion, no similarity in a single 

trait has 50 far heen shown to be sufficient on 1t5 own to 

prove that a pair of twins is monozygotic (61). Conse­

qupntly, the onus 1s placed on utilizing methods to esta­

blish dizygosity. This 1s achieved by the "physical sim1-

larity method of classification" (71). This method groups 

the twins as alike or different in a number of morphological 

traits that are known to be highly determined by hered1ty 

{7,76}. Monozygotic twins have similar hair color. texture 

and distribution, similar ear lobes, eye color and iris 

pattern. In addition, careful attention 15 noted as to the 

similar1ties and differences in the height and weight, the 

5h~pe of the facial features, the teeth and the size and 

shape of the hands. In th1s way, a pre1im1nary rough diag­

nosis 1s made pr10r ta any testing session. However, the 

most reliab1e objective test for zygos1ty 1s to have a 

blood and serum exam1nation performed on al1 subjects af­

ter the results are obtained and analyzed. A sample of 

blood 1s ta ken by f1nger pr1ck and 1s analyzed for red , 
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cell antigens with numerous Anti-ser~. Discordance of a 

~inqle antiqen fs regarded as evidence of dizygosity (42). 

In this mannp.r, exact diagnosis 15 made in about 98% of a11 

OZ pairs (76). 

The value of twin studies depends not only on an ac-

~uratp diagnosis of zygosity but a150 on an accurate assess-

ment of the relative exposure to environmental influences 

that are most likely to affect the magnitude of the dif­

ferences in the variables under study. Therefore~ twln 

~tudies make a careful assessment of these environmental 

influences before postnatal environments can be assumed to 

he comparable between Ml and OZ twins. 

r. 

J 
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CUAPTER II 

REVIEW or THE lITERATllRE 

The literature relatinq to the force-velocity relation-

ship has been reviewed under two headinq~: {l} isolated 

striated muscle and (2) intact human muscle. In sorne 

instances. reference is made from one area ta another be-

cause both have contr1buted to the development of the 

force-velocity relationship as it is understood today. 
l , 

t The literature relating to twin studies is rev1ewed 

under two headings; (1) cardi ovascul ar vari abl es and 

(1) neuromuscular variables. 

Ih e __ f 0 r c e - Ve 1 0 C i t~ Rel a t ion shi p.. 

(1) fso1ated Striated Muscle 
----------------~------~ 

In 1920. Hill (29), described a useful inertia dev1ce 

as an instrument for recording the maximum work done in a 

frog muscle during muscular contraction. The recording 

system suggested by Hill and employed and descr1bed ful1y 

by Ooi (12), consisted of an arm balanced on kn1fe edges 

carrying two balanced masses. The rate at which the mus­

cular contraction occurred could be var1ed by chang1ng 

the point of attachment of the muscle or the distance of 

the balanced masses of the system. 

Gasser and Hill (22) used a double sartorius prepa­

ration of the frog to show the relation between the speed 

18 
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of shortening ta its ability to perform external work. The 

muscles were al10wed ta attain their maximum in an isome-

tric tetanus before being released and were then al10wed 

to shorten between two fixed points. An effect was ob­

t~ined eQuivalent to al10wing the muscle to pull against 

a wide range of freely suspended masses. The results in­

dicated that the wark performed decreased as the speed of 

shortening increased. However. the curves relatinq work 

to speed of shortening were not linear. 

Gasser and Hill (22), then used two methods to show 

the effects of the speed of shortening of the muscle to 

the force developed. In both methods, the ,.te at which 

the muscle shortened was control1ed. They concluded that 

the greater the speed of contraction, the less the force 

exerted at any length. Gasser and Hill explained their 

results in these words, "the dependence of force exerted 
, 

on the speed of shortening was the result merely of the 

viscosity of the muscle". 

Levin and Wyman (53). obtained the work done by the 

jaw muscles of the dogfish by measuring the'areas of the 

tension-length curve. The work was plotted against the 

speed of movement for quick release and stretch experiments. 

The result1ng curves were not linear but S-shaped, and to 

Levin and Wyman, th; s suggested the presence in the muscle 

of an element of free or undamped elastic1ty. 
r 

Ha rtree and Hill (26) utilized the identical method 

to determine work as Levi" and Wyman (53). Results 

a • 



indicated that if the shortening speed was too high or too 

low, little work was done. For the high sp~eds of con­

traction, Hartree and Hill bel1eved tnat little work was 

done because of the viscosity of the muscle, which fn-

creased with the rate of shortening. 

Stevens and Snodgrass (74) used the gastrocnemius 

muscle of the decerebrate cat to determine the speed of 

shortening of the muscle, the force developed, the work 

done and the power expended during each 0.011 second of 

the contraction cycle. With the method employed, both the 

tension and length of the muscle were al10wed to vary con­

comitantly during the same contraction against an inertia 

system. It was thus possible to determine accurately the 

ent1re range of tension and corresponding length changes , 
( " 

throughout the same contraction cycle. The results pre-

sented were the averages of eleven records obtained from 

the same animal durfng the same experiment. They were 

selected as representative of a series ln which twenty 

animals were used. The curve relating the force developed 

to the veloc1ty of muscle shortenfng revealed that as the 

speed of contraction increased, once the muscle had deve-

20. 

loped maximal tension, the force dim1nfshed. They con­

cluded that some of the 10ss of force was due to the vis­

cosity of the muscle_ further. that the inverse relation­

sh1p between veloeity of contraction and force depende~ upon 

the faet that constant power was exerted by the muscle at 
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this time. 

Stevens and Metcalf (73) used the same apparatus and 

method aç that used by Stevens and Snodgrass (74). The 

velocity of the muscle, force. work and power were calcu­

lated for smal1 time intervals of the contraction cycle. 

Results were chosen from one cat as typical of the fifteen 

animals used in the series of experiments. Al1 experiments 

were quick releases which meant that the muscle was pre­

vented from moving until the muscle had contracted teta­

nical1y. When the force was plotted against the corres­

ponding speeds of shortening, they concluded that over a 

certain portion of any given contraction the force varied 

in a linear manner with increasing speeds of shortening. 

The results were interpreted and explained by the viscous­

elastic theory as proposed by Hill (30), that the decrease 

in force might be predicted "with certain simple assumptions 

as to the viscous resistance of the muscle to change of 

form". 

Fenn and Marsh (17), used the sartorius muscle of 

Rana pipiens except for a few experiments on the gastroc­

nem1us to show the relat10nshfp between the force exerted 

by the muscle and 1t5 velocity of contraction. The veloc1ty 

of contraction was always measured near the beg1nning of 

shorten1ng where the slope was constant and maximal. No 

attempt was made to calculate the magnitude of 1nertia. 

It was reasoned, that since there was no change in yelocity, 

the tension in the muscle would be equal to the load. The 
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force was calculated per cm 2 cross section of the muscle. 

ln most experiments, the muscle was stimulated for a 

series of loads increasing in steps from minimum to max1~ 

mum and th en decreasing in the reverse order. Therefore~ 

Fenn and Marsh measured the maximum speed of shortening 

under a series of d1fferent loads, the mpasurement being 

made always at approximately the same muscle length. When 

the force or load was plotted against the veloc1ty of 

~hortening, the investigators concluded that the curve 

22. 

was "ot linear, but rather logarithmic in shape. They fur-

ther concluded that as the speed of shortening increased. 

the force decreased~ not in a linear fashion as would be 

expected if viscosity alone was concerned, but rather in 

an exponential fashion, a small hypothetical correction 

beingmade for the true viscosity effect. Fenn stated 

that "this exponential relation was concerned in some way 

with the processes of developing extra energy for work of 

shortening". 

Hill (28) developed a more exact and rapid technique 

for muscle heat measurements so that a more consistent 

picture might emerge of the energy relations of muscle 

shortening (or lengthening) and doing positive (or nega­

tive work). Hill showed that if a frog' sartorius muscle. 

mounted on a thermopile. was stimulated isometrical1y and 

then suddenly released under a small load, it shortened 

rap1dly and during the shorten1ng the galvanometer gave 

a quick extra deflection. To Hill, the extra deflection 
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implied a sudden increase in the rate of heat production 

of the muscle. Hill postulated that when a mu~cle shor­

tp.ned. extra heat was liberated. Experimental1y~ Hill 

found that the rate of extra energy liberation was a rather 

exact linear function of the 10ad, increasing as the load 

diminished and being zero when the load was equal to the 

maximal isometric force. Hill put forth an equation which 

related the rate of energy liberation to the load. The 

equation was: 

(p + a}v = b(Po - p) 

P = the 10ad on the mu~cle; 

a = a constant with the dimension of force; 

v = the velocity of shortening; 

b = a constant defining the absolute rate of 
energy lfberation; and 

Po ~ the maximal isometric force. 

This equation was a1so written as: 

(P + a}(v + b) = (Po + a)b 

(VIII) 

(IX) 

which related the velocity of contraction and the force 1n 

isotonie shorten1ng. In this équation; 

P = the load on the muscle; 

a = a constant with the dimensionof force; 

v ~ the velocity of contraction; 

b = a constant with the dimension of velocity; and 

P = the maximal 1sometr1c force. o 
In another set of experiments, Hill (28) showed that 
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when a contracting muscle was made to lengthen gradual1y 

by applying a load rather greater than isometric tension. , 
there appeared to be a negative heat of lengthening ônd 

the total energy given out by the muscl~ was less than in 

an isometric contraction. These experiments on heat and 

lengthening made ft impossible any longer for Hill to re­

gard viscosity as the primary cause of the effects ob-

~erved in active muscle. He stated. "if viscosity were 

the chip.f reason for a decrease in force as the velocity 

of contraction 1ncreased, then lengthening of the muscle 

~hould produce greater heat production and certainly not 

l~ss than isometric tension M
, 

In a number of other experiments, Hill (28) used a 
~ 

~eries of dlfferenf loads with the constants a and b pre-

viously determined to show the relation between the speed 
ç 

of ~horte~ing and load ;n an isotonie contraction. Hill 

found that the experimental points of load and velocity 

fit the curve descrtbed by hts "characteristic equation". 

He concluded that an active muscle shortened more slowly 

under a greater force, not because of viscos1ty, but as 

Fenn (17) had claimed, "to the manner in which the energy 

liberation was regulated". Further, Hill deduced from the 

force-velocfty curves, that the greatest rate of doing 

external work (power), should occur with a load equal to 

about 30% of the isometrfc tension. 

In continuation of Hillfs work. Katz (44), performed 

exper1ments to confirm the force-veloc1ty relation 

24. 



a h U' 

utilizina Hi11'$ characteristic equation. The experiments 

were made on the sartorious muscle of Rana temporaria. 

Rana esulenta, and on the rptrartor penis of the tortoise. 

The muscle was extended by a small initial load and al-

25. 

lowed to shorten several mil1imeter~ again~t various loads. 

Katz tested the predicted relation of the force-velocity 

(urve using the values of the constants a and b from Hill I~ 

equation. In most cases, the observed experimental data 

fitterl thp rectangular hyperbola predicted by the equation 

whirh related the velority of shortening and the external 

Ahbot and Wilkie (2). described experiments in order 

to examine the relation between force ~nd velocity in 

lengths other than that which was found in the resting 

condition in the body. The reason was that Hill·s equation 

could only be applied in the region of this maximum, where 

the variation of maximal isometric force with the length 

of the muscle was slight; for the maximal isometric force 

appeared in the equation as a constant. Al1 experiments 

were made on the sartorius muscle of Rana temporar1a. 

Tension-length curves were measured before and after the 

series of isotonie shortenings. Conclusions drawn from 

the results, showed that Hill's equation d1d apply at al1 

degrees of shortening as long as the isometric force at 

any length at which the velocity was measu~ed was g1ven 

the new value appropriate to that length. 

MacPherson {55} compared two isometric contractions, 

l 
1 

1 

1 

1 
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one with and the other without a known compliance added 

in series, in order to calculate the force-velocity relation 

of the froq sartorius muscle. The sole assumption required 

wa~ that the velocity of shortening at any moment was a 

function only of the load at that moment. The tension de­

veloped by the muscle and the rate of change of tension 

were recorded simultaneously throughout the growth of a 

maintained isometric contraction, A similar record was 

made with extra compliance. The results revealed that the 

force-v€locity curve always emerged with the expected 

hyperbolic form. 

Ritchie and Wilkie (66) used the sartorius muscle of 

the frog to determine force-velocity curves from after­

loaded isotonie contractions. They found that about one­

third of the force-velocity ~urves fram the experiments 

were nat fitted wel1 by Hill's equation because they had 

a straight region at the high force - low velocity end. 

Ritchie and Wilkie found a somewhat better agreement 

between experimental results and the predicted curve by 

using Carlson's equation which was net tied down to any 

specifie algebraic formula for the force-velocity curve. 

Hill (27) used the frog sartorii muscles to show the 

efficiency of mechanfcal power development and its re­

lation to load. fn Most of the experiments the muscles 

were allowed to shorten as 500n as they could lift the 

load. In a few. they were released later. H111 compared 

the load with which the mechanfcal power was greatest w1th 
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th~t at which thf' f'fficiency was greatest. Hill found t.hat 

thp optimum load for effiriency wa~ about 45% full 150-

mf'tric t~nsion. The optimum value for power development 

war, practical1y constant ilt about 30% of maximal isometric 

force 

(?) Intact Human MU5cle 

Hill (30) devised il heavy fly-wheel to provide the 

inertia aQain~t whi~h the arm mu~cles had to work. A 

~tring was attached around one of the pulleys and the 

';;'Jhjpct p!Jl1ed the end of the string which produced ro-

talion of lhe flywheel. Variation of the equivalent ma55 

of thp flvwheel was nhtained by winding the 5trtng around 

O"p or the nther of the different ~ized pUlleys of the 

flywheel. The ~pee~ of rotation was measured by a hand 

tachometer. In al1 ~ubjects tested, the results clearly 

indicated that the greater the equivalent mass~ the grpater 

the work done. Hill also found that the greater the du­

ration of shorten,ng, the greater was the work done. 

Hill hypothesized that a muscle, when stimulated. produced 

po,ent~al energy which in any actual contraction was em-
, 

ployed partly in doing external work, and partly in over-

coming the viscous res1stance of the muscle to its change 

of form. Further. the energy dissipated in overcoming 

the viscous resistance to a given change was proportional 

to the speed with which the change was carried out and to 

the coefficient of viscos1ty of the muscle flulds. 

Lupton (54) re-invest1gated H111's findings w1th 

1 
l ' 
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fprtain modification<; of th~ methorl IIti1i7f~d, A "qulel< 

Y'(llpilsP" m(l('h~nism was cfp<;iqnprl to insurp thilt the movpment 

rlirl not commpn('(> hefore the maximum forcI" of the mU<icle 

hilrl hepn dpveloped. The spped of rotation wa<; mpasured by 

d tlfinrt tilchometpr. As Hil1 hac! done, LI/otAn el imlnl1ted 

pxp"'riment--; the pulley with the largest pqllivalent m<'\s<;. 

t~king f'f'iHlingt:. on e,H;h olll1ey \lntil the onp with thp 

lupton'<; t~.o<;lJlts Wf>rf' in aqrppmpnt wîth 

t h n "p 0 f Hi! 1. t Il.1 t t h ~ (' x ter n a 1 W 0 r k W il.... q.}m i n i <; he d 

throllqh 1I1'Joc;îty hy -ln ilmO!Jnt dpf)cndinq upon thf' vplocit.y 

qan<;en i\nrl lindhard (?I)) Il<;prf -ln apoaratu<; <;imi1~r t'1 

Hill'" nf'i'lVv fly-whe~L The work actua11y performed in a 

pull WjF, determined for fl .:;eries of pulle;; by the same c;u-b .. 

.1pct Two series were performed on the same day, firstly~ 

a series beginninq with the qreatest pul1ey and ending 

with the small~st. and later. a <;eries in the reverse order_ 

The duration of the pull was determined by means of a stop 

watch. Tension was determined by inserting a Collins dy­

namometer between the handle of the string and the inert1a 

wheel. The subject placed his arm on a table and while 

the length of the string was successively varied, made a 

series of maximal pulls against the dynamometer. In this 

way, the angle of flexion of the elbow joint correspondi"Q 

to a point where maximal tension was exerted could be 

,r 
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constructed graphfcally_ Results reg~rdin9 the relation 

hetwpen work and ,varytl1f) the equivalent mass were qui te 

~imilar to those ohtained by Hill (30). Howevpr. their 

re~ult~ indicated that the coefficient of viscosity w~~ 

not él con(jtant but éI variable whirh includpd (1 ron<;tônt 

vi~Îosity factor. 

Hi 11. Long, and Lupton (32), chose a qiven pulley of 

the inertia wheel and had the s\lbject make a series of 

maximal contractions employing the quick release mer.hanism 

On ft signal ~ thp ~ubject made and maintained il maximal 

effort and after an interval measured on a ~top watch, thp 

whf>el w"" relea"ed. The interval was varied arbitrarily 

between 0 and 3 seconds. the subject having no idea what 

29. 

it would he in any oiven contraction. Plotting the work 

aqainst the duration of the isometric interval. they con­

r;luded that a 6% reduction in work was a good mean estimate 

for the effe~t of each second duration on the work of pre­

ViOllS maximal contractions. Further, the work decreased 

in a linear manner as the speed of shortening was increased. 

On the assumptfon that the force exerted by a runner 

was used mainly in overcoming the viscosity of his own 

muscles, Furusawa, Hill and Parkinson (20) developed an 

equation to show that the motion of a runner, starting from 

rest and exerting a maximal effort, propelled himself wlth 

a constant force which was retarded by a resistance pro­

portional t~ his speed. 
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Best and Partridge (6) used the equation of the motion 

of a runner t to investigate whether the maximum speed ob­

tained hy a runner depended upon the maximal force and the 

frictional resistance of the muscles. One subject was u~ed 

to study the effects of external resistance bpcause this 

subject could reproduce his maximum speed in different runs 

on the same day with great consistency. As a routine pro­

f.p.dure, the subject first ran without an external resistance. 

then two or three runs with different external resistances 

and ft final run without resfstance. The results showed 

that the average difference between the observed maximum 

speeds and that calculated from the equation was approxi­

mately 0.015 yds. per second. Therefore, the maximum 

~peed of the subject when external resistance was applied 

was decreased by an amount calculated from the equatfon of 

a runner. They concluded that the internal resistance of 

the muscles (viscosity) was real in a sense that ft had 

identically the same effect as an external1y added resis­

tance. 

Oickenson (11) described an investigation to determine 

the maximum speed of pedalling a bicycle ergometer as a 

function of the load applied to the wheel. In each re­

cording the subject began with one pedal ready to be pushed 

downwards at an angle of 45° from th~ top position. The 

subject pedal1ed as fast as possible for about ten seconds. 

The maximum speed was found to be attained about four 

seconds from the start. The results indicated that the 
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relation between maximum speed and load was lfnear. 

Fenn (16) il1ustrated a new method of demonstrating 

muscle viscos;ty in sprint runninq. The subject sat on a 

table with one leg hanging over the edge and arrangements 

were made for recording variations in the angle of the knee 

with time as the lower leg moved. A curve was traced by 

a pointer on a revolving drum as the lower leg moved which 

indicated angle of the knee plotted against time. The 

~lope of the curve represented the angular velocity. If 

the ~ngular velocity measurements were plotted as a function 

of time, the slope of the resulting graph presented the an­

qular acceleration. The results indicated how quickly the 

forc~ decreased fol1owing a quick release of the lower leg. 

Fenn suggested that the failure to develop force while 

shortening may be due partly to a reflex cessation of sti­

mulation or a reflex inhibition. He a1so suggested that 

the 105s of force may be due to sorne characterist1c of the 

muscle itself. He stated that "the delay in development 

of tension might equal1y well be in some chemical react10n 

involving the mobil1zat1on of the necessary energy for con­

traction. In such a case, the term· viscosity would be 1n­

appropr1 ate". 

Fenn, Brody and Petrf111 (18) made arrangements to 

obtain a kymographie record of the position of a mov1ng 

arm or leg as a function of tfme. The slope of thls graph 

gave the angular velocity at every moment during the move~ 

ment. If these velocities were plotted, a smooth graph 



drawn through the points, the slope of thfs curve gave the 

angular acceleration of the movement. Knowing the moment 
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of inertia of the 11mb, the force exerted at various moments 

could he calculated. The force exerted by the subject was 

rletermined at the moment when the 11mb was held isometrt-

ca11y and then suddenly released by pulling a pin. From 

the resuÎting acceleration of the 11mb as deduced from the 

graphical record of the swIng, the moment of inertia of 

the limb wa~ calculated and was found to agree within lOS 

with the value ~$timated from the weight of the individual 

and the dimensions of the limb. When the force exerted 

in the "quick rele3se" experiment was plotted agatnst the 

velocity at different moments durfng the swing. ft was 

found that the tension decrea~ed as the speed of movement 

increased. The average rate of decrease of muscle tension 

50 determined was 3.1% for a rate of shortening of 10% of 

the muscle. It was consluded that 3% represented a maxi­

mum figure for the effect of viscosity alone. 

Dern, Levene, and Blair (9) studied the relationsh1p 

of force to velocity in maximal flexions of the human 

forearm. The apparatus was designed to supply 'constant 

force with as little inertia in the system as possible. 

The force could be used directly or converted to a constant 

to rq ue to oppose the movement of the arm. 1 n orde r to 

produce a series of moments of inertia about the elbow 

joint, flat lead weights of 1 Kg. mass were added to the 
,..' 

end of a lever. The movament in al1 experiments was 
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recorded wh en a thread from the periphery of a small pul1ey 

was attached to a lever which wrote on a kymograph. There­

fore, the instantaneous velocities at a series of points 

along the contraction could be determined. The subject 

made a maximum voluntary flexion against opposing loads 

applied in three ways: (1) the reaction of various moments 

of inertia; (2) constant torques about the elbow joint; 

and (3) isotonie forces applied parallel ta the forearm 

flexor muscles. The results revealed that the force-velo­

city curves obtained at 80% of flexion for contraction 

against inertias and constant torques were similar for a 

given subject but were different from the curves wfth 

techniques using increasing torques. The experimentors 

concluded that force-velocity curves were different when 

different techniques of applying the opposing loads were 

used. Further, since electromyography records indicated 

activity of antagonfst muscles in all contractions, they 

believed that the true force-velocfty curve of human muscle 

mu~t lie outside their experimental curves; the true i50-

metric force would be greater than that measured at 80° 

flexion and the maximum velocity in the order of 160% of 

the measured maximum. They stated that "the exact course 

of the curve 15 not determinable from simple force-velocity 

measurements in the intact arm". Although the data could 

be rather accurately represented by a rectangular hyperbola, 

they concluded that there was no evidence that the charac­

teristic equat10n developed by Hill (28) would be applicable 



to human isolated muscle. 

Ralston, Polissar, Inman, Close and Fefnstefn {65} 

studied voluntary contractions of the human pectoralis 

major, biceps brachii and triceps muscle under isome~ric 
~ 

and isotonie conditions, in subjects having cineplastic 

muscle tunnels. The isometric contractions were measured 

with a strain gauge dynamometer. For the measurements of 

rates of shortening of the muscle under varfous loads, a 

light lever constituting one arm of a resistance bridge, 

was connected to a cable supporting the load. As the load 

was lifted, the bridge unbalance was measured by a Heiland 

type A galvanometer and recorded on a Heiland type SE-301 

R-12 oscil1ograph. Concernfng the relation between load 

and maximal velocity, every attempt was made to reproduce 

as closely as possible the experiments made on a frog and 

cat muscle by Fenn and Marsh (17) and on frog muscle by 

34. 

Hill (28). The muscle was initially stretched with a load 

of 0.32 kg. to a length slightly beyond resting length, al1 

greater 10ads being supported by a block. The subject was 

instructed to shorten his muscle as rapfdly as possible . 

upon receiving a signal. At least two sets of measurements, 

in ascend1ng and descending series, were made in each ex­

periment. The maximal force which the muscle could develop 

at the initial length was determined w1th the isometr1c 

dynamometer. The results 1ndicated that the CUrve relating 

load and maximal velocity could be f1tted by the charac­

tertstfc equatfon, as found by Hill (28) for frog muscle. 
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They further concluded that an isolated human muscle would 

4IJ '. develop maximal power when lifting a 10ad equal to about 

one quarter to two fifths of the maximal isometric tension 

the muscle can develop. 

Wilkie (85) used an apparatus which consisted of a 

triangular oak lever axle which ran freely in self-center1ng 

ball bearings which were mounted on blacks at the end of a 

table to determine t~e relation between force and velocity 

in human arm movement (70). The subjects pulled on a lever 

throuqh a Bowden wire cable in which the tension was varied 

by alterinq a suspended weight. The subject kept hi! upper 

arm fixed during each movement by pressing it up against a 

padded block of wood fastened to the table. Movement of 

his body was prevented by a vertical board at the end of 

the table. In order that the force applied by the arm be 

constant throughout each movement • the cable must rema1n 

horizontal. The velocity of each movement was estimated 

from a charge which accumulated on a condenser. The 

velocity of the subject~ hand was always measured at the 

end of the movement, when the arm was at an angle of 80 0 

with the horizontal. The load was supported by a stop so 

that the lever was at 40 degrees w1th the-horizontal 

before each movement. At the end of the movement (75°) 

the load was held by a spring catch. The 1sometric tension 

was measured by a simple spring balance. with the forear~ 

at an angle of 80 degrees with the horizontal. that 1s, in 

the same position at which velocity was measured. For one 
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subject, the tension at the hand was varied in eleven steps 

from 0-15.23 megadynes and at each step 30 measurements of 

veloeity were made. Only five veloeity measurements at the 

same tension were made at one time and each one fol1owed a 

rest period of at lea~t one minute ta avoid fatigue. When 

the experimental relationship of mean veloeity was plotted 

against the force it remained to be seen whether the experi­

mental exponential curve would be deseribed by Hil1's 

eharacteristie equation. After a few trials, it became 

clear to Wilkie that the experimental results did not fit 

the equat10n except at tensions greater than .3 P. It 
o 

seemed ta Wilkie that the inertia of the apparatus and 

forearm might 50 diminfsh acceleration that the full ve­

locity could not be reached before the movement was completed. 

After correction for the inertfa of the forearm and the ap­

paratus, the force-velocity curve could be represented by 

Hil1's equation (28). Experiments were done on another 4 

subjects and each experimental point of the force-velocfty 

curve was based on 5 instead of 30 determinations of velocity. 

The fit with the character1stic Hill equation was in every 

case quite good. Although the maximal force varied in 

subjects from 12 to 20.5 megadynes, the maximal velocity of 

movement atta1ned was relatively constant (670-775 cm/sec), 

a finding reported previou~ly be Dern et al. {9}. 

Komi (49) presented a report which dealt with a dyna­

mometer deslgned for the measurement of the force-velocity 

relationship of the human forearm flexofs and extensors. 

( , 
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The dynamometer was capable of recording bath the isotonie 

force (either eccentric or concentric) and changes in muscle 

length (elbow angle) with 8 different velocities of shor­

tpning and lengthening of the elbow flexors and extensors. 

Thus\ to obtain the force-velocity relationship, a total 

of 16 different constant speeds could be selected a10ng with 

the velocity axis. The dynamometer was 50 constructed that 

the veloei ty of lengthening and shortening of the biceps 

brachii muscle remained as constant as possible throughout 

the movement range of approximately 120 0
• This corresponded 

ta a 7 cm. change in length of the biceps muscle of an adult 

ran. The speed range varied from 0.8 to 6.7 cm. per second 

when measured from the biceps muscle. The velocity of con­

traction was obtained with a photo-electric transducer which 

9 a ve an i m p u l seo n an 0 S cil log ra ph a t e a ch spi n dl e re v 0-

lution. Strain gauges to record the force were installed 

on both sides of a special wrist cuff. which allowed the 

wri st to be fixed at any desired position between full 

supination and full pronation. The force-velocity curves 

that were obtained for the elbow flexor muscles fol1owed 

closely the classical force-velocfty relationships obtained 

with isolated muscle. 

Ika1 (35) has tried ta approach the problem of training 

of muscular power by cons1der1ng the force-velocity curve 

of musc1e* He measured individual force-veloc1ty curves 

of the forearm flexor muscles for thirteen male and fifteen 

female adul ts. The maximum power was calculated to be 
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found when the force and ve loci ty were about 35% of the 

maximum values in bath sexes. A power training study was 

conducted in twelve male adults to see the effect on the 

force-velocity relationship of the forearm flexor muscles. 

The load used for training was zero, thlrty~ sixt y" or one 

hundred percent of the maximum isometr1c strength. The 

training consisted of ten maximal voluntary contractions 

of the elbow flexors once a day lifting the load specifie 

to the group. The results indicated that a greater dfs­

placement of the foree-velocity curve, and consequently 

h~tter all-around improvement in maximal museular power, 
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was obtained with the subjects that used the thirty and 

sixt Y percent training loads. He concluded that for a11-

round power training, that a load from thlrty to sfxty per­

cent of the maximum strength should be used. 

Summa rl 

Because the review of the literature on the force­

velocity relationshlp of contracting muscle 1s qufte ex­

tensive, a brief summary is presented in order that a 

general picture may be obtained of its development and im­

portance. 

The discovery of the force-velocity relation really 

bagan with preliminary studies that were concerned ex­

clusively with the relation between the speed of muscular 

cont ra cti on and the ex terna 1 work. l t wa s s hown tha t for 

the isolated striated muscle (22,26,53), as well as the 



intact human muscle (25,30 • .12,54). that the work decrea!\ed 

as the speed of shortening inçreased. Hill (30) fostered 

the belief in his early work on human arm movements. that 
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the potential energy for contraction was used partly to 

overcomp the viscous resistance of the muscle to its change 

of form and that the energy used was proportional to the 

speed of shortening. Al1 the early studies which related 

'lpe~d of shortening to work (22,25,26,30,32,53,54L and 

sorne which related speed to the force exerted (6,73.74) 

hi'lve oo~tulated that viscosity was responsiblp for the in~ 

verse rp.lationship which was found. A discrepancy aro<;e 

in the'ie earlv studies as to whether the relationship 

bptwepn speed and work or speed and forcE' was li near or 

not. Sorne studie'l (11.30,32,54) concluded a l1near re~ 

lationship, while others (22.26,53) did not. 

The dilemma continued until the work b.Y Fenn (16) on 

intact. human muscle, sU9gested that the 10ss of force may 

be due ta a characteristic of the muscle itself rather 

than viscos; ty. Subsequent work by Fenn and Marsh (17) 

concluded that the relationship between force and velocity 

was not linear as would be expected if viscosity alone was 

r e s p 0 n s i b 1 e . Th i s wa s r e - a f f i rm e d b Y H 111 ( 2 8) w i th h 1 s 

experiments on heat and lengthening. In the same ex-

periments, Hill (28) proposed his force-velocity equation 

which related the velocity of contraction and the force 

in an isotonie shortening. Investigations have confirmed, 

that experimental data can be fftted ta the rectangular 
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hvperbola predicted from Hil1's equation for i~olated 

<;triated muscle (2,44,66), as well as the intact human 

muscle (65,85). For isolated striated muscle, it has been 

found that the force-velocity relationship holds true for 

muscle lengths other than that found in the resting con­

dition of the body C2}, can be measured by comparing two 

isometric contractions (55) and can be predicted from other 

equations (66). For intact human muscle, it has bppn found 

that the force-velocity relationship can he different for 

rlifferent techniques of applying the loads (9) can be 

fitted by Hil1's equation in subjects having cineplastic 

tunnels (65). can be measured for flexor or extensor muscles 

(49), and can be displaced by training (35). Further~ for 

hoth types of muscle, it has been shown (27,35) that 

maximal muscular power is developed when the load on the 

muscle and its v210city of contraction are approximately 

one-third of their maximum values. 

Twin Stud1es 

Much of the literature relating to the twin method of 

research has been presented under the theoretical frame-

work for the present investigation. It 15 recognized that 

a great amount of twin research has been attempted for 

psychological measures {perceptual tasks, cognitive measures, 

personality}. However, to revie. a11 studies in this area 

is beyond the scape or the intention of the present in­

vestigation. Therefore. only tovest1gattons that have 
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u<;ed twins to study physioloqical variables have been 

feviewed. The review i<; divided into two hE"adings: (1) 

rardiorespir~tory variables, and (?) npuromu5cular rpsponse~. 

(1) ~~C~iq~~~r!~~!Q~~_Y~r!~~!~~ 

Kryc:;hova (51) has reported a hi gh concnrdanre for MZ 

twinc:; nn changps in blood prpçc:;ure due to hot and cold 

-;.timuli. In arldition, each MZ twin pair showed concordance 

in thA nllmbe r of stimuli re~uired for adaptation. 

Vandenhprq, f:lark, and Samuels {82}. found evidence 

"f hereditarv component.., in the reactions 'ta milrJ stress 

t· v Chillll)fl<; in heart-beat frequency and breathing rate. 

!<1iS<;~Jllra$ (47) found the intra-pair difference in 

maxirnil 1 oxyqen upta!(e wa<; greater between Dl than ~1l twins. 

r~ç. h\~ri 1 abi1 i ty es timatp revealed that the vari ability in 

l1;<lximal oxyql?n uptak:e was qenetically determinf'd by 93.4%. 

l\d'in<;ti\ll pt al.(4) fnund that the 1ntra-pair difference 

;n the tidal volume response to COZ stimulus expressed as 

ct ratio of the vital capacity was significantly greater 

hetween OZ than MZ twins. The _heritability estimate was 
f 

80-90%. 

Finally, as cited by Klissouras (47) a strong heredi-

tary compollent has been reported for lung vol,umes. maxi­

mal heart rate, QRS and QT interval~ of the resting elec-

trocardiogram. 

( 2 ) Neuromuscular Variables ... 
-------------~-----~---

Lennox, Gibbs, and Gibbs (52) have shown a heredftary 
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f'omponent: in the hrain \'idVr pîlttern nS mpa<;urerl by an f.EG. 

,Inçt ilno <;ont~g (41) romparpd qalvanic "kin re<;ponse 

r e (' 0 r ri '" n f s i b lin 9 S il n cl a f fi W [lil -j r <:; f) f M 7 t win <:; .:t n d (' 0 n .-

c-l\ldf'rI thid, there was evidpnc:p for ,Hl hpt'prlit"ary factor. 

IJandenherq {BO} ilnd Sank (68) hovr hoth repol~ted t-!lat 

') t é\ n ri il t- li ilU d i () m p tri (' t pc h n i q tH' <' W ; t M t win <; g i v f' ~ v i ct r n ce 0 f 

,orne hprpr\iL<try fomponent within thf' norm~l rflngr of per­

formance 

ry<-;I~n('k <1nd rr~ll (lI)) hilVr> }f'p(lrt~d <;omp indication 

nf an hf"?rrrli ti'lry r:omponpnt in thp crl ticfll fu<;i00 freQupncy 

10 r il fi l rh' r î n 9 1 i q 11 f. f urt Il p r. t tH" Y rr ve ct 1 i" cl h pre dit a ry 

r0mpnneqt<:; ln tapoinq spepd. This m0tnr <;~ll1 test was 

,pportpd hy N~wmi)n. rn";;man and Hnl!inqrr (59) "nri they ;,.1-

'~() f 0 IJ n ri h pre ri i t il r y rom Il 0 n (' n t <; w ~ r p î n vol v p rl " 0 the r mot 0 r 

c:.:vill te,>t') of purr,d t nlfot' hdnd <,tt'-loines<:' by McNf'mar 

:Si) :\nd card sortinq hy Vilndpnhf'rg (78) have :-,h0wn h(-)r(-)­

'Htar'l f~ctor<:;. 

Komi, Klissollras. and Karvinen (50) meal)urpd reflex 

and reaction time and nprvf' conduction velocity in the 

III nar nerlt~ and founri milrked di fferen.-::es between Ml and OZ 

twins. The heritability estimate was hiqh for reflex and 

reaction time but low for nerve conduction velocity (97.5 

and 85.7%,respectivPly). In the samp study. Komi used 29 

pairs of twins (15 Ml and 14 OZ) of bath 'iexes ta ascertain 

the heritability of maximal muscular power. They computed 

power output on the basis of the subjects' body weight and 

the maximal running velocity on a staircase. Komi reported 

. -
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a heritability estimate for maximal muscular power ~f q9.2%. 

However, a statist1cal1y s1gnificant variation between MZ and 

OZ twins was not observed in mechanical power output expressed 

in Kpm/KgBW/sec or in maximal runninq velocity. This implied 

to the investigators that "the variance in maximal muscular 

power may not be due to an individual difference in the 

splitting rate of high energy phosphate compounds, but to a 

quantum, that i~. to a greater amount of adenosinetriphos-

phate and phosphocreatine which are made available ~s a re­

sult of a greater mass of protoplasmic tissue". 



• CHAPTER III 

Mf nlODS AND PROr.EOtJRfS 

Su bj e..c_t ~ 

Ma!0 monozygotic twins (N=9 p~irs). and like-sexed 

diïYflOtic twin<; (N=-8 p~h"s). were used as -;ubject<; in the 

nrp~~nt inveçtigation. The male twins were nbtained from 

~rpar~r mptrnpolitan Montreal and lived at home with thefr 

r iU' P n t s . r h ~ t win s r ~ n 9 e ri l n a q e f rom 1 1 t 0 l 7 ye a r <; • 

1\ n t hT.~P9J!1.e t !LS_~J .. ~Q.!.t a. 

r~p fol1owinq anthropometrit~l data was collected 

from p(!r:h tl'lin' i\gP (Yf'a r <;); hl!iqht (cm.); and weight 

('(g. ) 

1..1.9 0 S i t.Y. 

A prpllminary rnuqh diagnosis was made by the 

~1mil~rity method of classification. The method groups 

the twins as alike or different in a number of morpholo­

qical traits that are known to be highly determined by 

hp retii t y (7,76), The subjective criteria that were used 

are presented in Appendix A. 

A blood and serum examination was performed on a11 

twins after the results were obtained and analyzed. A 

~ample of blood was taken by flnger prick at the home of 

the twins and analyzed in the laboratory for red cell 

44 
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antigens with the fol1owing anti-sera: Anti-A; Anti-B; 

Anti-AB~ Anti-Le a ; Anti-Fya; Anti-C; Anti-D; Anti-K; 

Anti-k; Anti-M; Antf-N; Anti-s; and Anti-Human. The 

method followed for the blood grouping was based on in­

formation supplied with the OADE Anti-sera. Discordance 

of a ~ingle antigen was reqarded as evidence of dizygosity 

(1?). In this manner, exact diagno~is was made in ap­

nroximately 98% of a11 OZ pairs (76). 

~ __ Er~meter 

An ergometer was specifically designed to permit 

rletermination of the force-velocity relationship of the 

forearm flexor muscles as they collectively exerted their 

forre at the palm of the hand. The ergometer was con­

;tructed in such a way that minor adjustments allowed the 

right or left arm ta be tested. The subject was seated 

and placpd his dominant upper arm on a rest at a right 

anqle to his upper body and in line with his shoulders. 

Adjusting the height of the arm rest or the seat, main­

tained this position. Further, the elbow joint was main­

tained directly in line with the pivot axis of the lever 

arm of the ergometer by adjusting side pads and a securely 

fastened safety belt. The subject gripped an adjustable 

handle and moved the lever arm of the ergometer with a 

m a x i mal vol un ta r y con t r a c t ion. For al 1 dy n ami C con t ra c t ion s 

in the present investigation" the lever arm of the ergometer 

a r1 d he n ce, the for e a rm 0 f the s u b j e c t wa s set a tan ex­

perimental starting position of 60 degrees with respect to 
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thp horizontal. The entire range of movement was 50 degrees. 

A potentiometer was attached directly to the pivot 

axis of thp lever arm of the ergometer and coincided with 

the axis of rotation of the subjects t elbow joint. The 

potentiometer wa~ connected to a Honeywell Model 1706 

Visicorder Oscillograph. Therefore. throughout the move­

ment, the instantaneous angular displacement of the fore~ 

arm a~ a function of time, was recorded. 

Force was exerted against a wefght situated at a 

variahle distance from the pivot axis of the resistance 

arm of the ergometer which was at a right angle to the lever 

arm, Th~ lever and resistance arm of the ergometer was 

statical1y balanced with counterweights 50 that the sub­

ject worked against only the moment about the pivot axis 

Qenerated by the weight plus the inertial forces of the 

frame structure and human forearm. 

With the same weight. a series of different loads was 

obtainp.d by moving the weight down the shaft of the re­

slstance arm by a hand crank, away from the pivot axis of 

rotation. The distance the weiqht moved was accurately 

determined by a numerical counter, which corresponded to 

the number of revolutions taken by the crank. Therefore, 

the exact load could be reproduced between twin pairs. 

The ergometer 1s shown in Figure 1. 

Maximal Linear Velocity under Loaded Conditions 

On the basis of an initial record of the angular 

displacement of the forearm as a funct10n of time. the 



47. 

Figure 1:- The Ergometer and the V1s1corder Oscillograph 

\ . 
" 
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m a x ; mal lin e a r ve l 0 c i t Y ( met ers p ers e con d) w a s de te rm i ne d 

in the follow1ng manner. The slope of the tangent line of 

the angular displacement/time curve was calculated at an 

angle of 85 degrees with respect to the horizontal. This 

one angle was used because in a11 records analyzed, the 

slope of the tangent line became the steepest and was a 

straight line in the angular range of 80 to 90 degrees. 

Hence, angular velocity was maximal and constant w1thin 

thfs range. The steepness of the slope of the tangent line 

was obtafned by placing a front surface reflecting m1rror 

i'lt:ro<;c; t.he ctlrve at 85 degrees and turned until the re­

flection of the curve formed a straight 11ne with the 

graph. Aline was drawn a10ng the edge of the mirror w1th 

3 sharp pencil and the angle of thfs line was measured 

with a protractor. This angle was subtracted from 90 and 

the tangent of the subgequent angle calculated (11). The 

maximal angular velocity was therefore represented by 

equation (X): 

where: 

1 == 100 tan (90 -~) 
,; = the maximal angular velocity 

(degrees per second); 

(X) 

100 = the paper speed of the vis1corder 
(mm. per second); and 

(90 -+> = the slope of the tangent line 
(deg rees) . 

The maximal angular velocfty (degrees per second) was 

converted to radian measure by mult1p1yfng by 0.175. This 

value was mul t1plied by th! radius of rotation, 0,1 the 



subjects' forearm (elbow joint to the center of the palm 

in centimeters) and converted to its meter equivalent to 

obtain the maximal linear velocity in meters per second. 

Maxima1 Palm force under Loaded Conditions 
" ---------------------- -

49. 

The maximal palm force (Kg.) was always calculated for 

an angular displacement of the forearm at an angle of 85 

degrees with respect to the horizontal, that is, at the 

same anqle at which the maximal angular velocity was ob­

tained (9,85). Since all angular velocities were maximal 

and constant over the range of 80 to 90 degrees, accele­

ration wa~ zero and the maximal dynamic palm force was 

represented by equ~tion (XI), the derivation of which is 

prpsented in Appendix B. 

whe re: 

\ 
\. 

Fp = the maximal palm force (Kg.), 
acting perpendicular to the 
resistance arm of the ergometer; 

G4 ~ the weight (Kg.) selected for the 
ergometer that supplied the load 
on the forearm; 

(x I) 

b = the distance between the pivot axis 
of the ergometer and the center of 
gravit y of the weight on the 
resistance arma By geometry and 
construction of the ergometer, 
b=69.4 - 0.0232 x r, where r • 
the reading on a numerical counter 
which determined b distance; 

the angular displacement of the 
human forearm with respect to the 
ho ri zon ta 1 (85 degrees); and 
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C = the distance (cm.) between the 
pivot axis of the elbow joint and 
the center of the palm of the hand. 

50. 

One weight (G 4) was previously selected for the twin 

pair and was either 3.2. 6.5, or 9 kilograms throughout 

thp series of different loads. All twin pairs received 

identical loads on the forearm flexor muscles. Previously 

~electinq a weight was made necessary because if the weight 

used was too heavy for a given set of twins~ only a smal1 

number of different loads could be obtained. 

Maximal Linear Velocity (Vmax ) under Unloaded Conditions 

An electrogoniometer (43) was attached with adhesive 

tape to the lateral side of the forearm and connected to 

the Honeywell Visicorder Oscillograph. In the experimental 

starting position of 60 degrees. the subject made a maximal 

voluntary flexion of the forearm throughout the ent1re 

range bf 50 degrees without any load. The angular dis-

placement of the forearm as a function of time was recorded 

and the maximal linear velocity under unloaded conditions 

(Vmax ) was determined by the same method as previously 

described for loaded conditions. Two measurements of Vmax 
were made and the highest obtained maximal linear velocity 

(m. per second) was used as the experimental point of Vmax 
on the force-velocity curve. 

Maximal Isometric Force {Pol 

The lever arm of the ergometer was rigidly fixed at an 

angle of 80 degrees with respect to the horizontal. 150-

metr1c force has been shown (13) to be greatest at th1s 

-
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angle and previous investigators (9,85) have used this angle 

when Po values have been determined for force-velocfty 

curves of human forearm flexor muscles. A force dynamo­

meter (Kg.) was inserted in the lever arm of the ergometer 

and adjusted to the forearm length of the subject. Two 

maximal voluntary contractions of the forearm flexùr muscles 

were obtained with a three-minute rest period between the 

trials. The highest value attained was used as the experi­

mental Po point on the force-velocfty curve. 

Maximal Muscular Power 

The maxim~l force and velocity values. obta1ned at an 

angle of 85 degree~ for a series of different loads) plus 

the maximal velocity of movement under unloaded conditions 

(V max ) and the maximal isometric force (Po)' provfded the 

experimental points on which the force-velocity curve was 

drawn. For each twin, the force-velocity curve was drawn 

as the curve that "best fit" the exper1mental1y obtained 

values. In only 4 twins, out of a total number of 34 force­

velocity curves drawn, was the obtained maximal isometr1c 

force (Po) less than what was predicted from the shape of 

the curve. In these cases, the force-veloclty curve was 

extrapolated to a point that predicted the Po value from 

the shape of the curve. 

Once the force-velocity curves were drawn, the maximal 

muscular power was calculated for each twin by obtaining 

the product of two variables; the maximal force (Kg.) and 
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its corresponding maximal linear velocity (m. per second) 

for successive time intervals a10ng the force-velocity curve. 

The product was multiplied by 60 and the maximal muscular 

power (Kg.m. per minute) was plotted and drawn on the same 

graph as the force-velocity curve. 

t~J~.f!i m~~11_E!ocedu re 

In a typical testing session, the twin brothers were 

given a medical examination which included a resting [CG. 

The form used by the examining doctor is presented in 

Appendi x A. 

The dominant arm of each twin was assessed by a series 

of questions which related to the more predominantly used 

arm for catching. writ.ing. and in athletfc events. The 

subject wa~ seated in the ergometer and adjustments made 
\ 

so that the dominant arm was tested. the forearm was placed 

in a supine position and at the starting position of 60 

degrees. The elbow joint was placed directly in line with 

the pivot axis of the arm of tne ergometer and secured with 

adjustable side pads at the chest. The upper arm was ma1n­

tained in line with the shoulders by an adjustable seat and 

arm rest. Finally, the upper -body was prevented from moving 

by a safety belt. 

An appropriate weight was seleèted for the ergometer 

and was moved up the shaft so that it was situated at the 

smallest distance from the pivot axis. The subject made 

four practise trials with the highest load at d1fferent 

'" speeds in order to familiarize himself with the move.ent 
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of the lever arro. 

The subject was instructed that he was to make a' single 

m a x i mal vol un t a r y f 1 ex; 0 n 0 f the for e a rm, r est th r e e m; n u te <; • 

anel then attpmpt another at a 51 iqhtly heavier load. This 

procedure was ln continue until he was unabl~ to move the 

load over the entire range of 50 degrees. ft was empha<;lzed 

to the subject, that for each trial~ a maximal effort must 

bp given, 

When the subject was ready to begin. the visicorder 

was immediately turned on by a hand extension and the sub-

ject made a maximal contraction of the forearm flexor 

muscles. Ouring the three minute re<;t interval ~ the weiqht 

was moved clown the <;haft of the resistance arm of the ergo­

mpter and another maximpl effort was recorded. In ft few 

cases, the initial weight that was selected for the tw1n 

pair was too heavy and consequently. on1y a limited number 

of 10ads were obtained. 

When the trials under loaded conditions terminated, 

an electroqoniometer was taped to the lateral side of the 

forearm and was placed in the starting position of 60 

degrees. Wh en the subject was ready, the visicorder was 

turned on and the maximal velo~ity of movement (Vmax ) under 

unloaded conditions was recorded. Another trial was taken 
'- .. 

after a three minute rest period. 

The frame structure of the ergometer was then bolted 

in such a way that the lever arm remained fixed at an angle 

of 80 degrees. A force dynamometer was inserted in the lever 
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arm and adjusted to the length of the subjects: forearm. 

When ready, the subject made a maximal voluntary contraction 

again~t the immovable force dynamometer. After three 

minutes rest, another maximal effort was obtained. 

This procedure was followed for each twin pair. When 

both twins were finished the testing session, the y were 

placed side by side and evaluated in terms of the physical 

similarity method of classification. The twins were then 

intprviewed and a written record was kept as to their par­

ticipation in athletics, lefsure time activities, and family 

hackgrounds. This completed the session which took approxi­

mately 4 to 6 hOllrs per pair of twins. 

After the results were analyzed, a special trip was 

made to the home of the twins in arder ta obtain the blood 

that was necessary for the determfnation of zygosity. 

Calibration of the_Apparatus 

~ r9Q~~ ~~! 

The ergometer was calibrated before each testing 

session. A pointer was fixed on the frame structure of 

the ergometer which pointed to a protractor that was fixed 

at the pivot axis but was al10wed to rotate with the lever 

arm. The ergometer was calibrated 5uch that an angular 

displacement of one degree for the lever arm, corresponded 

to a deflection of one mi~lfmeter on the visicorder. 

~!~~!r2gQ~lQ~~~~r 

A protractor was attached to the electrogoniometer so 

that one shaft was immobilized while the other was free to 
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movf' 'i\Il<;ing a changp in angle. The electrogoniometer was 

ca 1 ibratf'(l before each te<;tinq session sn that a one deqre-é 

of chRnqp prodllced a deflcction of one mil1imeter on the 

vi') i co rde r ' 

~~!~~_Q~~~~Q~!~!r 

fhr force dynamompter was calibrated by comparing the 

indH.ated output (Kq.) with known weiqhts (Kg.) and lineari--

ty of the dynamometpr was confirmed. 

statistical Treatment 

Within-palr variance pstimatf'~ for maximal muscular 

power. mnXilTlill velocity of movement. and maximal isometric 

f(H'r~~ WE'rp. gpn,,=raterl <;eparatply for MZ and 07 twins by a 

nn~-wdy analy~l<; of variance on the Mc G i l 1 R a x Te rm i n al. 

Tf the within-pair variance F ratio ( W20Z ------) wa~ <;lgnif1-
W2MI 

a heritability estimate 

(1I.'st) wa~ derived for that vanable from equation L 

W20Z - W2Ml 
W201 

H ::-
e~t 

Coefficients of correlation were also obtained for the 

<;ame three variab1es for MZ and OZ twins using the observed 

value~ hetween co-twin pairs. 

~rimental Error 

In Holzinqer's formula (Equation r), the measurement 

error ;~ reflected in the within-pair variance estimates 

for Ml and OZ twins. 

-



CHAPTER IV 

RESULTS 

The partners of a twin pair w~re allocated by the first 

initial of the first and last name. The twin that demon-

strated greater maximal muscular power was designated as 

partner A, while hi~ twin brother was ~s~igned as partner B. 

Anthropometrie d~ta and zygo~ity determination of the 

male twins are p."",pnted in Ti\ble 1. 

Individui1 1 forr.f'-velocity CllrVe() for co-twin pairs 

along with thp r:orrp'>ponrlinq musçlliar power curvp.s are 

shawn in Fiqurp<; ? throuqh 10 for MZ twin<; and Figures 11 

through IR for 07 twin". 

The ohtainprl value" ~nd intra pair differences for 

muscular powf'r (MMP), maximal isometric force (Po), and 

maximal velocity of movpment (Vmax ) arp presented in Table 

II for monozygotic twins. and Table Tn for dilygotic twins. 

In Figur~s 19, 20 and 21, the observed values of MMP, 

P , and V ,respectively, are plotted on il y-x system of o max 

co-ordinates for co-twin pairs. Correlation coefficients 

for the same variab1es are a1so given. 

Within-pair variance estimates for MMP. Po' and V
max

' 

as generated by a one-way analysis of variance, are depicted 

in Tab 1 e TV for the twi ns. The F ra ti os (. W
2

0Z ) for these 
W2MZ 

56 
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variables are presented in Table y. 

Heritab11ity estimates (Hest ) as der1ved from equat10n 

1 are shown in Table Y for max1mâl. muscular'power 
", 

( He st:: 9 7% ) and m a x i mal 1 'S 0 met rie . for c e ( He s t ::1 83% f . 

.. -~-

) 
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TABLE 1 
ANTHROPOMETRIe DATA OF MZ AND OZ TWINS 

~ygosity Code Age (yr) Ht. (cm) Wt. (kg) 

BG A 11 152 36 
BG ' B 11 152 36 
DA A 14 167.2 45 
RA B 14 165 52.7 
DM A l 5 151 .5 45 
RM B 15 155 52.7 

M MT A 14 156.4 48.1 
0 PT B 14 159.2 46 
N DO A 11 140 37.5 
0 RO B 11 141 39 Z 
y BD A 15 168.2 54 
G GD B 1 5 166 56.7 
0 JB A 12 143.5 39.2 T JB' B 12 145.5 40.7 1 
C PR A 15 167 70 

P R' B 15 167 67.7 
MG A 14 162.5 52.2 
JG B 14 154 46.3 

MEAN 13.4 156.3 48.0 
t SO 1.6 9.6 9.9 
RANGE 4 28.2 34 

KW A 11 142.3 39 
TW B 11 136 36 
GP A 11 141 . 5 38 
GP' B l 1 146 42 
DL A 17 168 72 
CL B 1 7 160 65 

0 NB A 11 141. 5 46.1 
1 MB B 1 1 147 56.7 
Z FG A 12 153.5 45.5 
Y JG B 12 143.2 35.4 G 
0 BC A 13 159 56.3 
T SC B l 3 150 50 
1 TS A 1 2 152 46.3 C OS B 1 2 140 39.2 

PN A 1 3 166 58.7 
BN B 13 159 44 

MEAN 12.5 150.3 48. 1 
± SO 1.9 <l.B 10.8 
RANGE 6 32 22.7 

" ~ 
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TABLE II 

MAXIMAL VELOCITY OF MOVEMENT, MAXIMAL ISOMETRIC FORCE AND 
MAXIMAL MlISCULAR POrlER OF MONOZYGOTIC TWINS 

-~_.---------~ .... _~-_.....-._-~-~-----------~- ----- -- --_ .... -- --------~-- --- --- -.- -- ----..- ---~ 

Zygos i ty Code V m a x ( m / sec) D Hf P 0 ( kg) 0; f f MMP (k gmjm) Di ff 
----- - ~---~ ... ~-~ --~---_ ... - .. -----"'----~--- ~ - ---- y -. - -- ----~-----~---- -----~--_. 

BG A 2.78 a 12 0 252 
BG I 8 2.78 12 244.8 7.2 

DA A 3,21 
0 17 399. fi 7.2 RA B 3.21 16 392.4 

DM A 3.20 0 15 .5 240 4.4 RM B 3.20 14. ~ 235.6 

M MT A 3. l 7 0 19.5 .5 355 9.4 0 PT B .1. l 7 19 345.6 
N 
0 00 A 2.92 .29 11 129 7.4 Z RO B 2.63 10 1 21 . 6 
Y 
G BD A 4.84 ,56 20 386.4 12. 4 0 GD B 3.98 lq 374 
T 
r JB A ? . 7 7 0 13.5 144 21 C JB' B 2.77 12 . 1) 123 

PR A 3.22 0 26.5 1 759 7 PR' B 3.22 25.5 752 

MG A 2.51 J l 5 1 280. 8 0 JG B 2.51 14 280.8 
---~---------_._-----~~- ---~------- ----- ~ .. ~--~----------~- ......... -.. _----

Mean 3. 12 16.2 323. 1 
+ SD .56 4.6 183.5 -
Range 2.33 16.5 637.4 
---- ----------_-...-~ ----~~------
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" 
TABLE III 

MAXIMAL VElOCITY OF MOVEMENT, MAXIMAL ISOMETRIC FORCE AND 
MAXIMAL MUSCULAR POWER OF DIZYGOTIC TWINS 

Zygosity Code V (m/sec}D1ff P (kg) max 0 
Di ff MMP(kgm/m) Di ff 

KW A 3. 14 .37 9 . 5 130 15 TW B 2.77 8.5 115 

GP A 2.65 . 1 7 12 2.5 162 32.4 Gp· B 2.48 9.5 129. 6 

DL A 3.65 .52 20.5 2.5 523.2 87.2 0 CL B 3.13 18 436 
1 
Z NB A 2.97 .20 1 5 l 239.4 45.4 Y MB B 2.77 14 194 
G 
0 FG A 3.20 .20 12 1 126 10.8 T JG B 3.00 11 115.2 
1 
C BC A 3.20 .43 12 2 187.2 60 SC B 2.77 10 127.2 

TS A 1 .82 .02 11 195 39 OS B 1. 80 10 156 

PN A 2.83 .07 16 4 340.8 139.2 BN B 2.76 12 201. 6 

Mean 2.81 12.51 211. l 
~ SD .48 3.37 120.6 

Range 1 .85 12.0 408.2 
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TABLE IV 

ESTIMATES OF WITHIN VARIANCE FOR MZ AND OZ TWINS 

Variable No. 1 Maximal Muscular Power (MMP) 
Source of Variation OF VAR EST 

Within ~~~~ 455.00 8 50.56 
Within 17777.12 7 2222.14 

Variable No. 2 Maximal Isometri c Force (P 0) 

Source of Variation OF VAR EST 
'" Within ~MZ ) 3.25 8 0.36 

Within DZ) 17.88 7 2.23' 

Variable No. 3 Maximal Velocit~ (V max) 
Source. of Variation DF VAR EST 

Withtn ~~~~ 0.41 8 0.05 
Within 0.35 7 0.04 

TABLE V 

HERITABILITY ESTIMATES 

W2DZ %He ri tab 111 ty F -
- W2MZ Est1mate 

Maximal Muscular Power 43;95* 97% (kgm/min) 

Maximal Isometric Force 6. 19 * 83S (Kg) 

Maximal Velocity 
(m/sec) .80+ 

* Significant at 01 level 

+ Not s1gnificant at .05 level 
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CHAPTER V 

DISCUSSION 

Interpretation of twin data requi res that both the 

validity and the true meaning of the heritability estimate 

(Hest ) be considered. The Hest is based on the thesis of 

• comparable pre and postnatal environmental influences 

between MZ and OZ twins and ni1 heredity-environment inter­

action. The tenability of accepting these assumptions has 

been previous1y d1scussed (Chapte~ 1). Suffice to say here. 

that these assumptions may be open to serious question when 

psychological traits are the subject of investigation (77), 

but when physiological variables are measured as in the 

present study, then the acceptability of these assumptions 

can be substantiated (4,47,50,77). To strengthen the 

acceptance further, emphasis must be placed on the fact that 

extreme care was observed in obtaining comparable MZ and OZ 

groups with regard to their socio-economic backgrounds, 

leisure time activities, age, and physical endeavours. From 

the written records kept Qf the interview with the twins, 

only one MZ pair (PR and PR ' ) (Figure 9), appeared to d1-& 

verge in a phY!Jfcal activity which might have producf!d an 
2.: 

exaggerated within-pair variance estimate for the three 

variables under study. One twin (PR), was involved 1n a 

heavy weight training program. However, Figure 9 reveals 

70 
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extteme1y high values for maximal muscular power, maximal ,. 
isometric force, and maximal velocity of contraction, with 

very smal1 intra-pair differences (Table II). Klissouras 

(46) has suggested that IIrigorous athletic training cannot 

contribute to functional development beyond a limit set by 

the genotype" (46). Possible hereditary factors f1'1y have 

overided the }nfluence of the weight training program for 

this set of twins. 

With regard to the true value of Hestt broad general1-

zations and inferences about the relative powers of heredity 

and environment have to be avoided. 1t is erroneous to 

believe that a Hest value signifies to what extent a trait 

is genetically determined. The Hest is only an estimate of 

the extent to which interindividual variation in heredity 

affects the variation of a given organic attribute, in a 

given population ~xposed to s~milar environmental influences, 

a t agi ve n t i me ( 46) . 

The individual force-velocity curves (Figures 2 through 

18) have followed the classical exponential form (9,35,49. 

85). Further, the maximal muscul'ar power curves, as derived 

from the individual force-velocity curves, have added support 

to the resul t of Ikai (35), that the maximum power of the 

forearm flexor muscles is found when the force and velocity 

values are appro~imately 3~% of the maximuM values. 

The accuracy of the obtained results (Table Il and III) 

for maximal muscu1ar power (MMP) depend upon the precision 

with which the force-velocitt- curves were drawn ta "best fit" 
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these experimenta11y obtained values. Only 2 sets of twins 

(Figures 12 and 13) revealed a lower maximal isometric force 

(Po) than that predicted by extrapolation of the force-velo~ 

city curve to zpro velocity. Fatigue factors. brought a~out 

by the great number of different loads that were used. may 

have contributed to these lesser observed values for Po' In 

addition. proreeding from the lightest towards the heaviest 

load. instead of in the reverse direction as sorne other in-

vestigdtions have done (30,85) may have added ta the muscular 

fatigue and contributed to these lessèr Po values as well. 

In Figures 2 and 3, only 6 loads were obtained because the 

previously selected weight was tao heavy and on1y a limited 

range of loads were available. In these two cases, the 

accuracy of the force-velocity-power curves may be questioned. 

However. a11 other force-velocity curves were based on a sub-

stantial number of different loads which made the drawing of 

the "best fit" curve more precise. 

Close inspection of the force-velocity-power curves in­

dicated that the intra-pair differences for MMP appear to 

be greater between D~ co-twin pairs than MZ co-twin pairs. 

Further, the greater intrapair diff~rences of the OZ tw1ns 

are a direct resu1t of individual differences in the relative 

position of the force-velocity curve. The intra-pair dif­

ferences (Table II and III) are further exemplified when the 

values for co~twin pairs are plotted on a y-x system of 

coordinates as depicted in Figures 19, 20 and 21. These 

figures reveal that MZ co-twin pairs obtained a p~rfect 

correlation (r=1.0) fof maximal muscular power and maximal 

aa q 
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isometric force as opposed to .96 and .95 for the OZ co-

tw;n pair'). However. OZ co-twin pairs obtained a higher 

correlation (r::.97) for maximal velocity of movement (V ) 
max 

than did Ml co-twin pairs (r=.94). 

Maximal velority of movement under unloaded conditions 

(V ) has dpmonçtrat~d interindividual variability (85) max 

but the investigator stated that "the maximum velocity of 

movement wa~ relatively constant". In this regard. Komi 

(50), did not observe a c;ignificant difference between Ml 

and OZ tWlns in the maximal running velocity on a staircase. 

Therpfoy'e, it wa<; not surprisîng to finrl that the F ratio 

W20Z 
( --- -_.) for m a x i mal v e 1 0 c i t Y 0 f m 0 v e men t 0 f the for e a rm 

W2MZ 
was not <;t"tistical1y significanL Consequently, thecalcu-

lation of the heritability estimate was abandoned. 

Interindividual variation in maximal isometric force 
\ 

has been clearly rlemon<;t:rated (9,13.36,85). However. Kami 

(50) failed to finrl <;iqnificant intrapair dlfferences 

between MZ and OZ twins for this variable using the forearm 

flexor and quadriceps muscl P'i. The present investigation, 

found that the F ratio ( W2DZ ) for maximal isometric force 
W2MZ 

of the forearm flexor muscles was significant at the .01 

level of confidence. From the heritabi1;ty estimate derived 
\ 

(Tahle V) it appears that the variation in maximal isometric 

force is B3% determined by heredity. It is difficult to 

conceivf.l of a reasonable explanation that will offer a 50-

lution to this di<;agreemenL Ikai and Fukunage (36) have de-

monstrated by means of ultrasonic measurement, that the strength 

\ 
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of a muscle i5 proportion~l to the cross sectional area of the 

muscle. Tn this respect, it seems reasonable to assume 

that Dl co-twin pair\ woulrl have a greater intra pair dif-

ference in the sile of the flexor mu~cles and therefore 

would have ~ qreater within-pair variar.ce estimate for maxi-

mal isometrir force. 1 

\ 

Interindivirlual variabilit\ in maximal muscular power 
\ 

has been shown to be governed by\individual differences in 
\ 

the relative position of the force~velocity curve (35). 

The heritabilîty ec;timate derived for "maximal muscular 
1 

power will therefore reflect the exte(~t to which varia,~ion 
\ 

in the position of the forc.e-velocity \curve 15 dett>rmined 
" 2 b Y var i a t ion ; n he re dit Y . The Fra ti 0 "{ w _~L...} for m a xi -

~~Z 
mal muscular power was significant wel1 beyond the . ..Dl level 

of confidence. The high heritability estimate (97%) for 

maximal muscular power (Table V), indicate~ the extreme 

extent ta which the observerl variation in this organic at-

tribute 1s subjeet to variation in heredity. The result 

coneurs with the invec;tigation of Komi, Klissouras, and 

Karv;nen (50). who reported a Hest value of 99.2%. The 

pxperimentors suggestpd "that the variance in maximal mus-

cular power may not be due to an individual difference in 

the splitting rate of high energy phosphate compounds t but 

to a quantum, that i5, to a greater amount of adenosine 

triphosphate and phosphocreatine whieh are made available 

as a result of a greater mass of protoplasmic tissue". 

This explanation appears plausible for maximal muscular 

power ohtained from a maximal effort which requfred 
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continuous contractions as does running on a staircase. ft 

1s difficult to conceive that depletion of pho~phocreatine 

applied to the present inve~tiqation. Maximal mu~cular 

power curves were obtained fram single maximal contractions 

of approximately one second with a three minute rest period 

between each contraction. Rpphosphorylation of AOP and thus 

of phosphocrpatine from both glycolytic and resoiratory 

activity of the forearm flexor muscles would clearly have 

bpen complElted within thp rest interv'll, Huxley (34) has 

statpd thnt Itthe most likely seat of the force-developing 

~Lhanism 15 the qlobular part of the heavy mp.romyosin and 

i t5 attachment to the actin filaments". The interindivi-

dual ~ariation observed in maximal muscular power in the 

present stuc1y may he the resul t of 1ndividual di fferences 

in the total number of these reactive sites that are allowed 

to take part during a maximal effort under 10aded conditions. 

Tc <;trpngthen this supposition. lkai anci Fukunaqe (36) have shown 

that by training the forearm flexor muscles, the incrpa~e in 

maximum strength 1S associated with an increa<;e in thp èros~ 

sectional area and thp strength prf unit (ross ~ectional 

area of thflo musrle While this cioe" nof suggest a direct 

increase in the amount of contractilp elpmpnt, It does 5u9-

gest that a greater number of reactive si tes tonk I./(U t in 

the maximal effort. 

The high heritability pstimate (97%) for maximal muscu­

lar power of thp forearm flexor muscles indicates that the 

interindivldual variation in the relative position of the 

force~velocjty curve 1s a150 governed by the same variation 
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in heredity {97%}. With ,this in mind, physical educators, 

coaches and trainers must begin to think in terms of the 

training of the force-velocity curve rather than the training 

of muscle power. Ikai (35) has demonstrated that the greatest 

displacement of the force-velocity curve takes place with a 

subsequently greater increase in maximal muscular power if 

the load used in dynamic training i~ 30 ta 60% of the 

maximum isametric force. In this manner, the individuals 

may work toward "the ideal pattern of force-velocity rela­

tionship specifie to each athletlc event" (35) . 

.. 

.' 

.b . , 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

The purpo"ie of this invpstigation was to ascertain to 

what extpnt variation in heredity contributes to interin-

dividual variation in the force-velocity relationship of 

human muscle. More sperifical1y, the twin study method of 

research was employed for the purpose of attempting to de-

rive heri'tability estimates for: the maximal muscular power 

developed by the forearm flexor muscles as derived from 

individual force--velocity ClJrves; the maxima) velocity of 

movement (V ) of the forf'arrn produced by the contracting 
max 

forearm flexor muscles under unloaded conditions and; the 

maximal isometric force (Po) produced by the forearm flexor 

muscles at an elbow angle of BO°. 

Male monozygotic tw;ns (N=9 pairs) and like sexed di-

zygotic twins (N:::8 pairs) participated in the study. Their ~, 

ages ranged from 11 to 17 years. Zygosity determination 

was made by the phyc:;;cal similarity method of classification 

and a blood and serum examination. The co-twin pairs were 

obtained from greater metropolitan Montreal ~ lived at home 

• with their parents, and had similar leisure time activities. 
l' 
1 

A special1y designed ergometer allowed the determination 

of the force-velocity relationship of the forearm flexor 

77 
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mll<;{ If'''; il<: thf'y (ollectively exprt.:<1 thf'ir forn> a! the flalm 

11 f thp hanrl from an expf'rimf'nt~l <;tartinq pos. tion nf hO° 

1 h l' P n 1 1 r f> r il n q P fl f m 0 v p -

COI' r" c; 11 0 n ci î n q m ct x i mal 1 i p e il r v e l 0 c i t V (m / <; A Î) W P r ~ 0 b t il i n p d 

Tt "lat:; 

fOllnd thi'lt within the anqu1ar rangf' of RO·,):) df'qrpp,; that 

the <;teepf'~t anrl il <;lraiqht l inc. }jpnu) , aIl forc:f' and v€-

1 0 ( i t Y v a \ li P <; w (> r p (' ô 1 1 lJ lat p d f 11 r a n a n 9 Il l il r cl i t:; fl 1 ace men t 

of FI') dflqr pCl <; with re<;peci to the horizontétl. Thp maximal 

exertpd palrn force anli i te; corrpspondinq mélximal 1 inear 

v plo (' i t Y for the <; e rie S 0 f cl i f f pre n t l 0 a d <; fI~' 0 v i ci e cf the e x -

perimental pointe:; for the force velocity curv€s. 

Maximal lineilr vplocity of movf'mpnt (V ) under unloaded 
iii a x 

condition,; wa<; ohtained with an f'l€'ctrogoniometf'r e:;trapped 

to the lat~r81 sidf' of the forparm which recnrded an anqular 

displarpment/time Lurvp throughout the ~8me ranq€' as for the 

lnaded ronJition<;. All mea~urement, of V were made at an max 
angular displacement of 85 degrees. 

Maximal ie:;ometric forre was ohtained from a force dyna-

mometer inserted in th€' ergometer which was fixed at an angle 

of 80 degrees. Maximal isometric force and V provided max 



additional points of reference on which the "best fit" force-

v cl 0 c i t Y Cil r v e s we re d r a w n . 

ThE' maximal muscular power (I<qm/min) clIrves werfl> ca1-

culated from the Ubest fitl! forcA-\Iplocity ClJrves. 

for Ml and n1 Iwins hy ~ one w~y anijly~i~ nf variance for 

maximal mu<;culilf POWPf (rvlMP). l1l.-lximal isometnc forre (Po'), 

and ma~imal velocity of movement (Vmax )' Tf ~he withln-

W20Z 
p il i r \f ct ria n ( e r ~ t i 0 (F - WTM-"Z---) w il S "t il t i <:; tif il l 1 Y sig nif i . 

cant, ~E'ritability p~timates (Hest ) werp dprived from 

Equation 1. 

H -:: 
est 

The hE'ritability estimate calculation was ahandoned for 
2 

bE'cause the F ratio ( W Q!=--) was 
7MZ 

maximal velncity (V max ) 

not statistically signlficantly different hetwppn M7 ~nd DZ 

twins. Howpver. ft was found that the within-pair variance 

ratio for maximal muscular power (Kgm/min) and maximal 

isometric fort~ (Kg) w~s significantly diffprent between Ml 

and Dl twins at the .01 level of confidence (F =: 43,.95 and 

6.1. respectively). Consequently. heritability pstimates 

for these variables werp derived from Equation 1 and yielded 

a value of 97% for maximal muscular power and 83% for max1-

mal isomptric force. 

Conclusions 

On the basis of the statistical analysis, the follow1ng 

conclusions are justifiable: 

(1) Interindividual variability 1n maximal isometric 

( 
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force of the forearm flexor muscles at an angle of 80 degrees 

is 83% determined by variation in heredity in a homogeneous 

population exposed to similar environmental influences; 

(2) Interindividual variability in maximal muscular 

power of the forearm flexor muscles is 97% determined by 

variation in heredity in a hùmogeneous population exposed to 

similar environmentalÙfnfluences; 

(3) Interindividual differences in maximal muscular 

power of the forearm flexor muscles are governed by the ob-

served differences in the relative position of the force-' 

velocity curve. Therefore. it is concluded that the inter-

individual variability observed in the force-velocity re­

lationship of the forearm flexor muscles is governed almost 

entirely by variation in heredity in a homogeneous population 

exposed to similar environmental influences. 

1 1 
/ 
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Figur~ 22:- Conceptual Arrangement of the Ergometer 
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Derivation of Pa~m Force 
,Je 

1 94. 
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Using the conceptual arrangement (Figure 22), the dyna-

mic balance of the system can be represented by: 

(x 1 I) 

whe re : 

Fp = the dynamic palm-force (kg) acting perpendicular 
ta the arm of the machine 

C = distance (cm) between the pivot axis and the 
point of application of the palm-force 

G4 = the weight of the "we ight" (3.2, 6.5 or,9 Kg) on 
the resistance arm of the ergometer 

= the angular ~isplacement (degrees) of the human 
arm with respect to the horizontal 

Is = the resultant moment of inertia of the system 
as defined by Equation XIII below 

b = the distance between the pivot axis and the 
center of gravit y of the weight. . By the géometry 
and construction of the machine b=69.4-0.0.0232 
x r, whene r = the reading on a numerical cou~e~ 
which determines b distance ~ l-

~ = the second derivative of ~ with r~speèt to time/ 
(angular acceleration). Note ,that it can be 
positive, negative, or ze~It is positive if 
the arm is accelerated. ne tive if the arm is 
decelerated, and zero if the arm is either 
stationary or moves with a constant angular 
velocity. 

The resultant moment of inertia of the system (1 5 ) 

about the pivot axis is: 
2 

1 = G4·b + 12 + 13 
S 9 

(XIII) 

where: 

15 ,. as defined above 

G4 = as de fi ned above 
o , 

b = as defined above 
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9 = the constant of gravitational acceleration 
(981 cm/sec 2) , 

12 = the moment of inertia of the human forearm with 
respect to the pivot axis 

13 = the moment of inertia of the frame ~tructure ~f 
the ergometer with respect to the pivot axis 

Therefore, by Equations XII and XIII, the total pa1m-

force canDbe represented by: 
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• F P = G 4 • b . : i "." <lb + [( 11 \ b 
2 

+ 1 2 + I)~ J / c (XIV) 

In Equation XIV, the total palm-forc~ is the summation 

o~ two components, the static plam force necessary to hold 

the lo~d (G 4) and the dynamic palm force necessary to pro­

duce a given angular acceleration (~). The angular ac-
e 

... celeration (4)) bec.omes zero when the angular velocity of 

the.lever arm of the ergometer moved with a constant angu- ~ 

lar velocity. This was found to occu~ within the angular 

range of 80 to 90 degrees and hence, all force measurements 

were made at an angle of 85 degrees with respect to the 

horizontal. Consequently, Equation XIV was reduced to its 

static component and fo~ces were calculated from the 

Equation XI that previously was presertted. 
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F = G4 ·b.Sine 4 
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