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_ "A. great deal . of -the research by
physiologists on exercise has concentrated

on the fuel intake {0, . consumption)

rather than the resulting output of mech-

anical power which 1is the truly useful
product.”

D. R. Wilkie, 1980
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ABSTRACT

Classical force-velocity studies by A. V4 Hill demon-

output of isolated muscles and human mov
study muscle performance during maximal dynamic exercise it
is important to measure mechanical power \ output at several
constant velocities of movement. At the start of this work
no instruments were avaiiable to measure maximal) power during
isokinetic movements over a wide range af velgcities. For
this reason a cycle ergometer (CVE) was developed which
restricted the <c¢rank velocities to chosen upper limits,
‘despite maximal efforts by the subject.

Measurements were obtained in male subjects of maxi-
mal peak torque generated over 8l% of thedfunctional range.
There was a consistent inverse linéar relationship between
peak torque and ﬁrank velocity, and thelresults were repro-—
ducible from day to day. Considerable inter-subject wvari-
aBility in peak torgque was ac¢counted for only partly by diff-
erences in thigh muscle wvolume. Maximal peak power occurred
at various crank velocities ranging from 120 to 160 rpm;
differences in muscle fibre types may have contributed to the
variation observed,. Maximal power occurred when the force
equalled 0.3 to 0.4 of the predicted maximal isometric

tension, in agreement with Hill's studies.
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Torque, work and power were aibo measured during 30 s
of maximal effort at 60, 100 and 140 rpm. Increases in crank
velocity were asséciated with "both a higher initial power,
and a greater rate and extent of decline in power, but total
work was similar. The dgreater decline at faster velocities
,ﬂkﬁéy refléct differences in energy metabelism, or motor unit
activation. In addition to defining the effects of velocity
on maximal power output in healthy young suﬂjects. the
studies showed the CVE to be a sensitive, reliable instru-
ment, with potential applications to the assessment of human

muscle function in health and disease.
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1. HISTORICAL OVERVIEW °

1.1 Introduction

The relationship between force, speed of movement,

and the concomitant work output and efficiency of human mus-

¥
cle was the subject of considerable investigation during the

“

early 1900's. In a classical paper on the mechanics of human

muscle A, V. Hill (1922) discussed these factors as they per-
" : .

tained to maximal wvoluntary isotonic contractions of the

elbow flexors (Fig. 1). He demonstrated that as the speed of

movement (v) increased, the work (W) done decreased linearly
A A .

_according to the equation"W = Wo - kv, where Wo is the

musclé's mecﬁénical potential energy, and "k is a constant
“var;ind as the coefficient; of . fiscosity ,of the muscle
fluids". Since tﬁe distance ﬁoved by the arm was always the
same, the force ex;rted By the muscles varied directly with
the work. . This linear relation was shown theoretically to
result in an optimum speed of movement at which “the mechan-
ical efficiehcy {external work done/ehergy used up) was
greatest. fhe calculated maximﬁm mechanical efficiéncy of
approximately 26% oécurred when the cbngfaction occupied one
second. A comparatively small decrease in the contraction
time resulted in a marked loss of.efficiéncy, whereas a rela-

L

tively large increase in the time caused a much smaller loss.

['!
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Figure 1. The inertia wheel apparatus used by A. V. Hill

(1922) to measure the maximum work capacity of the human
elbow flexors. :




In a follow-up study in the same laboratory Lupton
(1922) measured more precisely the time occupied in maximal
arm flexions and the subsequent work ocutput, and was able to
confiqm the wvalidity of Hill's équation. Thereafter the
linear relation established in human arm movements between
force exerted and speed of movement was found to be equally
applicable to activities involving the legs. Furusawa, Hill
and Parkinson (1927a) suggested that it ‘could explain the
accelgration of a runner, and set a limit to his maximum

running speed. Best and Partridge (1928) confirmed the pre-

diction in an experiment in which external resistances of

"varying magnitude were added to a runner (Fig. 2). A con-

stant external resistance caused a reduction in maximum

running speed which was equal to that calculated from the

L
equation of Furusawa, Hill and Parkinson. Dickinson (1928)

determined the maximum speed of pedalling a cycle ergometer.

as a function of the resistance applied to the wheel. Once
again the relation between maximum speed and load proved to
be linear, the speed decreasing as the .load increased
according to Hill's (1922) eariier eguation. ’

Hill (1922) calculated that a linear relation in
human muscle _between sﬁeed and force must result ?ﬁ an
optimum rate for the attaihment of peak mechanical effic—

iency. Several studies were published 'reporting results

which corresponded very closely to Hill's theoretical values.

~

-
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a, Recording coil; b, Spring balances; ¢, Cord from capatan to runner's waist; d, Linen
friction band.
Figure 2. The experimental design used by Best and

Partridge (1928) to record sprinting performance with vari-
ous external resistances imposed on a runner. .



Using a variable spgeed ergometer, Cathcart, Richardson and
C‘ampbell (1923) determined from measures of oxygen consump-
tion that the highest efficiency for alternating arm move-
a
ments was between 23 and 24.7%, occurring when the duration
of a single contractioﬂ varied from 0.7 to. 1.0 second.
Lupton (1923)’on the other hand, reported a maximum effic-
iency of 26.7%, at an ogtimum contraction duration of 1.36
secona\s\,h/in;hen the activity required a simultaneous con-
traction of the flexqrs of both arms. The peak efficiency
during pedalling on a cycle ergometer proved to be 21.8%,
coincident with a contraction duration of 0.9 seconds
{Dickinson, 1929}, whereas in stairclimbing the respective
values were 24.4% and 1.36 seconds (Lupton, 1923). In every
'study the curve relating efficiency to duration of contr-
action was of the same general shape and dimensions as that
calculated by Hill (1922). At the time it was commonly
believed that these phenomena associated with muscles short-

ening against a load could be explained by the "visco-

elastic" theory of muscle contraction.

1.2 The Visco—-Elastic Theory of Muscle Contraction

In 1892 Adolph Fick published a paper in which he
concluded that it was the  actual process of muscle short-
ening under tension which was largely responsible for the

expenditure of chemical energy. However, this conclusion was
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refuted by A. V. Hill (1913) who determined that an isolated
frog's muscle suddenly allowed to shorten (without load) from
the point of peak isometric tension, produced no more heat
than if shortening was prevented. This indicated that there
was no additional chemical enérgy liberated in the muscle‘
specifically associated with the process of shortening. Thus
it appeared that when stimulated a muscle acted 1like a
stretched spring, possessing elastic potential energy.
During shdrtening some of this energy could be recovered as
external work, the rest being dissipated in "overcoming the
viscous resistance of the muscle to its change of form"
(Hill, 1922). The viscosity was believed to increase in pro-
portion to the velocity of shortening, hence during rapid
movement. more of the mechanical potential energy would be
lost as heat and less would be manifest as external work..
Efficiency would be determined by a balance between the visc-
ositylof the muscle, and the energy necessary to maintain the
contraction long enough to allow the generation of an ade-
quate amount of work (Ha(Free and Hill, 1928). In supﬁort of
this argument Hartree and Hill f1928) aemonstrated that com-
paratively much more energy was required for the maintenance
of contraction in isoclated frog muscle than in man, which
explained why the greatest efficiency in frog muscle occurred

during contractions of considerably briefer duration.



1.3 The Two Component Model of Muscle Contraction -

The linear relation existing in man between force
exerted' and speed of movement could be explained satis-
factorily by the visco-elastic model, and it was widely
accepted. However, studies of isolated muscle gradually pro-
duced- results. which first cast grave doubts on the validity
of-ghe theory and eventually brought about its dismissal.

The first study of major importance was the elegant
work of Fenn (1923), in which he compared the energy liber-
ated and the work 'performed by the isolated sartorius
muscle of the frog. The evolution of heat was measured
during maximal isometric tension, and in isotonic contr-
actions during which the muscle was required to (i) 1lift
increasing weights through a constant height, (ii) 1ift the
same weight through increasing heights,‘(iii) do work on an
inertia lever which allowed both the tension and the extent
of shortening to vary simultaneously. In contrast to some:of
the older .studies oﬁ the structurally more complex gastro-
cnemius muscle, Fenn demonstrated conclusively that the sart-
orius muscle's heat production under isometric conditions was
less than in any contraction where shortening was allowed.
Moreover, Vthe increase in heat above the isometric was
directly proportional to the work done, irrespective of
whether it was the tension or the amount of shortening that

was varied. The "Fenn effect" was proof that the shortening

| —



of a muscle was an active, energy consuming process, and
could not be represented adequately by the recoil of a
stretched elastic body. Adolph Fick's earlier (1892) con-
tention was thus substantiated.

Despite Fenn's definitive evidence, the wvisco-
elastic theory took "like Charles 1II, an unconscionable
time dying” (Hill, 1970). In 1924 Gasser and Hill were
intent on verifying in isolated frog muscle the liq?ar relat-
ionship Hill (1922) 5ad established in human arm muscles
between speed of movement and work performed. It was readily
established that when- frog muscle was stimulated to'pfoduce
peak isometric tension and then suddenly allowed to shorten a
given distance, the work done was proportional to the eéhi—
valent mass and therefore ihversely. related to the speed.
However, it was not a simple linear relation. It would be
realized later that Gasser and Hill had almost discovered a
fundamental property of muscle, its force—velocity character-
istic. However, at the time they were "hypnotized by the
obvious importance, in man, of relating energy used to mech-
anical work performed at varying speed" (Hill,' 1970}, and
consequently Qid not realize the significance of their
findings. Once again the results were deemed compétible with

the visco-elastic model.



A further study which cast doubt on the visco-
elastic theory was by Levin and Wyman (1927), who published
observations on the tension produced by isolated muscle
allowed to shorten a£ a set rate on their constant velocity
ergometer. The expected linear relation between work and
sbeed of shortening proved to be almost hyperbolic, and the
authors suggested that their results were compatible with a
muscle containing both an undamped non-contractile element,
and a damped contractile element. Only the damped elastic
component appeared to act in accordance with Hill's (1922)
equation.

While delivering the Croonian Lecture to the Royal
Soﬁiety of London on May 20, 1926, A. V. Hill commented that
"the alteration of force exerted with velocity of short-
ening is a fundamental characteristic of muscle, varying with
the function which it has to fulfil, and supplying an import-
ant clue as to its ultimate physico-chemical mechanism”".
Desﬁite th}s contention, and the éata of Fenn (1923), Gasser
and Hill (1924), Levin and Wyman (1927), it was not until
1935 that Fenn and Marsh published the first systematic anal-
ysis of the force-velocity relationship in isolated muscle.

-

1.4 The Force-Velocity Relation in Isolated Muscle

By 1934 there was considerable support for Levin and

Wyman's (1927} hypothesis ‘that a contracting muscle behaved
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as a two component system, containing contractile and non-
contractile elements in series. Fenn and Marsh (1935)
reasoned that this -being the case, then it should be possible
to study the mechanical properties éf the contractile compon-
ent alone by observing the speed of isotonic shortening under
different loads; a condition in which the undamped non-
contractile element would be previously stretched, and there-

fore excluded from participating further in the mechanical

_events of shortening. Experiments were performed on the

sartorius and gastrocnemius muscles of the frog, and the
ggstrocnemiuﬁ muscle of the cat; stimulation was either
direct, or iﬁdirect via the appropriate nerve.. The muscle
was stimulated to lift a wide range of lbads and the maximum
speea of shortening recorded, always at the same muscle
length. As Levin and Wyman (1927) had repofted earlier, the
relation between force exerted and velocity of shortening was
not linear, being almost logarithmic in nature. Moreover,
the velocity of shortening increased with increasing temper-
ature, which sﬁggested that it was associated with  the
kinetics of underlying chemical reactions,. rather than repre-
sentipg the fixed response of a simple mechanical system.
Three years later A; V. Hill (1938) perférmed a
series of experiments on the heat production and mechanical
properties of isolated frog sartorius muscle during isotonic

shortening (Fig. 3). The results indicated a similar force-



11

~velocity relation to that reportedgby Fenn and Marsh (1935),
but which could be described by the equation of a rectangular
hyperboia: (P + a){V + b} = (Po + a)b where P is force, V
is velocity of shortening, Po is maximum isometric tension, a
and b are constants with the dimensions of a force, and velo-
city, respectively (Fig. 4). rMeasurements of the heat pro-
duction during isotonic contraction revealed that when a
muscle shortenéd, in addition to the "Fenn effect™, it libgr—
ated energy for shortening proportional to the shortening.
Moreover, the rate of energy liberation (above isometric)
was an inv;rse linear function of the load: (P + a)V = b(Po
- P} where a is the shortening heat per centimetre of short-
éning. This demonstration that the empirical constants
derived from the [force-velocity relation were éhe same as
those obtained by thermal measurements, lent considerable
support to the hypothesis that the speed of contractile
elepent shortening under a 1qad was dete;mined b; the manner
in which energy liberation Qas reguiated (Fennm and Marsh,
1935). . The ﬁ?uscle could Bé represented no longer .as a
stretched spring working in a viscous meéium.

Hill's (1938) characteristic equation has since
been applied squessfully to isolated toad (Hill, 1949) and
tortoise (Katz, 1939; Woledge, 1968) muscle, aﬁd to a
variety of muscles from mammals such as the mouse (Close,

1965), rat (Ritchie, 1954; Close, 1964; Wells, 1965) and
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AT

a1

(-4

a: muscle (frog’s sartorius) lying on stimulating electrodes
‘b duralumin lever '

¢: muscle load : ‘ /—

d: movable stop <

I
s

The conventional apparatus to measure dynamic

. Figure 3.
l\—ﬁioperties +0f 1isolated skeletal muscle. Adapted from:
Jilkie, D._ R. (1956). The mechanical properties of muscle.

Brit. Med. Bull. 12:177-182.

p
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VELOCITY (cm/sec)

FORCE (g‘m)

Figure 4. A series of force-vel®city curves obeying Hill's
characteristic equation., Vo is' the maximal velocity of
shortening with zero load; Po represents maximal isometric
tension. From left to right the curves are described by
a/po = 0.1, 0.2, 0.3 and 0.4. The constant a has the

dimensions of a force (a g.cm being the "extra heat“ pro-'

duced for 1 cm of shortening). Power is calculated for ﬂu$
curve with a/Po = (.2; maximal power occurs when P/Po is
approximately 0.3. '

Adapted from Binkhorst, R. A., L. Hoofd and A. C. A.

Vissers (1977). Temperature and force-velotity relation-
ship of human muscles. J. Appl. Physiol. 42:471-475.

Al
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cat h, 1935}, It also appears applicable to

i;olated bundles &f human muscle (Faulkner, Jones,  Round and

Edwards, 1980), and satisfactory curves have beenuobtalned in

L4

papillary muscle lsolaméfd from cat heart (Sonnenb;ick,

1962). R Ty
.

-

‘The curvature of Hill's (1938) force-velocity curve

is described by the ratio a/Po, which is generally about 0.25

(Fig. 4). An 1nté§est1ng exception howéver, is the force—‘

velocity curve of tortoise muscle. In 1939 Katz reported
that- the force-velocity curve of tortoise retractor penis
ﬁuscle was considerably mg£§ curved thaa,that of frog musdéle,
and could only be fitted bf I'-I.ill's (1938) équation with a

value of a/Po ranging from 0.07 to 0.16. Although no direct

measurements of heat production were made, the shape of the

curve predlcted lesg/overall heat generatlon and a greater
efficiency in tortOLSe muscle. Woledge (;968) tested tE}s
hypothesis and f?pnd it ;o'be correct; ‘the maximum ratio of
work/enthalpy libaration 'during shortening, and the effic-

iency for the owerall cycle of contraction and relaxation in

tortoise mqule' was 70% greater than in frog muscle.

Woledge did not believe that the slowness of tortoise musgle -

could explain its greater efficiency 4nd he’ proposed a mech-
m assogﬂazhd-«ith the cycling of croés“bridges between

myquILmentss (after Huxley's sliding filament model,

[
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1.5 The Force—Vetocity'Relation in Fast and Slow Muscle

In 1873 Ranvier published the first _experimental

evidence that red muscles.in the rabl;it tended to contract
more slowly. than their white colleagues. It is now firmlf
estabjished t_;ﬁat muscle fiibres can be classified into two,
and perhaps ﬁhree fynctighal types on the'basis of morpho-
logical, -histochemical and cont;ractil.e properties :(Burke, ét
al, 1973). Common nomenclatLire is slow twitch oxidatiye
(Type I), fast twitch oxidative glycolytlc {Type IIa{, a;d_
fast twitch @}o‘rytlc (Type IIb}. .In thls, thesis fibre
types will be referred to as e{.ther Type I or Type II. ’
. The force-velocity bghaviour measured in a- whole
muscle taken from an adult rat was influenced by the relative
proportion of Type I ana- Type 1II flbres comprising its‘
makeup; the speed of shortenlng at any given load was
gre‘ater for fast muscles than slow ones {(Wells, 1965).
Similarly,. in isolated bundles of human muscle fibres the
méximél'VQlocity of shortening, and the force exerted at any
contractile speed was gre®ter the higher the percentage of
Type II fibres (Faulkner, Jones, Round and E;'érds,\wﬂ()).

The histogenesis of striated muscle iﬁ mammals
,resuits in the formation of limb muscles that are uniformly
slow at first (Close, 1972), and much .-attent‘.ion has been
focused on QyJSfGnamic properties of developing mnuscle.

Close (1964) provided a detailed description of the force-

TN
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Qelotity relation in rat fast muscle, the extensor digitorum

longus (EDL), and slow muscle, the soleus ({SOL), at various

stages of development from birth to 100 days. Speed of

sﬁortening was expressed precisely as the velocity/1000 sarc-
b

omeres length of muscle fibre,.and the load as a fraction of

the maximal isometric tension (Po}. At birth the force-

velocity properties of EDL and SOL were very simiiarr but

&
during development the speed of shOrtenlng/sarcomere for any

SOL there was no significant change. Similar differences

_between the EDL -and SOL muscles of new-born kittens and adult

cats 1ed Close (1967) to postulate that differentiation  of
mammalian muscles into fast ané slow types may be attributed
to an increase of shortejing eéeed of the fast muscles. Sub-
sequent work (Close, 1969) reported that the differences in
intrinsic speed of shortening in EDL and SOL in adult ;ats
could be revers;d by cross—innervation; thes implicating the
nervous system in the determination of muscie. contractile
propertiee.

In Hill's original expetiments (1938) the similar-
ity betweeh the empirical constant "a" derived from mechan-
ical measurements, and the coefficient of shortening heat,
suggested that the velocity of isotonic shortenihg at any
given load was govetﬁed by the rate ef- energy liberation

within the muscle. In his final treatise on the subject Hill

-

given fnactlon of Pe, increased threefold in EDE/whereas in

-




17

{1964a) demonstrated that the two constants were not ident-

ical, although the resemblance between them inferred that
they were connected in some way. The characteristic eqguation
was modified such that the rate of extra energy‘liberation

during shortening was equal to (P +a), where P is force and a

"is the.coefficient of shortening heat. There is now consid-

erable evidence that the speed of shortening (hence the rate

of extra energy liberation within the muscle) is rélaped to

the specific activity of the M92+ ATPase, and the actin-

-

activated ATPase of myosin. The close correlation between

épeed of shortening and myosin ATPase activity has been found

in a variety of muscles from mammals, lower “wertebrates, and

invertebrates (Barany, 1967). Moreover, when the contractile
properties of fast and lethwitch muscles in the cat were
reversed b; crOSS—inhéfvatian, the myosin ATPase activities
were found to change‘ in an identical manner (Buller and
Mommaertg,'lgsa?. Y |

It is QOSsible that the underlYing causes of the
force—vélocity characteristics of muscle are as yeﬁQincomb—
letely understood,'but the current. view is that it is "a

v

direct conseguence of the mechanochemical coupling between

‘the stress in the contractile elements and the rate of the

energy yielding reactions that - accompany contraction”

(Carlson and Wilkie, 1974).

A
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1.6 The Force—Velocity Relation in:Human Muscle

! Hill's (1938) demonstration that the force-velocity
behaviour of isolated frog muscle could be described as a
rectangular hyperbola 1led investigators to search for a
similar relation in human muscle, in vivo. It is appropriate
that the first application_of the characteristic equation to
human muscular m6{ement was by A. V. ?ill (1940) himself. In
" an ingegffgitignfﬁf the dynamic constants of human musclg he
crit{cally réviewed the earlier inertia -wheel results of
Lupton‘ (1922), and Hill (1922), Hill's characteristic
equdtion was deduced from experiments on isolated frog muscle
stimulated to shorten under a constant load. To make the
equation applicable to human muséles in vivo it was modified
to account for a constant mass accelerated,'an% corrected for
the inertia of the forearm. Subsequently, the results were

0 .
indeed compatible with a hyperbolic force-velocity relation-

ship similar to that in‘iSOlated_frog-muscle.
In 1947 Dern, Levene and Blair attempted to extend
Hill's earlier (1940) work to cover a.wider range of forces

and velocities, in order to provide a mpfﬁyx&gorous test .of

the characteristic equation to human muscle. An isotonic
lever appara s was_ used to provide either a wide range of
constant tor es abou the elbow JOlnt, or linear forces,

during maxlmal voluntary flexlons of the forearm. The experi-

ments employing linear forces d1d result in hyperbolic force-

't
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velocity curves although not as curved as in frog muscle,
a/Po ranging from 0.43 to 0.63, Moreover, electromyography
indicated considerable activity in antagonist muscles which
‘meant that the measured forces weré'resultants, and therefore
lower than the true tension in the agonist. It was conciuded
that co-contraction of the antagonists defied any inter-

pretation in terms of the fbrceﬂvelocity behaviour of indi-

\vidual muscles.

‘Three years later Wilkie (1950 also investigated
the relation between isotonic force and velocity of movement
in maximal £flexions of the elbow. The contractions were
aftertoaded by a series of kna:n weights, and velocity was

_the velocity of the hand measured at the end of each
,Qnoveﬁent. Init?ally the data could noth be fitted by the
characteristic equation, except at tensions greater than 0.3
Po. Howéver, whén a mathematical correction was made for the
inertia of the forearm:.the in-vivo muscle; displayed the
same force-velocity behaviour as isofﬁted frog muscle. The
values of'a/Po from 0.2 to 0.48 were® considerably lowef than
those found previously by Dern, Levene and Blair (1947), a
disqrepancy ghqt Wilkie - attributéd to Dern's failure to
corrc{ectl fé& inertia _of .the forearm. Another difference

between the two studies was that Dern detected activity in

antagonist muscles whereas Wilkie did not.

-
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1.7 Isokinetic Accommodating Resistance Exercise

Theré‘is a marked difference in the resistance
imposed by an isotonic load in an isolated muscle p}epar—
ation, and during human muscular movement. In the isolated
preparation a constant load presents a uniférm resistance to
the muscle throughout shortening. When a human performs an
isotonic contraction however, the resistance opposed to the
muscle is modified by the constraints of the 1limb lever
system. In the.middle range the lever is most efficient and
the load on the muscle is éoﬂéideraply less than it is at the
extremes of range. Consequently, the tension in the muscl;
dﬁring isotonic contraction is maximum during a relatively
“small range of movement, and the work done is.accordingly
submaximal (Hislop and Perrine, 1967).\ Maximum work output
.can only be achieved when the muscle is opposed throughout
shorteﬁiﬁg by a resistance which it is just able to overcome
(Hill, 1922). This criterion is sat%sfied By the relatiQely
new technique of isokinetic'accommodating resistaﬁce exercise
(Hislop and Perrine, 1965). An isockinetic instrument afférds
a means of maintaining the speed of limb‘movément'constant at
a predetermined rate, deSpiﬁe maximal gﬁscular effort by the
subject; resistance therefore varies im proportion to the
force exerted. The  majority of recent studies of forces

velocity characteristics in intact human muscle have been

performed using an” isokinetic system; force 1is  usually

L. L
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acting about an axis of rotation and expressed as torque. It
is worthwhile mentioning that.in isolated muscle it, is also
possible ﬁo control the rate of shortening and mealgi? the
maximal force output, to obtain satisfactory force-velocity
curves (Hill, 1970).

The most commonly used isokinetic device to measure
muscle force output 1is the Cybéx (Lumex Inc., New York).
Eanlw studies confirmed that the apparatus transmitted
torque accurately through 180° at speeds up to 4 rpm (i.e. 4
x 360°/60 = 24°/sec) (Moffroid et al, 1969). - Peak torque
generated at 65°¢ of knee}extension was .measured in thirty
male subjects at .speeds from 0 to 18 rpm, and the relation
was linear over the fastest one third of the range. However,
at slower angular velocities (0 - 6 rpm) the torque decreased
in a curvilinear manner, in marked conﬁrast to the behaviour

of isolated muscles.

Thorstensson, Grimby and Karlsson (1976} extended the
r;;ge of testing to include speeds up to 30 rpm. (180°/sec),
and claimed to demonstrate a force-velocity rél%tionship
which was compatible with Hill's (1938) original findings in
isolated frog muscle. However, the angle specific values of
peak torque presented iw théir table 1 are not represeéted
accdrately in their figure 2, and the curve does not EE;J ct

torque generated at a specific knee angle. , For these reasons

the study has *been heavily criticized (Perrine and Edgerton,

=

N r
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71978; Gregor.et_al, 1979). Similar limitations apply to the
study of Ingemann-Hansen and Halkjaer-Kristenson f1959i,
which also reported a classical hyperbolic relation between
peak torque produced by the knee extensors and angular
velocity of movement"up to 60 rpm (360°/sec).

It seems that when the torque generated at a given
velocity 1is measured at a specific joint angle there is
agreement with the earlier conclusions of Moffroid et al
(1969), that the iﬁ vive torque-velocity curve plateaﬁs at
low velocities. During maximal knee extensions at velocities
l;ss than 16 rpm (96°/sec) the peak torque capacity may even
decline by 4 to 5% as it app oaches Po (Perrine and Edgerton,
1978). This phenomenon may be jattributed to either the phys-
ical discomfort a;sociated ith maximal isometric exercise,
hence an incomplete activation of the motorneuron pool
(Perrine and Edgerton, 1978), or an increased Golgi tendon
organ inhibition, which would be more proncunced at lower
velocities where force is gr%dter.

A major limitation of the Cybéx isokinetic device
is the relatively narrow range of velocities that .can be
achieved. Testing is oftgn_restricted to approximately 26%
of the subject's maximal attainable velocity with zero 1load
(Thorstensson, Grimby and Karlsson, 1976), and can never be
muc;,.higher than 50% (Coyle, Costill and Lesmes, 1979}.

Consequently, a torque-velocity characteristic derived in
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this manner is only representative of the high torque, low

23

velocity portion of the‘cﬁrve. Furthermore, the peak torque

recorded at the highest velocities may not reflect accuratel}

the highest tension produced in the muscle. During rapid

movement there may be a considerable deiay before the 1limb
segment accelerates to attain the preset angular.velocity of
the instrument's lever arm. The skeletal lewer may be beyond
the point of.optimal mechanical advantage before the muscle
can generate mafimal tension, and thus the peak torque occurs
progréssively'ﬁlater in the range with iﬁcreasing _ speeds

{Moffroid et al, 1969). Another distinct weakness of the

Cybex instrument is the acknowledged "impact” (Winter et al, .

1981) or "overshoot"™. artifact (Sapega et al, 1982), that
results in increasingly spurious estimates of peak torque at
high veloc1tles of movém&Jt. Sapega et al (1982) recently

dgmonstrated during hip ab&gfiipﬂ mpvements that in the

initial catch~up phase before resistance was encountered, the‘

velocity of the limb-lever system may exceed the pre set
velocity by as much- as 200s. Sudden resistance caused
deceleration of the limb-lever system and a concomitant
initial torque spike which Qverestimated true-muscular-terUe

”

by up to 115%. The situation was further complicated by a

greater degree of post engagement *Gberspeedlng at faster -

angular velocities. Finally, there 1is evidence.-that at
faster speed settings of the Cybex lever arm a\biven torque



input to the system results in a_p;&gressively higher voltage

output; as angular velocity increases from 0 tor 30 rpm

(180°/sec) peak external torq&e may be overestimated by up to

20% (0lds et al, 1981). It has been suggested that separate

(\\“ : tS}que calibrations should be performed for each velocity
- {Murray, Harrison and Wood, 1982}).

Recently, the priné}ple of isékinetic resistance .has

been applied to dynamic e#ercise- on a cycle ergometer

(Sargeant, Hoinville and Young, 1981). A constant angular

velocity was achieved by an éleqtric motor driving the pedal

cranks and a variable gearing system enabled testing to take

place over a véry wide rangé, from 23 to 17{ rpm {138 to

1026°/sgc). One striking feature of the results was the

extremely linear relation between force exerted and angular

velocity of the pedai- assembly. Failure to demonstrate a

plateau‘of force as in other studies may h&&é béen due to

mechanical constrain;s, which prévented testing at comparable

® lowispeedsr

| There .is one major potential weakness in the ergo-

| —smefer used by Sargeant, Hoinville and Young (1981).  The

cranks are dfiven at a constant velocity by the motor, and

the subject attempts to exert maximal force on the moving

pedal assemBly. Consequently, at fast spéeds the action of

antagonist ™Mscles may actually oppose the forward;movement

of the pedals and the- contractions may become increasiﬁgly

e
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eccentric. Furthermore, it may also be difficult to distin-
guish between the tordue produced b} the passive weight of
the lég on the pedal and the torque genérafed by the-aq;iVe
muscles. ' | -

1.8 The Maximal Power Output of Human Muscle

It was originally determined by A. V. Hill (1 52)
that a hyperbolic or linear relation bétwéen fdrée exerted
and velocity of ‘human movement‘ must reSu;t' in an optimal
velocity for maiimal' mechaniéalhﬂpOW§}AOutpu; (optimal in
frog muscle when f/Pb = 0;3, Hill, '1964c). For ‘intensg
efforts of short duratiofi' it is therefore essential that load
cand speed are matched precisely “to the propertieé ,of the
particular muscles under test.(Wilkie, 1960). Howevgr, there
have been no systematic investigations of maximal short-term
éxeréise‘which have adheréd to theseg principles. In studies
of _short—term exercise maximal power has been calculated
during running;‘ jumping, rowing, cycling, and during iso-
kinetic contractions.

Il
L]

1.8.1 Maximal Power Output in Running

-

The external mechanical power output during running
is largely associated with overcoming air resistance, and
: ' Y . ¢
is very small compared. to the pgﬂbr dissipated within the~

-

body . (Furusawa, Hill and Parkinson, 1927a). In sprinting 100
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yards a runner may generate 8.5 horsepower at his maximum
velocity of 11.46 yards a second (Furusawa, Hill and
Parkinson, 1527b),'but as little as 0.16.horsepower may be
manifest as external work (Fenn, 1930). An added resistance
may double the external power (Best and Partridge, 1928), but
it is clear that most of the power developed during.running
cannot be measuréd directly. 3~

Running uphil¥Y offers a more suitable_method of esti-
mating external power output; maximal values of 1.32 and
0.94 horsepower maintained for 4 and 30 s respectively, have
been reported (Unna, 1946). The caléulation of external
power during stairclimbing has gainéd widespréad acceptance;
and maximal'levelé of greater’ than 1.5 hérsepower may be gen-
erated for a very brief time (Margaria, Aghemo and Rovelli,

1966).

Pl

1.8.2 Maximal Power Output in Vertical Jumping

Vertical jumping from a force platform has been
employed to assess the power output of the body during a
single movement, lasting. for less than one-fifth of a second
(Davies ‘énd Rennie, 1968; Asmussén, Bonde—~-Peterson and
Jorgenson, 1976)}. Values for maximal instantaneous power in
47 healthy young men were as high as 5.23 horsepower (3963
watts), and for women, 3.15, horsepower (2350 watts) (Davies

and Rennie,, 1968). These figures are in close agreement with

/
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the theoretical limit for any practicable movement (Wilkie,
1960).

A common broblem associated with the calculation of
mechanical power in running and jumping is that in neither
case 1is the load suitably matchedito éhq\huscles "so as to
exploit Lo the full their intrinsic force-velocity relation-

'ship" (Wilkie, 1960). Both activitiés‘involve rapid acceler-

. ation, so the shortening: velocitJ-c:f the muscles cannot

remain for long at its optimum. yau

1.8.3 Maximal Power Output in Rowing

The force output during maximal effort is hependent

upon the absclute muscle _massl involved in the activity.

- During the pull stroke in rowing the.extensors of the trunk
and‘légs and the flexors of the arms are working maximally
‘and it might bé expected that the greatest external powéf
output woulq be attained in this exérqise, 'This is tfup as
long as  the’ activity is maintained for; several minutes.
Olympic champioh\\oarsmen_ may maintain 0.57 horsepower for
L“\\§.25 minutes, r?wing at a speed of 12 miles per - hour
riHéhaerson and ﬁéggard, 1925). However, during brief bouts
of maximal effért made at h?gh frequency - there is a large:
waste of energy from acceleration and deceleration of. the
body, and the external power output is less than predicted.,

theoretically (Wilkie, 1960).
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-1.8.4 Maximal Power Out%pt‘in Syciing

Cycling. has distinct advantages over most other
activities Ifor_ the measurement of mechanical power. The
gearing can be adjﬁi}ed éé allow the work to be performed -at
a variety of relatively constant speeds, and maximum use can
be made &f the kinetic energy of the moving 1limbs (Wilkie,
1960).1 Consequehtly, cycle ergometers age used extensively
in both researcﬁ and clinical laboratories to assess aerobic
power and endurance capacity. However, less aftention'has
been directed .to the aséessment of maximal power output in

L .
bouts of pedalling lasting for less than one minute, a period

*of time in which the muscles should theoretically be depen-
dent mainly on anaerobic.energy sources (Margaria“‘giretelli
and Mangili, 1964). d _

| Most'di:eét ;tudiesvof nwximaf‘b6we; output during
Eyclingt have measured the time takqn to perform a £fixed
amount of work, whiie pédéiling at Ti:iﬂ;}//;elocity}
Asmu?seﬁ and Boje (1545) feported that‘9.3é J of work could
be performed in 11.5 to 14.4 seconds, resulting in mean power
output ranging from 651 to 815 watts‘ﬁO.B? to 1.09 horse-
power). wheﬁ'a considerably greater frictional resistance
was applied to the flywheel, Bergﬁ and Ekblom (1979} noted
tﬁ&t 8.5 kJ of work could be completed in 1‘0.':;l to 15.3
secoqu, at an average rate of 557 td 730 watts (0,75 ;o 0.98

-
i. ~ . i), . 3
horsepower}. These values are substéntlally lower than the
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1;3 to 1,7 horsepéGE} which Nonweiler .(1958) calculated
during wepld reC7rd kgrint pérformances by champion racing
cyclists., ﬁowev r, they are in close agfeement with the max-
imal forces exerted at various phases of normal cycling
(Soden and Adeyefa, 1979). .
' Ig’test ‘which Iasts for 30 seconds and has gained
wi‘deepre/ad popularity is the Wingate Anaerobic Capac:.ty Test
(35;:627‘13;5). In this procedure the subject pedals as fast
| as .possibIeJJagainst minimal resistance (thereby overcoming
tpe'inertial resistaﬁce of the flfwheel) which is increased
to a predetermiped level within a feW"seconds:) The number of
pe@alo:agolutioﬁs is then monitora& for 30 -seconds, .and the
\\\work calculated for successivel five second intervals.
1cal power output. values for a flve second perlod range
from 700 to B00-watts at the start of the test, to 200 to 300
watts at the jend. Total "work may be 15 to 16 kJ, corree—
ponding to a mean_aVef?%Z power of 500. to 533 watts.
| It -appears that cyciin@ is a suberior technique for
measuring mechantcal power outéut than rﬁnning; jumping or
rowing, but it shares the same inherent limitation when
applied to max1mal efforts of short duratlon. Durind steady-
state submaximal work the rate of peéaii{tq\ig_approx1mateiy
constant, and the,frgquency may be adjusted to obtain the;
greatest efficiency. However, during a makimal effort the

subject pedals as fast as possible against a constant
A}
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resistance, and the frequency of pedalling decreases rapidly

throughout the test. Consequently, the shortening velocity

of thq_active;muscles cannot remain for long at the optimum’

point on theif intrinéic force-velocity curve. Furtherﬁore,
the maximal power output capacity at different pedalling
frequéncies cannot be measured. ) ~

An ergometer has been designed which allowed both
force and speed to be freely adjusted (Osborne, Read and

Wilkie, 1975), and, a constant power of approximately 650

watts could be maintained for 30 seconds (Wilkie, 1980).

Data from an isokinetic ergometer which allowed the

forces transmitted across the cranks to be monitored continu-
ously (Sargeant, Hoinviile and Young, 198l) at a variety of
speeds, indicated that 110 rpm was the optimum speed for the
generation of maximal power output. Instantaneous peak
power, and maximal average power in a .éomplete revolution
were 1387 and 840 watts respectively, whereas the mean powgr
during a 20 second test was 665 watts. The ergometer of
Sargeant, Hoinville and Young (1981) appears ﬁo be the best
available for_abéorbing the true maxiaal power output of the
legs, but it doés have the major 1limitation discussed pre-

)

viously.

1.8.5 Maximal Power Qutput in Isokinetic Contractions

Isokinetic devices such as the Cybex possess the

™
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major advantage that the angular velocity of the instrument's

3 . . :
- lever arm can be maintained constant at a .chosen level, and

the maximal forgce generated during single-joint'movemenés can
be measuréd. However, because of mechanical limitations the
testing is restriéped to the high torque; low velocity region
of the torque-velocity curve. Moreover, at the highest

N -
speeds there appear to be major problems in obtaining an

accurate measure of torque.. For these reaséns the majority
of isokine%ic devices'maf not be gﬂfficientlj vefséti}e to-
allow a true recording of maximal power ocutput.

Most ‘studiesr of . torque capacity during isokinetic
contractions. ‘have concentrated oh'the knee extensqr group of
muscles dufing single-leg movements. Maximal anéular'}elo—
cities of the lever arm ranged from 180 to 288 degrees per

second (30 to -48 rpm), and instantaneous peak power from

approximately 408 (Thorstensson, Grimby and Karlsson, 1976;

_Larsson, Grimby and. Karlsson, 1979) to 680 watts (Perrine and

Edgerton, 1978). Average power output is very low, and not
generally reported.

It is apparent that an isokinetic system using short
range movements (e.g., as usually‘performed on the Cybex) is
not as appropriate for allowing the generation or measurement
of ﬁaaximal power output as an isokinetic system using the

bicycling movement.
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1.9 Muscle Fibre Types, Muscle Bulk, and Maximal Power Output

Many studies of isokinetic exercise have investigated
the relationship between torgue production aﬁ various angular
veloéities and the percent as well as relative area of Type

\\JI‘ fibres in the contracting muscle. Thorstensson, Grimby
| and Karlsson (1976) wqte the first investigators to report a
significant positive relationship'bétween peak instantaneous
power genefated at the fastest angular velocity of the lever
arm (180°/sec), and the percéntage of Type 11 fibres .in the
.knee extensor muscles. This correlation has since been con-
firmed in athletes (Gregor et al, 1979; _Thorétgnssoh, 1976)
and ﬁon—athletes (Coyle? Costill and Lesmes, 1979). Suchl
data ’?re in accordance with the contractile prope;ties of
isolgfed agimal (Wells, 1965) and human (Moulds, Young, Jones
and Edward;, 1977; Faulkner, Jones,.Round and Edwards, 1980)
muscle, and the empirical observations on muscle fibre types
in athletes and sedentary individuals (Gollnick et al,
1872). ;

Not only the muscle fibre type disEribution, but also
the absblute gquantity of muscle may be imp;ftant in deter-
mining the external force generation (Ikai and Fukuﬁaga,
1968). Indeed, differences in muscle (and bong) volume were
shgwn by Sargeant, Hoinville and Young (;981) to.aécount for

most of the variation in Fforce-velocity behaviour in phéir

group of subjects, who were homogeneous in fibre type. When
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any measurements of muscle force:are recorded it is therefore

impdrtant to standardize the‘gata in relation to either the
greatest cross-sectional area, or .the overall muscle bulk

(Edwards, 1980).

1.10 Summary

Suitable methodé to assess the force-velocity and
pewer output characteristics of isolated'mﬁscles have been
available since the early part of this century. However,
techniéues to measurg maximal dynamic: muscle function in
humans during exercisiiﬂ
in isclated preparations.

Maximél power has been calculated during runnihg,
stairclimbing, jumping, rowing and c¢ycling, but in all tﬁése
activities the load iglﬁbt suitably matched to the muscles so
ag to exﬁloit to the utmost their intrinsic force-velocity
characteristic. Furthermore, maximal force generated at
different velocities of_mbvement cannot be‘measured..

Due to such methodological problems there is a minor

emphasis in research literature on the pfoduction of maximal -

power output during short-term exercise, compared to studies
of submaximal steady-state exercise; this despite the fact
that many daily activities such as stairclimbing involve

brief efforts of high intensity.

i

are Rot as simple or as established as
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The work described in this thesis had a number of
objectives related to the more complete study of muscles
engaged in short-term maximal exercise. The primary purpose
y;s to develog a mechanical ;ystem based on cycling, capable
of quantifying the maximal work outbut of the legs over as
wide a range of pedalling speeds'as possible. ,

In isolated muscle the force-velocity characteristic
dictates that there 'are two optiﬁdm speeds, one for maximum
power output (P/Po = 0.3) and one for the-greatest efficienéy
(P/Po = 0.5) (Hill, 1956; 1964c). A secondary objective of
this thesis was to determine if sim;lar relatiénships'céuld
be identified in human muscles in vivo. An investigation of
the torqué—velocity and power-veloci haviour of human leg
muscles during maximal cycling exercis ‘afforded the oppart—_
unity to identify the optimal pedal crank velocity for maxi-
mal mechanical power output. Measurements were also made of
the power output, total work and fatigue during maximal
short-term tycling exercise ée%forméd at’ different pedalling
speeds. Thus it was poésible to test  the hypothesis that
maximal cycling performed at fast pedalling speéds would be
less efficient than at slow speeds, resulting in a concomit-
antly greatér fatigue. | |

Thée following chapteré describe the construcﬁion and
tqsﬁing of the system and its subsequent applicaﬁ?on Jo these

problems.



2. GENERAL METHODS

A major goal of this thesis was to develop a cycle
ergometer éapable of absorbing the maximum work output of thg
legs, over a wide range of constant éngular velocities of the
pedai cranks. During the course of development many modific-
ations were made to various parts of the ergometef, and the
measurement of mechanical power progressed from simple,manuél
calculations to COntinuoﬁs on-line‘ sampling of electrical
signals by laboratory computer. This chapter wilﬂrprovide

[y .. .y ‘
a destription of the ergometer, an outline of the standa:d

£ %

. ] \/ *
procedures employed in all testing and present data from the

earliest study which provided a test of the instrument's rel-

iability and versatility.

>

2.1 Design and Applications of the Constant-Velocity
Ergometer .

The constant ve1J:§Ex ergometer (CVE) is a modified

ergometer with a strengthened steel frame (Fig. 5)-

o ; < ;
2.1.1 Speed Control '
N . ‘ . ¢
~ The maximal power output of human leg muscles in a

single ‘bilateral movement is apprpximatei} six to seven
hoféépower (Wilkie, 1960}3 thus a single leg might generate”
o .

“ three horsepower. For this reason it was important that the

-

cranks of the CVE could be maintained at a constant velocity

. 35



>
b
EMERGENCY STOP
v STRAIN GAUGE AMPLIFIERS
Y b umpaty o /
<A
, CONTROLLER
STRAIN-GAUGES . R
\ . TRANSFORMER
‘ ' LT o
by k MOTO
Ve
SLIP~-RING
. " SPROCKET ASSEMBLY
4 y )
Figure 5. Diagrammatic sketch of the constant velocity

ergometer. ;

\



37
L

p; . . ‘
despite subject generated forces up to three horsepower. To
. -

ensure precise speed regulation a Fincore DC regenerative
speedljﬁiﬁfgg}ler '(SC1L54B) supplies electrical energy to a
three "ho éepower DC‘electric constant torgque motor (Boston
Gear 18300-C), which is connected in series to a 10:1 motor
reducer. A ‘wide range of pedalling speeds is provided by a
sprocket assembly containing a unidirectional‘clutch which is
attached to the reducer drive shaft, and linked to the ergo-
meter's chain wheel by a convenéional bicycle chain. The
electrie motor Qeﬁeratee three horsepower at its base speed
of 1750 rpm, and may be operated as high as 2300 rpm with a
concomitant lbirincrease in horsepower. The speed controller
resp?nds to aG:DC tachometer feedback circuit. (Fincore
1042564), and provides rapid speed reguieiion with respect to
load changes by adjusting the level of power_delivefed.to the
motor. ©Once the motor is activated the angula; ve}ocity‘of
the reducer drive shaft may be varied by edgusting the contr-
oller speed potenéiometer; the unidirectional clutch prevents
‘the pedal'eranks_from turning ungil the subject chooses to
be%in cycling. However, in case of clutch failure an emer—
gency stop button is attached to the handlebars within easy
reach of the subject and investigator. During a test the
subject pedals to catch up to the preset speed of the motor
and then exerts maximal force. agglnst the re51stance offered

.

by the motor load. The regenerative speed controller ensures
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that forces momentarily as high as three horsepower, result
in speed variations of less than 5%; this leads to the same
sensation as pedalling a cycle up a very steep inéline.

In the early stages of development the sprocket
attached‘to the reducer drive shaft had a compiement of Tg/
teeth, resulting in a gearing ratio of 2.66 betwegn the front
sprocket and the chain-wheel and 26.6 between the chain wheel

velocity and ' the motor speed. Preliminary studies indicated

Y

that at pedal crank velocities less than 50 rpm the motor
could be overdriven as soon as the subject applied enough

force to overcome frictional losses and surpass the motor's

1 -
T

torgue capacity. At a pedal crank velocity of' 50 rpm the
motor Sbeed would be (?0 x 26.6) 1330 rpm, appreciably below
thg base rate of 1750 rpm required for the production of
three horsepower. Therefore it was necessary to operate the
motor at or abgye its base rate, to prevent a fall in horse-

b
power. For this réigen the early studies were completed at ‘a

~

pedal craQE/»el?city of 60 rpm.

A major requirement of the CVE was to measure” maximal
'forée'generation over a wide range of pedalling speeds. . To
achieve this aim a convéntional racing. cycle rear derailer
system comprising five sprockets was mounted on the mot?r re-

ducer drive shaft (Fig. 6). Sprocket size varied from 14 to

34 teeth and afforded a range of pedalling frequencies from

N
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‘Figure 6.

-

Five sﬁrockets-attached to the motor reducer

drive-shaft which afforded aj range of pedalling speeds from
13 to 166 rpm, at a motoi\gpLed of at least 1750 rpm.
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13 to 166 rﬁm,.but below 30 rpm the motor could still be
overdriven by as much as 15%. Moreover, the torque generated
by powerful_gpbjects at low pedalling rates was great enough
to permanently deform -the pedal cranks. Due to these method-
ologlcal problems 1t was deczded to restrict testlng to. crank

-

veloc1t1es greater than 50 rpm.

2.1.2 Method of Force Recdrding

Forces applied to the pedal cranks'are detected by
matched pairs ‘of“ resistanqe strain gauges (Micro%ffT'
measurements CEA-06-250VW-350) bonded to the flat surface
midway along the trailing and -leading edges of each crank.

The gauges of each crank form two elements of self—biiancing

Wheatétone:bridge circuits, one circuit for the;left crank

and the other for the right crank. Power supply Yo tg;

strain gauges and the signéls from the gaugeé_are connecﬁed

to amplifiers thfough five wiping brass élip ring contacts on
each crank.(Fig. 7) (Atkins and Nlcholson, i963) The output
from the amplifiers is .channeled to a Hewlett Packard chart
recorder (7700 series), and may also be sampled on-line and
stored on %’ floppy disc by a l'éboratory computer (Digital
Equipment Corp ). The force tracd™ from the recorder may be
analysed graﬁplcally by planir eéry or the results may be cal-
culated dlredzz;"b& the compu?EE}mwhlch samples torque at ten
millisecond intervals and performs integration with respect

¢ ‘ —
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Figure 7. The wiping brass slip ring contact on each crank
transmitted the signals from the resistance strain gaugeg
to the strain gauge amplifiers. Alsoc visible in the centre
of the picture is a microswitch, activated by mechanical
contact with the crank in the top-dead-centre ‘position.

ta
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to time (Appendix 6}. A magnetically opergted‘reed switch,

and a mechanically activated microswitch d?tect the poaation
. .& . ' N )
of each crank at various points in every revolution, \thus

allowing the calculation of angular ﬁelocity.

» Initially the system was calibrated statically by

p . . . .
suspending weights from each pedal locked in the 90° position

{Fig. 8) %n 22.7 kg (222.6 N) increments, -up to” and
including 136.1 kg (1354.7_ N). Cé%ibration was performed
daily over several wegks énd the responses were linear and
precise throughout the ;énge; the mean cﬁefficient of vari-
ation for both pedals was 1.5%. Thereafter a one or twoe
poinﬁ'calibration was found to be-acceptable for working pur—‘
poses. ‘

2.1.4 Calculation of Torque, Work and Power

The Ingefnational System of Units defines unit force

as that which gives the_mass of 1 kg an acceleration of

lmvs_z, and is cdl the newton (N}. When a force

acts about an axis ¢f rotation it produces insténtaneous tor-

que,equal to the p? duct of the force multiplied by theﬁgsr;

pendicular dista the raxis of rotation, measured in
K * . N i

metres. Inst il _ L}” torque exerted on the pedals of the
CVE is therefofé#;'léulated'as'thé product of the mass (M, -
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FPigure 8. A locking bar enabled each .pedal in turn to be

calibrated statically by suspending various weights from
the pedal. . ] .
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kg) multiplied by the gravitational constant (9.807,
-2 "

m-s “) and the length of the crank from the axis‘rbf'
rotation (1, m): Instantaneous torque (N;m) = M x 9.807
x 1.

The unit of work'is.the newton metre or joule, and is
achieved when a force of one newton acts through a distance
of one metre. External Qork‘ erformed on the CVE-is repre-.
sented by the area under the torgue-time curve (impulse)'and
is the product of the constant angular veiocity

1

(rad.s =) and the integral of torque with respect to

time.

Power is the rate of doing work; the unit of measure-

ment is the J.s T or watt. ﬁ;;ng\outpyt on the CVE

is calculated from the work divided by the time taken for the
pedal crank to rotate 360°. Instantaneous power is the rate
of doing.work at any instant during a cycle, and equal to the

instantaneous torque ‘(N.m) multiplied by the angular

velocity of the crank (rad-sﬂl). %1 has‘Tbeen argued

Y

by Moffroid et al (1969) that because muscular torque varies

through an arc of motion, instantaneous power is a more
S T

definitive measure of muscular performance at different velo-

cities of movement.

In the studies included in the main body of this ,

[
..

thesis which report measurements of work, and average power, Y-

' . '
/ﬁjghe method of calculation was based on manual planimetry of
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the force ‘record from chart paper (Fig. 9). The raw data and '
appropriate calibration factors were 'then fed into a com-
puter, whiéh performed the neceésary calculations for each
pedal cycle. During the course of development the method of
force recording became more sophisticated.. Eventually, the
voltage odtput from the strain gauge amplifiers was sampled
directly by the computerf_at tep millisecond :intervals
(Appendix 6). Several coﬁparisons wefeAmade of the values
og£?ined by planimetry and by ‘computer, and the agreement
between the two méthods was very close. The coefficient of
variation for paired values of instantaneous peak power and

average power was less than 2 and 6%, re?pehtively.

2.1.5 Pattern of Forc Application  During a Cycle
. e
¢

There have‘ﬁégn several investigations of the pattern

of force applicétion during normal cycl{ng (Atkins and

/N{EEBlson, 1963; Hoes et al, 1968; Soden and Adeyefa, 1979)

~

and thé results in this thesis concur Qith previous
findings.

In\figdre 10 the distance between microswitch pulses
represents a 360° turn of the pedai cranks from when the
right crank is at top dead centre. It can be seen that the
majority of work penﬁofhed in a complete revolution actually‘

cccurs during the first 18B0° of rotation, from- top dead

‘centre ‘to bottom dead centre. Peak instanteous torque (A) is

generated consistently ‘when the .pedal crank is in the forward

n
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Figure 9. An example of the force trace recorded on chart
paper. The right leg is represented by the top series of
curves. Each curve depicts the amount  of force generated

by a single leg-in one pedal cycle.
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’ . .
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Figure 10. The pattgrn of force application displayed by
each leg during three pedal cycles. For explanation refer
to text.
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o
horizontal position, and the mechanical advantage to the sub-
ject is most favourable.
In figure 10 the deflection C corresponds to a pull-
~up phase immediately .prior to the pedal -position reaching top
dead centre. The degree ,of pull-up variés between subjects
and tends to disappear a; higﬁ crank~velocities. The nega-
tive deflection Derep}esents the passive weight of fhe leg on
the pedal at the beginni b of recovery; removing the foot
from the pedal during this phase causes the negative deflec-
tidﬁ-:to disappear - (Hpes et al, 1968). Torque records
obtained during preliminary:'testing revealed :considerable
variability in both the presence, and the e%tent of negative
deflections belgy,the baseline. For this reason, and because
the passive negatiée'fdfce contributed by one leg must be
opposed simultaneouslg bg an eqﬁél_poéitive force, generated
by thendther'leg only' the positive fbrces registered.abo;e.

/s
the baseline were included in the analysis.

-
-

2,1.6 Standard'Testing Procedures //) : -

rd

Certain standard ﬁrocedures were developed and
followed in all testing. The dptimal sadale height was sel-
ected for each subjec£ éorresponding_ to a pos}tion which
allowed slight knee flexion when thé pedal crank was andled

ﬁertically downwards. The same saddle height was used for

each subject in every test. Toe clips and straps attached the

.‘ t -
b
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feet ﬁo the pedals and a restraining harness around the hips
served to 1limit the P_exercise to ‘Ehe lower 1limbs without
restricting movement (Fig. 1l1). 'VWarming—up procedures were
not used;!subjects rested iﬁ the'temperature controlled lab-
oratory- for fifteen minutes befofe the test. _Wﬁen the motor
was activated the subject ﬁas allowed ™2 brief time (2 - 3 s)
to catch up to the speed setting before exerting maxim@l
: -
force on the pedals.

In eQery étudy reported in this thesis the procedures
involved in the . testing, including ﬁosSible risks, were
explained to the subjects and informed consent was obtained
(Appendix 5). All studies were approved by the university

~“

ethics committee.
—T

2.2 Intra-Individual Variation and Repeatability of
. Measurements e

The gtandard procedures outlined in the preceding
section‘ w;re'_followed in the earliest study, which was
completed at a time when the CVE was eguipped with a single
18 tooth sprocket on the motdr reducder drive shaft. The
purpose of the investigation. was to examine intra ang
inter;individual differences ' in peak torque production
throughout a maximal 45 segbnd test on the CVE at 60 rpm

(complete results in Appendix 7). Before proceeding with

further modifications to the ergometer it Gﬁg thought
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-Figure 1l. Standard procedures were employed in all
testing. Tce clips and straps attached the feet to the
“pedals and a rféstraining harness around the hips limited
the exercise to the lower limbs without restricting move-
ment.
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important to establish the normal variability in performance
betw?en _legs.‘ and the repeétability of measurements in a
given individual at this one Speed.

Seventeen healthy male subjects (Appendix 7)Ipértic-
ipated in the studx; the torgue output was r;cordeg on chart
paper and peak torque was calculafed for e;ch leg separately
duripg every revolution, in addition to a mean valdé fﬁr Qoth-
legs. The de?gease yin i:orque by« the end of the test was
expfesSed as . thé' percentage decline from the highest peak
values (X qf 5 successive pedal cycles), and uséd as an index
of fatique (FI).s\?even subjects performed a repeat test on
another octasion éb ‘examipe the day-to-day variability in

performance. Differences in the peak torque and @he FI

. i . /
.between legs were compared using- Studént's t-test; the repeat

values were compared using SEudent's t-test for matched pairs
. » o~

(2-tailed test) and a coefficient of variation was calculated

(Cv = SD diff in which SD diff = the standard

(R; + %,)/2

-

* - 1
~deviation gf the mean difference between double values).

A variable pattern of dominance was found between

legs but in the group as a whole the right 1leg proved to

sllghtly mote ‘powerful throughout the test (Fig. 12

differences in maximal peak torque and the FI were small, and

.not significant. In most subjects the differgnce in peak

torque production ‘between legs was less than 10% at the
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Figure 12. Measurements obtained in 17 :subjects of peak
torque and power produced by each leg during 45 s of maxi-
mal cycling at 60 rpm. Values are the mean *1 S,E.M. of
five consecutive pedal cycles. _ (" ’
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beginning of the test, but occasionally increased to greQEet
than 15% after 45 seconds of maximal effort. If one leg was
dominant in the eéily séage of thg test it usually maintained
a consistent dominance throughout. When there was a marked
variation between legs the CVE proved that it was sensitive
enough to quantify the differences. This is shown clearly in
figure\ 13 ' which depicts weaknessl of the righg;/}gg in a
healthy male aged 25, caused by residual‘post-tréﬁmatic atr-
6;hy in the vastus ‘group of muscles.

The repeatability of the test was examined in seven
subjects, selected at random. A paired t-test indicated no
significant differences in either the maximal peak torque or
the FI between the twostests (Fig. 14); the coéfficiént of

variation was 6.5 and 16.5% resgpectively. -

These initial studies confirmed that the CVE was a

" sensitive, reliable instrument for/ quantifying the maximal

torque generation and fatigue characteristics of human leg
muscles, during shoftfterﬁ dynamic'exercise performed at a
crank velocity of 60 rpm. The device was capable of record-
ing both intra- and, inter-individual differences, and the
meQ§uremen;§ of torque and fatigue were reproducible in a
given.individ;al. Subsequently, the CVE was hodified-as pre-—
viously described: to permit testing over a very wide fahge of

pedalling speeds.

5
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Figure 14. Measurements obtained in seven. subjects of peak
torque (mean of both legs,) gengerat d hroughout 45 s at a
crank velocity of 60 rpm on two OFcasions, 24 hours apart.
Data points represeht the mean Af five consecutive pedal
cycles. The line shown is the .line of identity. Although
the peak torque tended to be' thigher on -the second day,*
there were no significant differences in elther the maximal
peak torque or the fatlgue 1ndex. .
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Vin‘the rest of the studies reported in this thesis
similar techniques were embioyed to assess intra-individual
diffefences and the repeatability of measurements in a given
individial, at a variety of pedalling speeds and during tests
of varying duration. 'fh general, the right leg -exhibited a
degree of dominance_wpich often'became more pronounced during
fatigue, especially at high pedalling frequencies;:no_signi-

o

ficant differences between repeat tests were ever detected.

€
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3. TORQUE-VELOCITY AND POWER-VELOCITY RELATIONSHIPS DURING
MAXIMAL CYCLING EXERCISE

3.1 Introduction

The maximum velocity of shortening under a series of

different isotonic loads describes a fundamental property of

igsolated skeletal muscl its intrinsic force-velocity relat-
ionship. First investligatpd by Fenn and Marsh \4535) the
force-velocity relatfonship was| later shown mathematically by
A. V. Hill (1938) to form part of a rectangular hyperbola:
(P + a)(V + b) = (Po + a)b. Hill's characteristic7equation
. has since been applied successfully to isolated'amphibian and
mammalian muscle, including humaé, (discussed in section 1.4)
but there h?ﬁ not been general agreement concerning the
nature of the force-velocity relationship in human muscles in

¢ .

vivo. Pa&i\:;?phe ungertainty may have g@bn caused by metho-

, dological difTerences which resulted in the ‘coﬁﬁérison of
&'/>

_llnear and angular forces, or restricted testing to 2 limited

portion of overall thSIOIQ%;:al *range. , _The work | -

described in this ectlon wag  interded to overcome %oa\gof

: o ~
these “difficulties, Egﬁtggggte to yre compl%§g under~-
“ ,/'

standln} of he nature. of the for 'veloc1ty relatlonshlp in
human muisies in leo. {
. oAl L. 4 r_ ? 4 4
~7 : ‘a ~/
™2 b | —_ N a ~ -
- -“‘m ‘\_,3 . m > ‘.&
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3.2 Methods

3.2.1 Subjects

" Twelve healgﬁy university §tudents ranging in- age

from 19 to 23 years participated in the studies. None o

-

the subjecgs were highly trained but most engaged in regular
recreational physical activity. Complete descriptive details

of the subjects are listed in Appendix 7.

3.2.2 Experimental Protocol

The study design reqﬁired that each subject complete
bYo exercise tests. The purpose of the first test was to
measure the maximal mechanical power output and cardio-
respiratory responses dﬁring a progreésive multistage
exercisq test on a cyclé ergometer. This+~was a routine clin-
ical test (Jones and Campbeliﬂ 1981) which is ‘used exten-

sively to identify individuals who may be at risk to partici-

pate \in very strenuous exercise. Subjects were to ret
the laboratory on another two™ days and perform brief njaximal
bouts of cycling on the.CVE at crank velocities o
60, BQ('IOO, 120, 140~ and 160 r"pm on each occasio
staﬁdardize the peak torque data for, vari%tion in‘ active
muscle mass,- the vqlume of 1Eg§h componéﬁts between the
glutealgfold and kKnee-joint ‘ e. was determined in each sub-

JJect by lg/k physfca\ anthropomifrlc technlque deon s and
s

h R SN .
J/L)P’* Q y o

» D
.-.‘- )I‘ ’ )

<



*

. velocity relationships. The segyden of crank velociti

‘selected at random,-and the testing ‘protocol was standard=

) | | 59

Pearson, 1969), and computerizd tomography (Hounsfield, 1973)

respectively (Appendix 2).

J

3.2.3 Progressive Multistage Exercise Test

The progreséivé multistage exercige test was per-
formed on a calibrated electrically braked cycle ergometer
(Elema,. model EM370). The init}_ power output was set at
fOO kpﬁ/min (~17W) and increasd bjlzsa\iﬁh/min at the eﬁ@ of
each minute, untilﬁ;he subject could not continue. The sub-
ject breathed through gmiow resistance, low'deadspace valve!
and inépired ventilation was measured by a dry gas meter
(Parkfnson-CoQan CD4). Expired gas was passed -thfough a
mixing chamber and analysed for oxygen and carbon dioxide by\\\
calibrated O, (Godart Rapox) and CO, (Godart Capnograph)
analysers. Analog data displayed on an 8 channel recorder
(Mingograf 81, Siemens-Elema)  were used to calculate maximal
oxygen uptake (i'JO2 max). Heart rate was 'calculated from
the éf;:trqcardiogram recorded on chart paper.

3.2.4. Torque-Velocity Test

¥

Many of ‘the procedures outlined in sectlo

the previous chapter wére emplbyed in the study o
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ized. The subject was allowed 2-3 s to catch up to the Jngu—

lar velocity of the motor and then instructed to exert maxi-

mal force on,\tg'e pedals. When[_gne force récords reached a
- I) .

peak and then sho a 'consistent paattern' of decline the test

was termin usually after 5-10 s. The subject then

rested for two inute- before repeating the test at another
crank velocity.. 'rd‘cedure was followed until the sﬁb;
F(ect had completed tests at ﬁeacg:h of the c¢rank velocities, and
‘the entire protocol was repegted on another day to study the

variability of” measurements within a given subject. P

r

It was intended that all twelve sujects would cc->m—
plete bc\autt'?? of cyciing'at eight crank velocities, ranging
from 20 to 160 rpm. However, this did l}ot in fact take
place. Durlng testing of a par:tlculéu'ly9 strong su&J\ct at 20
rpm the basellne of the force trace dlsglayed on the chart
r:'tacm:def"i began to wander upwards. It was not possible to
reset the strain gauge amp'lifi‘ers toly zero voltage, and
1nspect10n of the pedal cranks revealed that they. were nar k-

edly bent, resulting in a 5 volt offset in the electrical

signal from ths‘; strain gauges. ' Consequently the pedal

ssembly(- was ':repl ed, .and futlﬁ:e testlng was restricted
crank velocities\gréater than 50 rpm. . L/



3.2.5 Calculation of Torque and Poﬁer

~

The force data recorded on chart paper were analysed
manually. Peak torque was calculated for each leg separ-
ately during every pedal revolution, -in aébition to a mean

ﬂvalue for both legs: peak power was calculated frqm peak

\

torque a?d crank velocity, and the maximal values obtalned on

day 1 and day 2 were averaged. The values of peak torque and
-power were also standardized for each individual's thigh
muscle plus bone.volume determined by pﬁysical anthr&pometry,
and muscle volume determined by comp:terized tomography

(Appendix 2).

3.2.6 Statistics

The relation between maximal peak torgue and spedal
crank yelocitf' was examined by calculation of the linéar
regression equatign and the correlatiop coefficient; the

values for slopg;s:fhintereept of the relationship obtained

~on day 1 were&compared with .those obtained: on day 2 using
‘ 4

‘(,{.Studen.t‘!'s t-test for npatched 'bﬁairs (2-tdiled test). . 1In
2 L]

addition, a coeffic}ent\gf ;§iiatiow wdf computed‘fbr the 12

paired values of slope, and interggpéfh“?*fgzh association
r ) :

between maximal peak torque p ductidﬁg and thigh muscle
volume was as§§354d both across, and within crank velocities,

by an ’ﬁhalysis of covariance, AQS, Pearson: correlation
/

?%a&és}s, respectively. - '
: ~

{ h]



3.3 Results \{

3.3.1 ¢ Torque—-Velocity Relationships

‘pt each pedalling speed, peak torgue was generated ;t
t@ forward horizontal (90°) position of the crank, ;hus,
measurements were pbtaine& at an equivalent muscle length in
A given subject.

In the twelwve lsubjects who performed tests at -six
pedalling sﬁeeds maximal péafatprque was inversely and line-
arly related to crank velocity (r = -0.99). Figure 15 dis-
plays the relationéhip, calculated as an average of the mean
vaﬁgﬁi@of both legs obtained on two separate days (cgmplgﬁ?

- results .in Appendix 7). The. relationship between \maximal
péak torque and pedal érank velocity was linea} in all
subjects, but lhere‘was a wide variation in %he valqes for .
the slope and intercept. Figure 16 is representative of the

TN

variation in the group of subjects studied.

Intra-individual differences in maximal) peak torque

/Er§1ﬁprodpc;ion between legs were very small

signf??éag&, Jthus it was considered appropriate to present

17) and not
"the data as representing a mean value of both“\legs. The re~

tween! repeat

dt{gnship

(Fig. 18); there was"no significant differencef
. . l

kalues for either the slope or intercept o

[

4
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‘Fig'ure- 17. 'l[ﬁeasurements- obtained in 12 subjects of maximal
peak torque generated by each leg at six pedal crank velo-
C'Qi_'es. Error bars are omitted for the sake of clarity.

Ty,

~ 2

AN



¥

66

220r . S ~

2001 DAY 1..— ¥=-0.98x+262.3 r.-0.99

—_—
E . . -
5 180} DAY 200---y=-1.07x+272.1 r=-0.09
w .
3
a 100L
(=}
=
% oss
< 140¢
'7}
[+ 8
120}
N\ N
100 <
. . C s ,
N e — . X l
. 80 . 20 101 120 140™ 160
q . CRANK VELOCITY {ipf) _
- : ) M . -
o 3 -
~ o
4
éigure 18. Measurements obtained in’'l2 subjects of maximal
eak torque (mean of both legs) at six pedgl crank velo-
_‘t cities on two occasions, at least 24 hours jpant. Error . .
p bars are omiPted for the sake of glarit‘:y. ¢ w
S
- : | "o/ |



G,

3.3.2 Effects of Thigh Muscle Volume

3.3.3 Power-Velocity Relationships
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values for slope.and Y intercept was 13.7 and 10.5% respect-
ively.

Eight subjects completed tests which included two,

"additional crank velocities, 20 and 40 rpm. The torque-crank

velocity relationship remained 1linear (Fig. 19) and did not
<

- . . ’ .
become curvilinear at the slower speeds. The equation of the

liﬁe was similar to the previous one, describing the results
. .
of tuélve subjects pedalling at six crank velocities. -

»”~ »

Although peak'torque values were most strongly influ-

enced by variations in crank velocity, ‘the volume of thigh

3

muscle,, and muscle plus bone, determined by computerized

tomograpliy and physical anthropometry respectively, was §os§§"

tively related to force output (p = 0.023). The staﬁaard{§€
torque-velocity relationship.was also linear. {Fig. 20).'b£:\
adjusting the data for thigh muscle, or muscle plus bone vol-

ume did not reduce the overall variability in performance.

-

Maximal peak instantaneous power output was a para-,<

bolic function of ‘crank velocity (Fig. 21). Mean (¥SD)

valués‘fbr maximal peak power ranged from 13232198 and 1826%

\,_/ M I’ . .
287 W, at 60 and 140 rpm respectlvely, corresponding to

49 and 425+66 W-1"! thigh muscle volume. There

PR}
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y=21.1x+278.7
L 280 . r==0.99
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PEAK TORQUE (N-m)
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. » I

« Figure 19. Measurements obtained if 8 subjects of maximal

peak torque (mean $1 S.D.) at eight pedal crank velocities.

ﬁ ’The relationship was calculated from the mean Nalues of
- both legs recorded on a single day.
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Figure 20. Measurements cbtained in 12 subjects’ of msximal
peak torque (mean +1 S.E.M.) at six pedal crank velocities
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no conéistent crank  velocity for maximal peak power -output,
five subjects generated thei} m;ximalppoﬁEf”at approximately
120 rpm, four at 140 rpm and three at 160 rpm (Fig. 22 and
Appendix 7). In the group of subjects who generated maximal
peak power at the fastest .crank velocity the mean thigh
muscle volumes were slightly larger than in the group who
achieved maximal peak power at 140 rbm, and larger égain than
the subjects who performed best at 120 rpm. However the
differences were small (4.36, 4.32 and 4.21 litrés) and did‘
not reduce the variability in power output capaci&y. Maximal
peak power output varied from (+SD) ;}6?335{{§ to 506.3154.7
w.1"d thigh  muscle volumé in the subjects who
performed best at 120 and 160 rpm respectively (Fig.‘23).
‘Figupe 24 displays Eesults from the same two gubjects;who
wére representativé'of the wide wvariation in‘slope of the
torque-velocity relationship (Fig. 16). There was little
difference betWeeA them in the ability to produce mechaﬁical
power at slow crank vefgcities. However, at pedalling rates

above 80 rpm the difference became increasingly pronounced.
3.4 Discussion

3.4.1 Introduction

The work presented in'this chapter'was designed to

provide more complete information on the -nature of muscles'
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Figure 21. Measurements obtained in 12 subjects of maximal
peak power (mean tl1 S.D.) at six pedal crank velocities.
The relationship was calculated as an average of the mean
values for both legs recorded on two separate days. These
data are derived from data presented in Fig., 15 which
allowed extrapolation (-----) outside the experimental

range.
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Figure 22. Maximal peak power (mean =1 S.E.M.) at six
pedal crank velocities in three groups of subjects who
achieved their highest level of power at 120 e———e
(n = 5), 140 ¥}—————x (n = 4) and 160 rpm Oo—0O
(n = 3) respectively. ' i e
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Figure 23. . Maximal peak power output {(adjusted for CAT
thigh muscle volume) at six pedal crank velocities in three
groups of subjects who achieved their highest level of
power at 120 e————e (n = 5), 140 m———4 (n = 4)
and 160 rpm o————0 {(n = 3) respectively. Data are
presented as mean values *+1 S.E.M.
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Maximal peak powerloutput {mean of both legs)

at 6 pedal crank velocities in the same two subjects who
were representative of the wide variation in slope of the

torque-velocity relationship (‘depicted in figure 16).
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force-velocity relationship in vivo. The maximal peak torque

generated by human leg muscles was measured at eight crank
- «

velocities on the CVE, over the range of 20 to 166 rpm.

&

3.4.2 Experimental Procedures

L

In classical studies of the férée—velocity relation—
ship in isolated muscles velocity (v = ds/dt; s = distance)
wa; measured at the.beginning‘of shbftening, when £here was
no detectable acceleration (a = dv/dtﬁ v = velocity)} or dece-
leration. Since there was a constant velocity the tension in
the muscle was therefore equal tp the load. This is not the
case in normal human movements however, which involve a cons-
tant mass accelerated, and concomitant variations in muscle
tension. Early work on the force-velocity behaviour of human
muscles in vivo suffered from this drawback (Wilkie, 1950).
Recent investigations have measured maximal external force °
under conditions of imposed constant velocity (Thprstensson,
Grimby and ‘Karlsson, 1976; Perrine and Edgerton, 1978; Gregor
et al, 1979) but testing has been restricted to a limited
porticon of ‘the phyéiological range. The data in this thesis
were also obtained during movements performed at constant
velocity (methéds déscribed in Chapter 2), but in contrast to

previous studies measurements were made over approximately

81% of the functional range (Wilkie, 1960). Unfortunately the
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mechanical sygtem was unsuitable for recording maximal iso-
metric tension (Po) and maxim;l voluntary velocity (Vo).
Since the first systematic investigation of the
force-velocityﬁfrelation in isolated frog muscle (Fenn and
Marsh, 1935) it has been customary to expréss for in
relation to either the greatest:cfoss-sectional area #;P:bso-
lute mass of active muscle. In studies of human.muscle in
vivo an estimate of muscle plus.bone size has been determined
by an physiéql anthropometric teéhnique {Jones and Pearsonf
1969), and ultrasonic measurements (Ikai and Fukunaga, 1968;

-

Young et al, 1980). More recently, computerized axial tomo-

graphy has_ prowided a measure of the individual contributions -

of fat, muscle and bone_ to overall limb cross-— sectional area
{Bulcke et al, 1979; Haagmark, Jansson and évane. 1978;
Brenton et al, 1981.)

In this thesis the volume of muscle plus bone betwesP
the gluteal fold and knee™ joint space was determined in each
subjeet by the anthrogometric method of Jones and Pearson
(1969). 1In addition the volume of fat, bone, and muscle res-
pectively, was determined between the same andsomical sites
by computerized axial tomography‘(CAT) (Methodé in. Appendix
2). The first technique has been used widely in studies which
required an estimate of lower limb segment volume (Davies and

Sargéant, 1975; Sargeant, Hoinville and Young, 1981), whereas

it was felt that CAT would provide an even more discrimin-

L
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ating measure. The section of leg between the gluteal fold
and knee joint space was selected arbitrarily as being most

likely to incorporate the greatest mass of muscle activated
.

during bicycling movements.

[

3.4.3 Torgque-Velocity Relationships

-

The most striking feature of the torque-velocity data
presented in this thesis.is|the linearity of the relation-
ship in every subject (Fig. 15; 19). Even in the individuals
who performed tests over the widest range of pedalling speeds
(20-166 rpm) there was no indication of-a-ﬁyperbolic curva-
ture. Failure to demonstrate a curvilinear response may have
been due to methodological constraints which prevented test-
ing at the extremes of force and_velocity. However, measure-
ments of maximal torque were made oveY approximately 81% of
the functional range of crank velocities (Wilkie, 1960),, and
it is reasonable to assume thaﬁ any trend away from linearity
should have been apparent. Tﬁese results aré in striking
agreement with the early inertia wheel studies of Hill (}922)
and Lupton (1922f and - those of Dickinson (1928) during
cycl.ing, but are in direct contrast to the data of Wilkie
{1950) describing the force-velocity behaviour of human arm
muscles during isotonic loading. Nevertheless, the
investigation by Wilkie (1950} has been criticizéﬁ‘(?errine

and Edgerton, 1978) because the hyperbolic curve actually
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represents'an external load-velocity relationship, and is eot
the true muscle force calculated from the load's immediate
rate of acceleration. 1In fact, the values.of force are cal-
culated based on the assumption that humaﬁ muscles in vivo
will obey Hill's (1938) characteristic equation describing
the force-Yelocity behaviour of isolated'frog muscle. It has
been suggested by Perrine and Edgerton (1978) ;het-the'shape
of the force-velocity  curve published by Wilkie (195.0) may
therefore be incorrect, and should perhaps have piatéaued as
it approached zero velocity.

In 'a recent study of afterloaded knee extensions;
Tihanyi, Apor and Fekete, (1982) hdve also claimed. to, demon-
strate a classical hyperbolic curve, relating ekternal'tprque
and angular velocity of movément. Maximal peak ﬁorque was
recorded at six angular velocities ranging from aproximately
5.5 to 15.5 rad.s 1 (53 =~ 148 rbm), a simila;_ fange
to ehat reported in this thesis. The hyperbolic nature of-
the relationship was caused by a 1eve1 of maximal isometric
torque (Po) which exceeded the torque generated at the slow-
est anguldr veloc1ty by more than 100%. If the value of Po
were excluded, the torque-velocity characteristic would Be
linear, in agreement wifh the ;esults preseqted in this:
chapter. : ' ' ' . r

The majority of recent studies have employed isokin-

etic resistance to create various constant velocities of
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movement and measured maximal voluntary force; force -was

usually acting about an axis of rotaticn and expressed as in—

stantaneous torque. There have been éwo majo; reports of in
vivo force-velocitfﬁrelationships which resembled a claésical
hyperbolic curve. 1In 1973 Komi attempted to qparacterize the
force-velocity behavioﬁf of human forearm flexors and exten-
sors and claimed that his data "follows. closely the classical

force-velocity relationship .obtained with isolateg muscle."®

However, the concentric force records presented by Komi in

his figure 4 demonstrate a clear plateau, and even the

suggestion of a decline .at the three slowest velocities of

~ contraction. A hyperbolic force-velocity relation has also.

-

been reported in human knee extensor muscles by Tﬂorstensson,

v

Grimby énd Karlsson (1976).. The study has attracted consid-

erable criticism {(Perrine and Edgerton, 1978; Gregor et al,

1379) however, because the\tqggue-velogity curve-wés const—
ructed from measurements of peak torque recorded at various
joint angles (hence different muscle lengths) which preve;ts
any meaningful comparison with results obtained in isolated
muscles. Neverthéless, angle-specificq measures of peak
torgue recorded by Thorséensson, Grimby and Karlsson (1576)
in their table 1, would in fact.generate a curve similar in
shape to the one presented. At the same time, if the'torque

produced under isometric conditions were ignored the relation

would be linear, in striking agreement with the results pres-
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ented in this thesis. . «

Several other invebfigations of the torque;ﬁelocity
behaviou} of human knee eitensor muscles iin short range,
single fjéint isokinetic movemenfs (Moffroid et al, 1969;
Perrine and Edgerton, 1978; Gregor et al, 1979- wlcklew1cz,;t
-al, 1982) established that when the peak torque was measured
at a specific joint angle the relat1onsh1p was linear over a
considerable portion of the range, but téFgue tended to level
off at low velocities, The reason for tﬁe observed plateau
is not knbwn, but Perrine and Edgerton (1978):have suggested
that it may be attribq}ed to a neural regulatory mechanism
which could restriét-the muscles' maximum voluntary.isometric
tension towas little as 50% of their true peak capacity. It
is uhclear why there should be such a major d1screpancy be-
tween the study of Thorstensson, Grlmby and Karlsson (1976),

and others, with regard to the shape of the torque-velocity

curve at low velocities of movement. Unfortunately, the data

presented here do not help to resolve the issue because

testing did not take place at comparable slow velocities.

The studies mentioned thus far which'employed isoki-

., netic resistance were unable to measure peak torque at fast

speeds of movement. The highest_angulér velocity  reported
(Ingemann—Hansen and Halkjaer-Kristenson, 1979) waé 360°/sec
(60 rpm) which is equivalent to approximately 52% of the max-
imal voluntary velocity for knee ei;ension'in that mode of

’
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testindr(Thorstensson, érimby and Karlsson,‘lQ?G). The only
measurements of peak torq&e‘ registered during isokinetic
movements performed at ﬂigh velocities have beén made during
statidnary cycling (Sargean;, Hoinville and Young, 1981; this
thesis). The maximal speed - that an individual can pedal
either a cycle ergometer (personal observations) or a bicycle
during unléaded roller raciné (Wilkie, 1960) is appfoximately
180 rpm (1Q80°/éeé§. Using an isokinetic ergometer beak tor-
que has been measured in one subject up to 95% (1026°/sec) df
-thié maximum by Sargeant,-HoinQille an@ Young (1281), and up
to 92% (996°/sec) in éhis thesis. In both Astudies the
torque—velocityk relationshjp was linear éﬁd gave no indi-
cation of levelling off at extfemes of range. Despfte this
geﬁeral similarity there were distinct differences in the
esults of the two_in&estigations. Thé maximal peak torque
génerated at a given pedél crank velocity waéhconsiderablj
lgwer in the group of subjects studied by Sargeant, Hoinville
an Young (i981). .Althouéh éhgre was a quite wide inter-
individual variation in the slope of the torque-crank velo-
city rélaéionship in both studies it was more pronounced in
’
the results descrihgd in*this thesis. In the former investi-
gation the,force—ve;ogity relationships "converged so that at
zero force they intércepted the X-axis atr220+8 rev/min;, but
in the current work,-tﬁe extrapolat linear relationships

intércepted the X-axis at various pointé‘from 220_to 409 rpm.

-
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F "
Consequently, Sarbeant,‘ Hoinville and Young (1981) demon-

%
strated that the intersubject differences in peak torque in
their study could be accounted for on the basis of yariation
in thigh miscle (+ bone) volumeé, whereas the data presenéed
_ . ) '
here could not be standardized by such a manoeuvre. This
diScrepaﬁcyusuggests that there were'pgysical dissimilaritiés
'between the twovgroups of subjects which may have cont;ibuted
to the different results. *One'pqssiblé'confounding variable
may have been the underlying_fibre'type'distribution of éﬁé
- muscles under test (discﬁssed quﬂetail in the next section).
Indeed, the forgé—velocity reiation reported by Sargeant,
Hoinville and Young {(1981) 1is véry similar to that manifest
by long distance runners,‘whereas-;he_data inciuded in this
chapter are more repregentgtiVe 6f sprinters (Tihanyi, Apor
a;d‘Fekete, 1982) (Appéndix 1). .
Experimentﬁl data from tﬁese studies cannot be ﬁ%pted

al

-by the equation of a rectangulér hypqrbola (Hiil, 1938),
perhaps due to the fact that it was not possible to qeésure
tofque at lpw velodties of movement, or during an isomééric

N contractron.‘ Moreover, élassjcal forée—veiocity.testing‘was
performed on isolated frog muscle, whereaé the forces exerted
on thé‘ipedal cfanks during cﬁgling result from the co-
opergtive action of severél muscles operating -across at least
two joints. The torque-velocity relationship described in

N&his thesis"must be considered “funcgional“,.and it seems un-
realistic to attempt. a érecise mathematical cémparison with

L

the elegant work performed on isolated muscle.
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=
0‘5.4.4. ‘Summary

——

Datg’ were presented which described the torque-
velécity behaviour of human leg muscles .during maximal
'CYCling exercise. Measurements df maximal peak torque were
made at a séries of pedal .crank ‘velocities representing
.approximately B81% of the functional range. The torgue-
véloéity relationship was-linear, and reproducible in a given
subject, This finding is in agreement witgﬁpther studies of
in vivo torque-velocity behaviour which Teported a linear
characteristic over most of the range of velotities. The .
results— indicated a positive relationship between thigh
muscle volume ({as determined from computérized axial-tomo-
grapﬁy) an? maximal peak torque output, but adjusting the
. data fbr active muscle mass did not reduce ‘the overall vari-
ability, it merely altered the position of individuals %ﬁ‘re—
lation to the mean. The large differences in torque gener-
ation eée not accounted for solély-by the volume of active
muscle. The torque-yelocity relationship obtained during
maximal cycling exe;cise over the range tested in this thesis
does not appear to obey Hill's (1938) characteristic equ&tion
derived from studies on isclated frog muscle, The forces
exérted on the cranks during cycling are produced bﬁ several

- muscles acting across at least two joints, and it seems

inapéropriate to expect the in vivo results to be directly
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comparable with the response of a maximally stimulated iso-

lated musle shortening under an isotonic load.

3.4.5 -‘Power—-vVelocity Relationshipg

The lineéf relationship between peak torque and pedal
crank velocity reported in the previous section resulted in
a pqrabolic power-velocity curve for each individual. How- -
ever, the ﬁaxima occurred at various crank velocities between
120 and 160 rpm. 'In classical studies of isolated muscle,
power is at a maximum when P/Po is' 0.3 (Hill, 1938; 19646).
Unfortunately Po.was not measuréd in the present investi-
gation so it could not be determineéd directly v;hether the
torque generated at the point of méximal peak p;wer was equal
to 0.3 Po. Neﬁertheless, if it is assumed that a similar
-relation gbve;ns the behaviour of ﬁuscles in vivq, then a

Lo 4

theorégical mean value of Po may be Calculéted eqﬁal to 457,
. 440 . and ‘445 N.m, in the subjects who achieved maiimal
peak power output. a£ 120, 140 and 160 rpm, respectively
{(fagge frdm 368 to 549 N.m). These values are markedly
rhigher‘than any published measurements of maximal isometric
tension recqrd;d ~with the Cfbex apparatus (usual_ reported
range 200 to 350 Ne.m).  However, it 1is impossible to
compare the absolute values of torque ' recorded on the CVE
with those obtaiqfd on the Cébex because ' of -the enormous

difference in the ‘length of ‘the respective lever arms and

R
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accompanying variation in mechanical advantagef The maximal
torque generated by one subject on the CVE was 349 N.m
(215.7 kg).occurring at a crank velocity of 20 rpm. Thus one
may speculate that a value of Po of 450 N.m may be quite
realistic if the'torque—velocity-relationship were to become
curvilineaf at the slowest crank vélocitfes. In any event it
must be approximately correct because substituting a value of
P/Po of 0.4 intb the above calculations yields a value of Po
ranging 'from 331 to 343 N.m, less than the measured peak
torque that some subjects could generate at 20 rpm.

In several individuals the value of maximal instant-
aneous peak power generated by each leg separately was
.approximaEely three ﬁorsepower (2238 W\, and -in one subject
as high as 3.49 hp (2604 W). Assuming’that a similar power
could be produced by each leg durihg a single bilateral move-

- .
ment the power output would be 6 - 7 hp (4476~5222 W). These
values. are somewhat greater than during a vertical jhmp (3902
W, Davies ‘and Rennie, 1968). However, they are in good
. agreement with the maximal values calculated during sprinting
at 11.46 vards a second -(Rurusawa, Hill 'and® Parkinson,
1927b), and correspond closely to the theoretical limit for
any practicable movement (Wilkie, 1960). In terms of meas-—
.ured, as opposed to calculated power, the data in this thésis

appear to be higher than previously reported.
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fﬁe power_outputs recorded on the Cybex'apparatus
have been very low (Thorstensson, Grimby and Karlsson, 1976;
Perrine and Edgerton: 1978), due-largely to the limited velo-
.city range of the inSQrument. However, the data do concur
with the findings reported here, which demonstrate a relative
piateau in power at the three fastest crank velocities. This
is "in marked contrast to the work of Sargeant, Hoiﬁville and
Young (1981) which indicated that &ach of their five subjects
achieved maximal powér output at 110'rpm. Such'a discrepanéy
may be due to a more heteroéeneous subject population used in
the present study. At the same time it could result from a
potential weakness in the design of the ergometer employed by
Sargéant, 'i-loinvill:e and Young (1981) (discussed in section
1.7)ﬂ

The considerable inter-subject variability in the
capacity to generate high levels of torque and hence power at
fast crank velocities may be related to additional factors,
including the proportion of ‘Type II fibres in the exercising
muscle. 'Type II fibres are known to have faster contraction
times and rate of tension development than Type I. fibres
(Burke et al, 1973), and are more dependent on glycolysis to
maintain aaequate levels of ATP, rather than the slower
process of oxidative phosphorylation, (Essen et al, 1975).
It was not a major purposelof this study to examine the

relationship between muscle fibre types and the ability to
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generate high levels of power at fast crank velocities. How-—
ever, it was considered worthwhile to take a sample of musgle
from two subjects (BL and MS in figures 16 and 24) who were
representative of the greétest differences in power output at
fast crank wvelocities. Three needle biopsy samples
{Bergstrom, 1962) were taken from two sites in the right
(dominant) vastus lateralis muscle of each subject ‘to deter-
mine fibre type distribution by a modified myofibrillar
ATPase method (Guth and Samaha, 1969); approximately 3000
fibres were counted for each subject. In subject BL, who
achieved a maximal peak power ocutput of 2539 W at a crank
velocity of 162 rpm, 72% of the fibres were Type II (Fig.
25); whereas subject MS, who attained a maximum value of
1708 W at 119 rpm, possessed 53% Type II fibres (Fig. 25).
These limited results concur with, the findings of
Thorstensson, Grimby and Karlsson (19%976), who demonstrated.a
significant positive relationship between maximal peak power
generated at the fastest angular velocity of tﬁe Cybex lever
arm (180°/sec), and the percentage of Type II fibres‘in the
knee extensor muscles. A similar correlation has been
confirmed in athletes (Thorstensson, 1976; Gregor et al,
1979) and non-athletes (Coyle, Costill and Lesmes, 1979).
Moreover, such data are in accordance with the contractile
properties of iscolated animal (Wells, 1965) and human

(Faulkner, Jones, Round and Edwards, 1980) muscle, and the

+
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BL MS

e

Figure 25. Fibre type distribution in two subjects (BL and%\)
MS in figures 16 and 24) who were representative of the
greatest differences in power output at fast velocities.
In subject BL 72% of the fibres were Type II whereas sub-
ject MS possessed 53% Type II fibres.,
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empirical observations on muscle fibre types in athletes and
sedentarj individuals (Gollnick et al, 1972; Appendix 1). A
. greater inter-subject variability in fibre type distribution
may bé one possible reason why the power-velocity data in the
present work could not be standardized by making adjustment
for muscle vyolume, whereas Sargeant, Hoinville and Young
(1981) observed that differences in muscle (+ bone) volume
were sufficient to account for most of the variation in power
output - in their group of subjects, who were homogenecus in

fibre type.

3.4.6- Summary '

The 'maximal peék instantaneous power gengrated by
human leg muscles was calculated from the measu peﬁts of
peak torque made oaver a‘wide’rangé of constant velocities of
the pedal cranks. Maximal peak power was a parabolic func-
tion of crank velocity, with ‘the maxima occurring from
approximately 120 to 160 rpm. Maximal isometric tension was
not measured, but calculated based on relationships demon-
strated in isolated muscles. This calculation afforded
reasonable agreement with classical studies by indicating the
probability that maximal power output during cycling was gen-
erated when P/Po was approximately equivalent to 0.3 - 0.4.
However, it must be noted that this calculation Qas based on

the assumption that the high torque, low velocity portion of"

[}
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the torque-velocity relationship .would be curvilinear, and
not exhibit a plateau in torque as; reported by some investi.-
gators.

The maximal levels of peak power observed in this
study appear to be higher than previously reported. The
variation in crank velocity for the generation of maximal
power 1is in direct contrast with pfevious measurements made
during cycling (Sargeant, Hoinville and Young, 1981). A
greater inéer-subject variatién in fibre type in the present
investigation may be one possible factor which contributed to

the discrepancy.

I



4.0 POWER OUTPUT AND FATIGUE OF HUMAN MUSCLE IN MAXIMAL
CYCLING EXERCISE ’

4.1l. Introduction

In the histdrical review which begins this thesis the
point is made that there is a vast amount of research liter;
ature concerned with physical exercise of submaximal iﬁfen—
sity, yet the information on maximal work of short duration
is very.scarce. Studies which reported measures of maximal
pbwer output have usually involved activities in which the
subject first overcame a considerable inertia and then
performed at maximal speed until.cdmpletion of a fixed amount
of work, or duration of effort. As discussed by Wilkie
(1960), in this situation the load is not suitably matched to
the muscles "so' as to'exPloit tojthe full their intrinsic
force-veiocity relationship."” Morecver, the‘maximum power
output capacity of muscles at different speeds of limb move-
ment cannot be measured. ?he{work described in this section
was intended to overcéme these difficulties; one of the
objéctives was to measure the external work and power gener-
ated by the legs throughout 30 seconds of maximalscycling on

the CVE at various constant velocities of the pedal cranks.
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In isolated muscles stimulated to shoﬁten against a
constant load-the optimum mechanical efficiency: occurs whén
the‘_forﬁe is equal té fifty percent of the maximal
isomegric tensién (P/Po = 0.5) (Hill, 1964c). -Thus the force
is somewhat greater, and,k the Velocity of shortening somewhat
less, than during the production of peak_poﬁer (P/Po = 6.3).
This relationship led to the hypothésis outlined:in chapter
one (sectidn -1.10), that during repeated maximal voluntary
isogiﬁetic contractions of human muscles the reduction in
fpree would be relatively greater du{ing rapid movements than
during slower ones.. hThis hypothesis was tested in the
present study by examining the effects of pedal crank
v;locity on the power output- and fatigue of leg muscles
during maximal c¢ycling exercise of 30 seconds duration.
Finally, the concentration of 1aptate in venous plasma has
been demonstrated by Karlsson (1972) to yield an approximate
index of the exercising muscles' production of lactate from
glycolysis. Thus it seemed appropriate to investigate
wheLher‘ maximal intensity pedalling performed at different

rates was accompanied by a common level of lactate

production.
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4.2 Methods

4.2.1 Subjects

The 12 individuals”who acted as subjects in thé study
of torque—velosity relationships, plus one other, (Appendix’

7) participated in the investigation.

4.2.2 Experimental Protocol

The standard procedures described in éhapter two
(section 2.1.6) were employed in the study. Three crank
;elocities_were selected to provide é range from slow (60
rpm), to inﬁermediate (100 rpm) and fast (140 rpm). The
sequence of/&elécities was chosen at random and during each
test the subjecé'was encouraged to_éxert maximal force on th?
pedals of the CVE for 30 seconds. Tests were separated by at
least one day; in addition each subject performedﬂa repeat
test at one crank velocity, selected at random, to study the
day-to-day variability in performance.

\ Factors whiéh might {nfluence performance and had

been measured previously were each individual's maximal

oxygen uptake (section 3.2.3) and thigh muscle volume
(Appendix 7). Three minutes following completion of the test
a venous blood sample was taken from an antecubital vein for

subseguent analysis of plasma lactate concentration by a

fluorimetric enzymatic technique (Hohorst, 1965).
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4.2.3 Calculation of Torque, Work and Power

Peak torgue and power were calculated as previously
outlined (sections 2.1.4 and 3.2.5}. In addition, the area-
under the force reéord_was obtained hsing a Talos digitizer
in series with a microprocessor (Compucolor II RS 232), for
the measurement of work (J)} and average power (W) during each
peaal sfroke. A fatigqe index (FI) similar to that devised
by Thorsteneson and Karlsson (1976} was used to quantify the

extent of decliné in powgr during the 30 s of the test:

_ initial power - final power

fatigue index initial power x 100

where initial power was the mean'qf-ehe 3 pedal strokes which
represented the highest observed power output and final power
was the -mean of the last 3 pedal strokes in the test. In
adaition, the ébeelute rate of decline in power (initial-
final W-s—l) was calculated.
4.2.4 Statistics -

Afrandemized block analysis of varianceb(anova) was
selected to examine the relationghips betﬁeen'crank veloc~
ity, maximal power, fatigue, and total work performed duriﬁg
the fou'r 30 s -tests. Analysis of'covarlance was used to
1nvest1gate the associations between the maxlmal values of

peak power and average power, FI, rate of decline in power,

total work and the following variables - 602 max, thigh
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muscle volume, and venous plasma lactate concentration. The
relatlonshlps within each crank velocity were examined by a
Pearson correlatlon analysis. The‘¥epeat values ,for max imal
torque, power, Eotal work and the FI were ;ompared using
Student's t-test for matched pairs (2-tailed test), and a
coefficient of varia;ion was computed for values .obtained at

each crank velocity.

4.3 Results

~4.3.1 Maximal Torque and Power

A summary of the torque, work'and power‘output‘data
is .disPléyed in Table 1, together with calculations which
describe the extent of fatigue, and values of plasma lac-
tate obtained :three minutes -féllowing exercise; individual
results are listed in Appendix 7.. .Peak tordue (hence peak
power) generated by each leg at 60 rpm was almost identical,
but the f;ght leg achieved.a slightrdominancé at the faster
pedalling speeds (Fig. 26;-Table ).

As in the prebious?gtudy of torque-velocity relation-
ships the maximal peak torqﬁe-was inversely related to pedal
crank éelocity (p<0. 0005), wﬁéregs the maximal peak power

increased with'pedalling rate (p<0.0005). Alsc in agreement

with the earlier investigation the measures éf maximal peak



Table 1,

Power output and fatigue data
results except 5, 10 and 11,
values obtained during three

(mean #SD).
were calculated from the mean
successive pedal cycles.
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All

VARTABLE

REVOLUTIONS PER MINUTE

60

100

" 140

“10.

11.

MAXIMUM PEAK
TORQUE (N.m)

MAXTMUM PEAK
POWER (W)

MAXTMUM
AVERAGE
POWER (W)

MAXTMUM WORK
(J)

TOTAL WORK
(KJ)

FATIGUE INDEX-
PEAK TORQUE &
POWER (Z)

. FATIGUE INDEX- -

AVERAGE TORQUE,
WORK & AVERAGE
POWER (2}

. RATE OF PEAK

POWERIDECLINE

W-s 7)

. RATE OF

AVERAGE POWER
DECLINE (W-s

AVERAGE POWER
SUSTAINED FOR
30 SECONDS (W)

PLASMA LACTATE
{mmol/litre)

L

I

"120.363 &

197.1 £ 21.6

1171.2 £134.3

757.7 + 99.5

"800.7 % 97.9

2,542

23.6 £ 5.7

23.7 £ 4.6

11.6 + 4.1

7.5 1.9

678.8 t 84.7

9.68t 2.83

| 1465.6

T

142.6 £

964.2

588.4

21.828

45.7

47.7 ¢

24,5 %

17.3 -4

727.6 %

10.57+

t164.4

$121.2

14.8

69.8

2.712

8.0

3.7

5.4

3.4

90.4

2.55

109.7°¢ 19.1

1548.7 $277.0

1049.9 2172.5

467.4 £ 75.4

21.068 £+ 3.849

59.3 & 6.2
58.7 &
32.4 &

21.6 %

702.3 +128.3

9.15+ 2.68
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Figure 26. Measurements obtained. in 13 subjects of peak
toréitqproduced by each leg during 30 s of maximal cycling’
at 68, 100 and 140 rpm. Values are the mean of three cons-
ecuti pedal cycles; error bars are omitted for the sake

. of clarity. O————0 right leg; e-——¢ left
leg. » . ‘
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torque and power were positively associated with each indivi-
dual's thigh muscle volume (p=0.013). One question of
interest was whetﬁer the measufés of peak instantaneoﬁs power
recorded in a given individual were closely related tO the

average power obtained by integrating the area under the

force record. The two measures of - power were closely.

related, both increasing linéarly with pedalling ‘rate (Fig.M

27). Thus it appears that either the instantaneous or

integrated power may be used to describe ~accurately inter-
L -

individual differences in performance. Although the maximal
; .

peak and average power output\was achieved at the fastest

pedalling- speed the avergge power that dould be maintained
- r .

throughout the entire 30 s test showed a descending sequence

from 100 rpm to 140 rpm .and 60 rpm (Table 1;‘:%19. 28}.

‘However, the diﬁferences between the three velocities were

not .significant. -

4.3.2 -FPatigue Index

The fatigue index (FI)} for both peaé ;an- average
power was significantly different betwqgn.the three tests (b<
0.0005) (Table 1) and increased linearly with pedal crank.
velocity kFig. 29), The relative deélgné in peak power was
highly correlated with the relative;decline in average power

(r = 0.93; Fig.- 29) and the.: Galues for the FI at each

velocity were almost identical. This confirmed the obser-

)
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Figure 27. - -The relationship obtained in 13 subjects
between the maximal peak power (mean of .both legs) and
maximal average power (sum of ‘both legs) generated during.
cycling at 60, 100 and 140 rpm. The values are the mean of
three consecutive pedal cycles. The high correlation
between the two measures indicates that either maximal peak
Or average power may be used to describe accurately inter-
individual variation in performance.’
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Figure 28. Decline in average power (sum of both legs}
during 30 s of maximal: effort by 13 subjects at crank velo-
cities of 60, 100 and 140 rpm. The values are the mean of
three consecutive pedal cycles normalized for time. Error ,
bars are omitted. for the sake of clarity. :
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Figure 29. The relationship obtained in. 13 subjects be-
tween the fatigue index for peak power~and average power,
during 30 s of maximal effort at 60, 100 and 140 rpm. ,
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“vation in the pre&eding section, that results pertaiﬁing to
either the peak instantaneous or integrated power may be
employed to characterize the performanee of subjects.

. Relationships between variables -were also examined se-
parately within each velocity. At a pedallind rate of 60 rpm

there was a significant negative correlation between the FI

for peak power and 502 max (ml-kg-l-min—l)
(r = -0.63, p<0.0006). Such an association was not evident at
the faster crank velocities (r<0.1).
4.3.3 Rate of Decline in Power

The rate of decline in power (W-sfl) at each

velocity reflected the results for the FI (Table 1); as crank
velocity increased, . the rate of 'decline in both peak (%ig.
30, 31) and average power (Fig. 31) increased similarly
(p<ﬁ.0065). Once again, there was a high correIat@on between
the rate of decline in peak power at the three pedalling
speeds, a?d the rate of decline in avérage power (r = 0.93,
p<.0005) (Fig. 31). There was also a strong correlation
between the maximal peak power output and the rate of decliné
in peak power (r = 0.86, p<0.0005), average power (r = 0.81,
p<0.0005), and the total amount of work performed during each

test (r = 0.66, p<0.0005).
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Figure 30. Decline in peak power (mean of both legs)

during 30 s of maximal c¢ycling by 13 subjects at crank
velocities of 60, 100 and 140 rpm. Values are the mean of
three consecutive pedal cycles normalized for time. Error
bars are omitted for the sake of clarity. -
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Figure 31. The relationship in 13 subjects between the
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age power (sum of both legs), during 30 s of cycling at 60,
100 and 140 rpm. ‘ .



105

4.3.4 Work and Total Work

The mean maximum amount of work that could-be gener-
ated during three complete revolutions of the pedal cranks
was inversely related to velocity, and thus .positively
related to the duration of contraction (Table 1). Conse-—
quently, the maxiéal work generated at 60 rpm was 36 and 71%
greater than at 100 and 140 rpm respectlvely (p<0.0005).
Total work output during the 30 seconds, however, was not
significantly different between the three crank velocities.
Nevertheless, the pattern of work during the test was influ-
enced substantially by pedalling rate. This is demonstrated
clearly in figure 32 which depicts the amount of work
accomplished during each successive five second period of
cycling at the three crank velocities. During the initial
five seconds most work was achieved at 140 rpm and least at
60 rpm. Thereafter the work generated at 140 rpm decreased
sharply, and more work was produced at 100 'fpm in each
additional- five second interval throughout the test. The.‘
work output at 60 rpm decreased comparatively little during
the half-minute of cycling, and the amount produced after
fifteen seconds was greater than at the other two pedalling
frequencies. Even so, the early advantage that was galned by
performlng at 100 and 140 rpm resulted in a total work that
was slightly higher than that accomplished at the “slowest

speed.
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4.3.5' Plasma Lactate

Values of venous plasma lactate taken three minutes
post~exercise (Table 1, 28) were not signifiéantly different

between the three crank velocities.

4.3.6 Repeatability of Measurements

A paired t-test indicated no.significant differences
in any power output variable measured during repeat tests
at any of the three pedalliﬁg frequencies (p>0.5). The meln
coefficient of variation for maximal peak- power, maximal
average power, FI and the total work at i}l crank velocities
was 8.6, 9.6, 14.5 and 9.6% respectively. Average power
generatedl throughout the repeat tests was very similar on
both occasions (Figs. 33 to 35) l
3 i

4.4 ‘Discussion

4.4.1  Introduction

As outlined in the first chapter of this thesis
fsection 1.10) the presenE work was designed to yield more
complete information on the ability of muscles to engage in
short-term maximal exercise. Specifically, tﬁé study exam-
ined the effects of pédalling speed on the power output,
total work and fatigue ddring 30 seconds of maximal cycling

exercise on the CVE.



108

/,‘_,/ 900
BOOT

700

T

soo}

DAY2

AVERAGE POWER (watts)

L y - 3 ¢ ¢ Il >
400 500 600 700 800 900
AVERAGE POWER (watts)

DAY1

Figure 33. Measurements obtained in 3 subjects of average
power generated by both legs during 30 s of maximal effort
at 60 rpm on two occasions, at least 24 hours apart.
Values are'the mean of three consecutive pedal cycles. The
line shown is. the line of identity. -
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Figure 34, Measurements obtained in 4 subjects of average
! .power produced By both legs throughout 30 s of maximal
cycling "at 100 rpm on two occasions, at' least 24 hours
apart. Values are the mean of three consecutive pedal
cycles. The line shown is the line of identity. ‘
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- Figure 35. Measurements obtained in 5 subjects of average
power generated by both legs during 30 s of maximal effort
at 140 rpm on two occasions, at least 24 hours apart.
Values are the mean of three consecutive peddl cycles.
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/4.4.2 Peak Powerj and Average Power |
7 It ,has//;een argued by Moffroid et .al’ (1969) that
.f”// because muscular 'tordue/f;éries through aﬁ “arc of motion,
. Mmaximal inétantaneﬁus;poﬁef-is-a more definitive'measﬁre'éf

musculd;'pefkormance at different velocities of movement than .
average power. - Id'fhe present étudf however, thé values of
-pqak instantanedﬁqskgower were hidﬁly po;relatéd' with the
measures éf average power obtained bj integfating the .area -
ﬁnder the‘force record. Consequently, the extent of decline
'in pegk_ and_ average power was-3similar..ht a given c¢rank
velocity. | These data ' confirm that either the peak
fnstaq}aneoqs torque and power, or the average values may be
employed to-deséfibe intra and ipter-individual QifferenCESu'

in performapce. BS{milar high correlations have also been

o obtained du§fng'maximal knee extensions on the Cybex appar-

ot

L2

4.4.3 Repeatabiiity of Measurements

rs

In all studies” reported in this thesis subjects
o 2 :

performed duplicate . tests -on separaﬁe days, in -order/-tq

- establish that the results .obtained in a given individual

- were reproducible on another occasion. - In, the present work
o : . :
subjects performed a repeat test at one pedalling speed, -

selected at ,random, and there were no ‘significant differences
o . e . . . 7 ’
in any power output variable measured on .the two days. The

s

- ’
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coefficient::\bf variation were very similar to- those pub-—
lished previously for repeated tests of maximal strength, aﬁd
power (Tornvali, 1963; Thorstensson, 1976). " These data
"';confirmed tﬁa% the CVE was‘a sensitive, feliable instrument

for measuring maximal external power-output .during isokinetic

P

cycling exerct

4.4.4 Crank Velocity, Power Output, Work and Fatigue

In agreement'with earlier classical studies of frog

(Hill, 'i ,/’gﬁd human muscle mechaniecs (Hill, 1922) the

present results indicated that the maximum work generated in

,

a single revolution of the ' pedal cfanks was positively
related to the duration .0of movement (hence contraction),
where&s the mean maximal power outpu£ increased with
pedalling. rate over the range tested.

A;though_increaées in crank velocity were associated
& i :
with .a significantly higher initial power they were also

accompanied by a qfeater rate and extent of decline in power.

-~

After approximately 12 and 17.5 seconds thé*sustained power -

output at 60 rpm became greater than at 140 and 100 rpm, res-—

pectively (Fig. 28). Thus at faszgfuﬁrénk velocities more
external work was produced Eariy in the tesfi but in: the
iater stages - external work was éccomp;ished ét%the slow-
est pedalling speed" }Fig. 32}. This changing 'pattern of
power outp%tf“ﬁggylted in minimal differences in the ,toéal

-r‘.
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<

amount of work produced et the three crank velocities during-

the entire 30 seconds. The concomitant.mean average power

output ranged from 678.8 to 727.6 W, in close agreement with

values calculated during”very brief periods of rinning up-

stairs (Unna, 1946; Ma:gafie, Rovelli and Aghemo, 1966), and

measured during 30 secondslef cycling on a cdnstant~work—rate
5.

The significantly g;eater decllne in power at higher
rates of constant velocity movement in the present study
appears to ‘have been reported only once before. 1In their in-
vestfgation of torque-velocity relationships dhring cycling

on a similar isokinetic ergometer, Sargeant, Hoinville and

. , !
Young (1}981) noted that power declined throughout 20 seconds

in a manner which appeared to be velocity dependent. This is
in distinct contrast to the work of Barnes (1981) eho
reported that 1sok1net1c fatigue curves for 10 consecutlve
knee exten81ons on the Cybex apparatus were not slgnlflcantly
dlffereetf regardless of lever arm velocity. However, t;e
fastest angular ve;ocity investigated-by Barnes (198l) was
less than one third that employed in either.the present study
or by Sargeant, Hoinville and~Youdg (1981). Moreover, many

fewer contractions were investigated by Barnes (1981f and the-

. ) : . - N :
rest 1nterval between movements was standardized, so it is.

difficult to compare the studies directly. Nevertheless,

during cycling at €0, 100 and 140 rpm, 30 cycles were com-

r
>
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by .
N i-jf\s.Qmewhal: less (P/Po = 0.5), than during the production of

.
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pleted in 30, 18 and 12.9 seconds respectively, and.the fati-'

gue index at those time points was still significantly
greater at the higher crank velocities. The mean decline in

power after 30 pedal cycles at 60 rpm was 23.6 percent, at

100 rpm 28.2 percent, and at 140 rpm 34.6 percent. 'Thus the

fatigue incurred ‘during maximal c¢ycling increased Qith
pedalling rate, regardless of whether comparisqﬁ‘ was made
over time or a defined number of pedal révolufions. ’

It is not possible to identify .the cause of the

greater fatigue registered during pedalling‘at fast speeds in

the present study. A diminished capacity to generate muscle

force may resultffrom reduced motor unit actjvation, or from
metabolic.fgctors which inhibit the rate of'ATP ﬁtilisation.
In, 1922 Hill -definéd the mechanical efficiency of
mu§cular cantraction as the external work doﬁe/energy used up
and subsgquently demonstrated by thermal measurements (Hiil,
1939; 1964c) that it was optimaif in frog muscle when the

force was -somewhat greater, and the ‘velocity of s%rrtening

v

. . . \
peak power (P/Po = 0.3). Such a ftrelationship led to the

hypothesis outlined in chapter one (séction 1.10), that fati-
gue during maximal cycling performed at fast pedalling speeds
should be greater than at slow speeds. The data support theé

hypothesis; the significant;y' greater rate and extent of

decline in power at higher crank wveélocities is suggestive of

-

s
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a decreased mechanical effigiencyL Currently, the (thermo-
dynamic) efficiency of muscular cogtraction is defined as the
external work divided by the free energy (Wilkie, 1960a;
1974). It is claimed that an approximate determination 6f-

LY
the free energy may be obtained in man during submaximal

1

steady-state exercise by measuring oxygen intake and relating
v
;ﬁég;Tifﬁ}\changes in the muscle (Whipp and Wasserman,
)

it t0‘§'
1963)11 but this was not attempted fﬁ the present sEudy.
Nevertheless, there have been many reports of submaximal
cycling exercise performed on a‘statiéﬁary grgometer?which
noted a decrease in the calculated muscﬁiar efficiency with
increments in speed.above the optimum rate of 50 to 60 ‘rpm
(Duffield and McDonald, 1923; Cathecart, Richardson and
Campbell; 1923; Pugh, .1974, Gaesser and ‘Brooks, 1975;
Seabury, Adams and Ramey, 1977). Few studies however, Héve
eﬁamined fregquencies oftmohemépt ;thvalent to greater than
120 rpm. Exceptions aré thé work-of Hill -(1922) on the eibow
flexors, and Dickinson (1929) on the 1leg muscles during
~cycling. In both studies the méchaniqal efficiency during
ma:_cizpal (Hi11, 1922) and submaximal (Di_c:ki@r, 1929) contr-
actions'equivalent to 60, 100, and'}40 rpm was 18.7 to 21.5,
7.5 to 11.5 and 1 to 3 perceht, respectively.

ol N

A large decrease in mechanical efficiency at higher

, ) % . .
pedalling rates would result in" a greater expenditure of free

energy for a given amount of external work, together with an

-
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increased waste of potential energy ;n ‘the form of heat.
Under .these conditions rélatively more free energy would be
required to maintain performance. 'During maximal éxercise of
short duration, energy is sgpplied almost éxclusively from
the degradation of phosphorylcreatine (PC)l and from gly-
colysis (Newsholme, 1978). ' Experiments on frog muscle have
wlpemonstrated that the breakdown of PC and glycogen ovef a
~cycle of contraction and relaxation is directly proportional
toitheﬁsum of the heat and the work produced (Wilkie, 1968),
and the heat pfoduction during isotonic contractiqﬁ' is
greatest when the work is maximal (Fenn, 1923). In the bfeu
( sent study during the initial stages of cycling at the f&ét
crank velocities the work (and by inferénce the heat pro-
duction).- was Qreatest. Thisl may have resulted in an
increaséé rate of dégradation of PC and glycogen, and greater
changes in metabolic substrates and products which in turn
could héve exerted inhibiting effects‘on the biochemical pro-
cesses associated'with muscle contracfion. An increasea rate
of glycolysis would result in a greater production of hydro-
gen ijons, which have been implicated as a major cduse of
fatigue during'activities.requiriﬁg maximal power (Hermansen,
1981). 'Hy?ro'gen jons have been demonstrated to inhibit the
activities of rate—limiting enzymes in the glycolytic pathway
(Gevers and Dowdle, 1963), to compete with calcium ions for

the binding site on troponin C (Fuchs, Reddy and Briggs,
. . . W

'k A .
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1970} and also may prevent the release of calcium iong from
the sarcopla§hic reticulum (Nakamura and Schwartz, <1972),
thereby interfering with excitation contraction coupling.
Recently, using the technique of nuclear magnetic resonance
Dawson and her colleagues (1978) established that in repeti-
tively tetanized frog muscle a more frequent pattern of
stimulation resulted in a >more rapid utilization ‘of total
phosphorus, and a faster production of lactate. They
suggested that the decline. in. isometric force was the result
of decreasing ATP utilisation, potehtially caused by product
inhibition or decreased calcium release.

. In the present investigation the high‘lacﬁate concen-—
trations in samples-: of venous plasma \taken three minutes
post-exercise were not significantly different at the three
Erank'.%elocities. Althopgh this finding suggests thét a
commoé-rate of glycolysis was present during the three exer:

. cise bouts, lactate concéntration in one sampie of venous
plasma may not accufatgly réflect muscle lactate productiohs
A follow~up'studylin a group of five sbgjects demonstrated
that plasma lactate concentrations 4 tg 10 minutes following
thirty seconds of maximal cycling at 140 rpm were signifi-
cantly highef than at 60 rpm, although similar prior to three
minutes (Appendix 4). Certainly, the significantl} greatgz

"initial power output and subsequent rapid fatigue observed at

higher pedalling speeds could be explained by an early

N
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increased rgte of energy ttrnover which quickly became ~
insufficient to. keep up with demand. However, there are
other equa}ly plausible alternatives to account fo the
results.

The greater rate of fatigue noted at the faster crank
velocities may have resulted from a greater relative contrl-',
bution to force output by fast twitch motor units. It is
generadlly agreed that in most physiological circumstances
motor unit recruitment during muscular contraction occurs in
an orderly sequence according to the Size Princip}e proposed
by Henneman and colleagues) (1965; 1965a), but an alteration
of recruitment pa‘ttern may occur under some circumstances
(Grimby and Hannerz 1977; 1981; Garnet and Stephens, 1978;
1981). In .faét ramp conttactions- however, it has been
reportedA {Desmedt and Godaux, 1977; Budingen and Freund,
1976) that there is a decreése of the threshold force with
ingreasing rate of rise of tension, resulting in a temporai
compreséion of the recruitment range of motor units and an

. . ¢
early activation of all units. Moreover, during very rapid
{ballistic) tontractions,hand isotoni’c movements, motor units
which are retruited at widely different fotce thresholds in

\
slow ramp contractions méy be actlvated in a high frequency

(60 - 120 Hz) transient burst whxch may even precede the o=

duction of muscle force (Desmedt and Godaux 1977; 1977a;
v

1979): .Thus during rapid contractions fast twitch motor
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units are recruited earlier and attain higher firing ffeqdené
cies than'in slow ﬁovements. It is clearly establishgd in
animal preparations that individual fast twitch motor units
.are'capable of éreaqér levels of tétanic tension, but are
more prone to fatigué, than slow‘twitch motor units (Burke et
al, 1973). ASimilar’reSu;ts have been obtained during maximal
voluntary dynamic contractions of ﬁuman muscles with a high
percentage of Type II fibres (Thorstensson and Karléson,
1976; Thorstensson, Grimby and Karlsson, 1976).

' In the present study no attempt was made to measure
motor unit activity, but iniirect evidence was obtained which

suggested tentatively that th contribution of different

fibre typés to whole muscle tension may have vériedrbetween
slow and fgst crank velocities. A significént‘ negative
correlation (r = -0.63, p<0.006) existed between maximal oXy-
gen uptake and the fatigue iﬁdek for peak power output at a
crank velocity of 60 rpm, ?u%pnot at 100 and 140 rpm. This
is in agreement with the results of a preliminary study out-
lined in chapter 2 (section 2.2), which indicated a similar
rélationgpip {r = -0.84) in a group of ;7 yYoung male subjects
who perférméd a maximal efforé test on the CVE for 45 seconds‘
at 60 rpm (Appendix 3). These data suggest that the muscle's
oxidgﬁiye capacity may be important in determining the extent

of fatigue during maximal cycling exercise at slow crank

velocities; this\Th\¢E£2ﬂmay suggest a major contribution by
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Type 1 fibres. Support for this suggeetion is provided by
the results of a_recentlsrudy (Ivy et al, 1982), in which- it
was demonstrated that individuals with' a large proportion of
Type I fibres in the vastus lateralis muscle also possessed
both a higher maximal oxygen uptake, and’ muscle respiratory
capa01ty, than those 1nd1v1duals who contalned less than the
average, number of Type ;vflbres. Moreover, the respiratory
T -, . .
capacity ef the musele appeared to be a major determinant of
the rate and extent of fatigue during 45 s of repeated maxi-
.mal 1sok1net1c knee exten51ons<§J1 the Cybex apparatwb per-
formed at an angular velocity of 180°/s (30 rpm); a high res-
piratory capacity was- associated with a significantly smaller

decline in power.

During fatigue\aijso rpm pgak instantaneous power was

:

. - . ‘ -~
ward horizontal (90°) positio hereas during fatigue at 100

generated consistently When%izigppdal crank was®at the for-
and particularly 140 rpm, peak power was” produced later, when
the cranl--was between approximately 115° and 140°. This
suggests thar fatigue at high crank velocities was aesociated
with a decrease . in muscle contraction speed and ‘rate of
tension, developmént. These results could be_attribuﬁed, at
least in part, to a selective drop-qg;'and fatigue of Type II

muscle fibres. Similar conclusions were reached by Nilsson

et al (1977) during a study of repeated fast maximal volun-

tary ‘isokinetic contractions of the knee.extehsor’muscles.

-
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a progressive reduction in moﬁoé unit activation "has been
observed during a maximal vqluntary.contraction of the adduc-
tor pollicis muscle, sustained for 60 seconds; how%yer it was
not’ determined whether the reduced firing frequency was
restricted to the fast twitch motor units (Bigland-Ritchie,
Jones -and Woods, 1979). Hod;ver, studies.of the discharée
propérties of single fast tﬁigch motor units in the short
extehsor of the.big toe and the-gntérior tibial.muscle on

maximal voluntarﬁ effort (Grimby et al, 1981) revealed that

their rates rapidly declined, and after a few seconds they
o

Ty
»

failed to respdﬁa tonically. At the same tiﬁe, slow_éwitch
ﬁnits deéreased slowly in firing rate and conéinued to fire
rhythmically. for several minutes. Nevertheless, Bigland-
Ritchie et al (1982; 1982a) recently proyided evidence that a
reductidén of motorneuron firing rates durf@g a sustained
maximal voluntary conhtraction of the adductor po}licis muscle
did not cause the observed force‘loss. nfhe fo;ce_of volun-
tar§ contraction Ebuld not be . increased by supramaximal‘
st}mulation of the ulnar nerve; a finding that was accounted
for by a threefold slowing-of relaxation rate, which facil-
itated a high degree of tetanic fusion despite the reduction
in motorneuron discharge rate. Finally, it has recently'been
suggested” by Di Prampero et al (1981) that a rqugﬁion in

contractile speed rather than depletion of high ene;gy phos-
; +

phates may be a major cause of fatigpe‘ during activities
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requiring maximal power output.

(<4

. This study has demonstrated that cycling activity of

less than 10 s duration should™ be performed at pedailing‘
. Speeds approachlng 140 rpm in order to achieve the greatest
rate of’ doing work. For efforts-of,longer duration (<30 s)
the optlmal speed is approximately 100 rpm, whereas fo the
successful maintenance of power over longer. perlods ogy;{he
the most economical rate is 60 rpm, or perhaps even less
(Hill, 1922; Dickinson, 1929). “These results are - in acéord-_
ance wikh the oﬁservation that many rac;ng cyclists choose-to
pedal at crank velocit%gs above 110 rpm in their eﬁdéavour'to
attain maximal power output (Wilkie, 1960). Howeﬁer, even
champion facing cyclists who trained for years at high

pedailing rates were reported to be most efficient when.

.cycling at 60 rpm (Jordan and Merrill, 1979).

4.4.5 Summary-

The total work generated by human leg muscles was

* -

measured during 30 seconds of maxima; cycling exercise per-
formed at‘constant pedalling speeds of 60, 100 and 140 - rpm
respectively. Incréases in crank velécity w@re associated
with both a significantly higher intial power output, and a
greater rate and éktent of decliﬁg_in power., The chahg{ng

J ' .
pattern of power output resulted in a greater production of

external work early in the test at the faster pedalling
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speeds, but less in the later stéges. However, the total

work generated in 30 s was not significant;y different at the

various crank velocities. Thg;mgan average powér for the

‘?ntire test was slightly 1less than one-horsepower,‘in good
A .

agreement with other studies of maximal work performance,

The significantly greater decline in power at higher

rafes of isokinetic movement could be attributed to many

factors, including a decreased mechanical efficiency; an
increased energy metabolism and concomitant accumulation of
metéboliC'products; a selective drop-out and fatigue of fast

twitch muscle fibres; a decrease in contractile velocity.

o



5. GENERAL SUMMARY

5.1 Introduction - \

This chapter will provide a brief review of the
thesis, outline some of the questions raised in the course of

the studies and make recommendations concerning possible

future research.

5.2 Observations and Conclusions of the Thesis

N

This thesis has appligd~élassical concepts of muscle
testing to the stddy of maximal‘ power output of human
muscles. -An.isokinetic ergometer (CVE) was deveioped, and
allowed the measurement'of in wvivo torqﬁe-velocity relaﬁiqn-
ships during maximal cycling exercise. In .édditiph, Ehe
effects ofﬁpedal crank velocity on the eyéernar*work,_poweé
output andygatigue'of human leg. muscles dbring 30 seconds of
maximal cycliﬁa\gere assessed. |
As discugsed by Wilkie (1960) $0$t tecﬁniques épplied
t; .measure Lhe maximal ‘short~ferm -péwer output of human
nuscles involve phases of acqéleratiqn; in which the load is

not appropriately matched to the muscles so as to.take full

advantage " of their characteristic force-velocity relation-

ship. In order to overcome such a limitation it was a major

purpose of this.thesis to*develop. a mechanical system based

on cycling,'capable of quantifying ﬁhe maximal work output

A .
. 124
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of the legs over-as wigﬂe'a .Mj“& of pedalling speeds as
possible. This ob_]ectlve was realised by coupling an electr-
ical speed controller to a three horsepower bC n‘tot:or.r an
arrangement which re!;trlcted the pedal crank veloc1ty t:o/"
predetermined upper level despite maximal muscular effort by
the subj‘ect. Forces .applied to. the fpedal cranks were
detected by matched pairs of resistance strain gauges located
midway along the trailing and leading edges of each crank.
The signals from the gauges were transmitted via a brass slip
ring, Wheatstone bridge.‘system‘ to strain -gauge amplifiers.,
and'subsequent]:r- formed a wvisual outpu't -trace on a chart -
recorder. A static calibration of the system was achieved by
suspending various weights from each pedai in turr,*~and the
responses were linear and reproducible rfrom‘ day-to-day.
Throu'g'hout- this thesis the constan_t _velocity ergo-
rr:efc‘er was used to assess both intra and iﬁter—indi\{idual var-
iation in performance ‘at a vl'a;)iety of _'pedalling speeds -and \
during tests of diffe,ren_t duration. 'In every study the meas-
urements of work, power and fatigue were reproducible in a
given individual, although there were 1:he anticipated wide
inter-subject differences.r. - Analysis revealed that the
measures of peak instantaneous power were highly clorrelated
writh the average values derived oy integrating the area under
the force record.; thus results descri'j?ing either aspec‘t of

. Y
power may be employed to characterise performance. It 1is
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concluded that the constené velociky ergomeeer is a sen-
sitive, \Felia:}é”}qstrument for measuring _maiimal work
performance, add has certain advantages over other available
systems. First, the pedalling speed . may be maintained cons-

tant (Qver a greater range) up to approximately 93% of the
) k) [ . - ' - . '
voluntaxy limit, thereby allowing the measurement of maximal

power out ut over a very wide range. Second, cyéling move-

ents are easily co-ordinated in most normal subjects, and

aft low sufflClent tlme for .the generation of true maximal

power output before either the depletlon of metabolic sub-
JA

strate or the accumulation of metabollc Jproducts limits
ﬂerfggﬁgnce.i_ Finally, the method of fdrce recording is

P Y . . .
. ﬁ\\: sensitive and allows the  precise measurement . of maximum

<. 1
. . . '

orgue, work and powe& for each pedal cycle; when the values

for successive peda]& cycles are plotted as a funcﬁion‘ of

]
time, fatigue maylﬁiéb bé quantified.

Ve .
In the first mfjor study presented in this thesis™ the

maximal peak torque geénerated by human * leg muscles was

-

measured at a series of pedal crank veloéities;representing
approximately 81 percent of the . functional range. . The

resulting torque-velocity relationship was linear in all

subjects; a finding which is at variance ' with results'

| - b | :
obtained in isokated, electrically stimulated muscle, but

]

————

compatlble with many other studies of in V1vo torque—veloc1ty

behaviour dfwhich . demonstrated a predominantly linear
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characteristic over. all but the slowest veiocities. There -
was a positive relatlonshlp between the volume of supposedly
activye muscle and maximal peak torque output, but it was not
-sufflcient to account for the large inter-individual vari-
ation iﬁ performance. '

Maximal instantaneocus power cutput was a parabolic
function of crank velocity, with the maxima occurring from
approximately 130 to 160 rpm. The data indicated that maxij
mal power was generated when P/Po was in the range of 0.3 to
0.4, in égreement with classical studies of isolated muscles.
Absolute ie#els of maximal instantaneous power apear to be
-higher than previously feported;-and correspond élosely to
the theoretical limit for any practicable movement (Wilkie,
1960). The diversity in crank velocity for the generation of
maximal power could not be attributed to differences in thigh
muscle volume; resultS'froﬁ two subjects representative of
the extremes of power output at fast crank velocities indi-
cated that- variation in muscle fibre tyé; may be one possible
factor Wthh contrlbuted to the 1ncon51stency.

The f1nal study was designed to yield more complete
1nformat10n on the ability of muscles to engage in short“term
maximal exercise. Torque, work and power were  measured
throughout 30 s of maximal isokinetic cycling exercise at

crank velocities of 60, 100 and 140 rpm respectlvely._ One

purpose of the study was to test the hypothesis that the
[}
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N
reduction in}forcg during repeated maximal contractions wpuid
be greater as.a function of speed of movement. Théihypo;
thesis was accepted; increases in crank veld&iky.wére*assoc;
iated with both a higher initial power output and a signif-
] icantiy greater rate and extent of decline in power. éonseq-
uently, more external work was échiéyed early iﬁ ‘the test %F
the faster pedalling épeeds, but . less in the latér stages;
tﬁtal work during the 30 s however, was similgn, irrespective
of pedalling speed. 'The underlying cadsé(s)‘of the s@gnif-
icantly greater decline -in- power which accompanied £faster
speeds of movement could not be identified, and maj be

related to hany'factors associated with either energy meta-

bolism or reduced motor unit activation.

5.3 Questions for Further Research

' The advantages of thg CVE as:a system'for measuring
maximal powef output of ﬁuman muscles were detailed in the
previous section. .Oﬁé ajof advantage over other currently
agailable isokinetic systems is that performance can be
quantifiéd over approximately 85 percent of the functional
range. Unfortunatély, measurements cannot be made at either
very slow speeds or the highest speeds. However, it should
be possible to overcome this limitation, and thus enable
testépg to take place éver‘thé éntire physiological range.

The sprocket assembly attached to the motor reducer drive
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shaft could be modified to include ;n additional sprocket
with a complemeht of 40 teeth. The concomitant gearing ratio
would facilitate cycling up to at least 180 rpm,  corres-
iponding to the highest wvoluntary speed that has been observed
during runloaded conditions (Wilkie, 1960). Testing at slow
speeds is prevented by the inability of the pedal cranks to
withstand the .accompanying large forces. It :shodld be
possible to manufacture a set of cranks (from a metal with
appropriate stress-strain characteristiecs} able to abSorb
higher forces, aﬁd.yet pliable enough to ma%ntaln a sensitive
output from the étrain gauges. | If both these modificatiaons
were implemented ‘a t;rque—velocity characteristic could be
dg;ﬁﬁed which theoretically would be more comparable with the

!

result?//bbtained in isolated muscles. Certainly it would
yield the most complete data available on the nature of
muscles' torque-velocity relationship in vivo.

Studies of maximal knee extensions on -the Cybex
apparatus -have indicated that a greater proportion oijypeaII
fibres in the exercising muscles is associated with én
increased <capacity to generate po#er ‘at fast | speeds
(Thorséensson, Grimby and Karlsson, 1976) but a reduced
1ﬁatigue resistance (Thorstenssoﬁ and Karlssoh, 1976). Thed?
‘daﬁa are 1in accordance with the properties' of 1isolated

muscles (Faulkner, Jones, .Round and Edwards, 1980; Moulds,

Young, Jones and Edwards, 1977) and receive partial support
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from this thesié. The individual who generated cthe maximal
peak instantaneous power at fast speeds in the study of
torgue-velocity relations po;séssed a predominance of Type II
fibres in Iﬁhe exercising muscle, whereas 1in a- shbjeqt
represgntativgrof the other extreme in power ouéﬁut only 53
percenﬁ‘of th?tfibres were-Type IT. If there ié a distinct
'Tupctibnal role for the'two-fibre types in terms of power
(output capacity and fatigue resistance,. then it should be
easier to detect with the present system than the Cybex. The
fastest (reliable) ngular velocity V;ﬁat‘ can be obtained
using the Cybex agzi;atus is eﬁuivalent to only 30 rpm,
hardly sufficienﬁ to identify functional differences related
to high spéeds of movement. Studies to answer this que%gion
would require subjects with known, and markedlf different
populations of fibré:%§pes.‘

The cause(s) of the greater rate and exent of decline
in power observed during 30 s of cycling at the faster crank
velocities: could be iﬁvestigated‘ using the needle biopsy
technique (Bergstrom, 1962). A large number of subjects
would be neéded for the st;éy, willing to donate sampl;s of
muscle Fissue after various brief periods of exercise at
different pedalling speeds. Detailed biochemical analysis
would revea% whether theré was an inﬁreased rate of energy’

turnover at the fast speeds, potentially responsible for the

significantly greéfer fatigug.-
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The,sensitiéity of the CVE and the'repeatability of
the test in a given individual establish it as an excellent
instrument for examining muscular performance during maximal
exercise. ' There are geveral studies concerned. with _the
underlying causes of fatigue’in ;hich repeated Eests in a
given individual are essential. For example, the hydrogen
ion has been implicated as a major potential cause of fatigue
during‘ brief periods of activity requiring maximal power
{Hermansen, 1981); it would be possible with the CVE te test
the hypothesis that an induced metabolic acidosis would
impair performance during short-term exercise, as has already
been demonstrated in.long—term, heévy work (Jones, Sutton,
-Taylor and Toews, 1979).

In the previous chapter it was suggested that the
contribution of.differeﬁt fibre types to whole muscfé tension
may have varied during cyéling at fast and slow pedalling
rates. The significant .inverse correlation between each
individual’'s Voz max. and fa%igue'indéx at 60 rpm suggested
a greater contribution By Type I fibres.. On the other hand,
“the grea&er initial éower output and fatigue incurred during
cycling at the higher speeds suggested an inc;easedxﬂbn;ri—
bution to performance by'Typé IT fibres._ Certain abproaches
.might help to clarify the situatibn.J First, if Type I fibres
.are more heavily involved at 60 rpm then the'bréabhing of a

‘hyperoxic mixture . might be expected to improve perform
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ance, but-not at 140 rpm. Second, an exercise and diet regi-

men which depleted muscle glycogen may seriously inhibit”

performance at 140 but not 60 rpm. Finally, during several
repeated '30 s maximal ‘bouts ‘6f pedalling, the glycogen
depletion should be much gfeater. in the Type II fibres
foliowing exercise at 140 rpm than 60 rpm, although the total

work should be similar. However, it is'acknowiedged that

" caution is advised in the interpretation of experiments

utilising glycogen depletion as an indicator of muscle fibre
\;
type recrujitment (Burke, 1981).

’ " Bdwards (1977; 1980) has discussed the usefulness of
£ . L

measures of voluntary muscle strength (pagticularly the: quad—

riceps) 1n the clinical assessment of patlents with varlous

-

neuromuscular dlsorders. However, reliable measures of maxi-
. , ;

mal isometric tension may be diffjcult to achieve in many
patients, due to the discomfort involved. The CVE offers an

additional method for quantlfylng the Short-term mugcular

performance. of those patients who are able to co—ordlnate

bicycling movements. The datg obtained might be more indie- -

.ati;e of their ability to cope wiﬂﬁ,the demands imposed by
daily liyﬁng. inu?hich dynamic contractions predominate.,

._Pr¢gressive e;érdise tests have been uséd extensively

"™ to _investigate patients with cardiorespiratory didorders

'
_ .
(Jones and Campbell, 1981), and it is not uncommon to wWitness

situations in which the limiting factor is unclear. The CVE.

132
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offers an ideal opportunity to measure the maximum work that

can.be performed by the leg muscles during a brief period, in
>
. which deficits in central circulatory functidn should not

_impair performance.l Such a test could prove a powerful

adjunct to conventional ‘exercise procedures in the diagnosis

and mgnagement'bf patieﬁts with cardiores’pi—r;_;k disease. -
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Appe 1 | K

- TORQUE LOCITY ANb POWER-VELOCITY RELATIONSHIPS IN

SPRINTERS AND LONG DISTANCE RUNNERS

_Iri the study of torgue-velocity and power-velocity
relationships reﬁorted in chapter 3 it was suggested that a
high proportion of Type II fibres in the exercising muscles

may be oﬁe factor contributing to a greater power output at

fast pedalling speeds.- There are several reports that sprin-

ters possess a greater proportion of Tybe II fibres than long
distance }upngrs ?ThorstenSSOn, 1976; Gregor et al, 1979).
Because of th%se résults, ﬁeasurements were obtained in 3
elite male sprinters and 3 elite_longtdistance runners of
peak torque generated at six pedal crank velocities. Thé
results indicated that the sprinters were'cdnSiderably more
powerful than the distance runners, particularly at pedalling
rates above 100 rpm (Fig. 36— It seems, possible- that these
differences may be attributed, at.least in part, to a greater
%Foportioh. of Type ;I fibres in the leg muscles Jf the

sprinters. )
f
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Appendix 2 .

CALCULATION OF THIGH MUSCLE VOLUME

In the study of torque-velocity relationships the volume

of muscle and bone between 'the gluteal fold and knee_jégnt

. space (both 1legs) was determined for each subject by 'two

indepehdent methods (Table 4).

The first mgthod was an anthropometric technique for
a T

partitioning the volume of the thigh into three segments

which are similar to truncated cones (Jones d. Pearson,

1969). With the subject sﬁanding uppight andzaﬁﬁe feet
slightly apart the height above the floor and the circum-
fe;ence were measured at four sites. Skin-fold thicknesses
were measured with a Harpenden fat caliper from the anterior
and posterior thigq in the mid line at the one third §ubi+

schial height levei. The double layer of skin-fold tiséue

recorded by the calipers was converted to a single measure- ~

ment using a regression equation calcplated from a comparison
betweén X-ray fat and caliper fat (Joneg and Pearson, 1989)
(Table .2). An estimate of the muscle plus bone volume was
derived by subtracting the corrected fat caliper recording
froﬁ the cone diameters and calculating the inner truncq&gd
cone volume from the formula 1/3 h{a + v(ab) + b), where h
is‘height,'a'and b are the™ areas. of two parallei sq;faces

calculated from circumference measurements.

\J

}
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In the _second procedure the volume of the thigh between

the same anatomical sites was determiped for each subject

(Hounsfield, 1973) (Fig. 37; 38). The distance between the

-ErOm soft tissue X-rays obtained by computed tomography (CAT)

knee joint space and gluteal fold was measured, and nine

evenly spaced tomographic pictures were taken (Ohio Nuclear

2020 scanneér). The cross-sectional area of the total thigj:’?

muscle and bone respectively, was measured iﬁ each pictu

using, a graphics anélyser (Numonics, model 1239). A.program
for stepped séctioé volume was uséd to calculaperthe total
volume of each compohent. Using this ﬁechnique it was read-
ily épparént that extramusc;lar fat thickness was not cons-

tant aloné the length of the Ehigh, and there_wé% supsténtial

inter-subject variation in the extent of intramuscular fat °

(Fig. 37; 38). . 1t was concluded that the measures of thigh
muscle volume‘obtained by CAT were more éiscfiminating than

those dérivedrby anthropometry. ConseQuédEly, the values of

N

torque and power Qhen“adjusted for thigh muscle volume deter--

mined by CAT were considered tocbe more a propriate than when

etric measurements.

™~
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terized tomographlc pictures of both
‘bJect.‘ Both 1ntramuégﬂ&8r and, extra-’
muscular fat learly visible as darker areas. The
pictures shcr:h( ”“‘ read vertically downwards starting. at
the left, e.g.Rgle top left. picture was taken at the level’
of the.gluteal fold, whereas the picture at the bottom of
the right column coincides with the knee joint space.,

Figure 37. :
thighs in a .48

p w\ e



140

Figure 38. ©Nine computerized tom_ographic picture‘s: of both
thighs in a subject with much more fat content.
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- Appendix 575
RELATIONSHIP BETWEEN AEROBIC CAPACITY AND DECLINE IN PEAK
TORQUE DURING 45 S OF CYCLING AT 60 RPM

It was reported in section 4.3.2 that there was a

significant inverse relationship ih 13 subjects between the

fatigue index for peak torque during 30 s of maximal cycling

at 60 rpm, and maximal oxygen uptake expresséd per kg body

weight (r = -0.63). A similar correlation was evident in the

preliminary studies (section 2.2) of peak torque generated
during 45 s of cycling at 60 rpm (r = -0.84) (Fig. 39). In
that study the variability?bétween subjects was illustrated
by a.comparison between a young trained power lifter and a
marathon runner (Fig. 40). The power lifter generated a
-greatgr.maximal peak torgue, but by 45 s torgue had declined
by 48.6 per .cent. -In Eontraét the marathoner produced a
lower maximal peak torque but fatigued more.slbwly, declining
by only'§934 per.cent. ' ' ¢ .

L
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Figure 39. Relationship obtained im 17 subjects between
decline in peak torque during 45 s of maximal cycling at 60
rpm and maximal oxygén uptake . expressed per kg body weight
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Appendix 4 , ‘ . , 2

-

PLASMA LACTATE CONCENTRATION AFTER 30 S OF CYCLING AT 60 AND
140 RPM R E

-

In section 4.3.5 it was ™ reported thatj the Qlasma
lactate concentrations measured three minutes after 30 s of
maximal cycling at 60, 100 and 140 rpm were almost identical
in the three canditions (Teple 1). This suggested a similar

‘
rate of glycolysis and/or efflux of lactate from muscle, des-
éite the significantly greater initial pdwer output, rate and
extent df fatigue‘obéérved at the faster pedalling speeds.
In a subsequent studi'of'five subjects who performed 30 s of
maximal cycliﬁg ;t 60 and 140 rpm, blood samples were drawn
at rest, immediately pﬁst-exercise and‘at two minute inter-

vals for ten minu&es. The results indicated similar plasma
e i :

~

llactataﬁéoncentrations in the early stages of recovery, but
between 4 to 10 minutes the lactate concentrations were
significantly higher following performance at 140 rpm (Fig.
a1). . |

The differences in plasma  lactate concentrations.
immediately following exe;cise are probably indicative of the
rates of lactate efflux from muscle} whgreas the steady-state

. levels probébly reflect more the lactate production that\

occurred during exercise. If one mak&s«the assumption that

lactate was uniformly distributed in total body water and no
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lactate removal f;Om this pool bccurred in ghe first eight
minutes after exercise the caléulated lactate production
during pedalling at 140 rpm (621 m ﬁoles) was approximéteiy
44.8% higher than at 60.rpm (429 m moles). This variation
may be aftributed to differences in léctate production by
muscle dur{ng thé exértiéa,:gnd ié éonsistent with'the hypo-
thesis {section 4.4;4)‘that_pedalling'at faster speeds was

agssociated with an increased energy metabolism.
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Figure 41. Lactate concentration (mean %1 S.E.M.) in
samples of arterialized venous plasma at rest and following
30 s of maximal cycling at 60 and 140 rpm, surements
were made in 5 healthy young male subjects. he values

obtained between 4 and 10 mins were 51gn1f1cantly higher
{p<0.05}) following exercise at 140 rpm.
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Appendix 5

CONSENT FORM

[N

The purpose of this study is to investigate the
effects of crank velocity on the ability ‘té generate .external
mechanical power during brief bouts of maximal intensity
cycling exercise. The study involves three parts:

l. Approximately 10 secs of cycling at speeds of 20, 40, 60,
80, 100, 120, 140 and 160 rpm, respectively; the entire
procedure to be repeated on another day.

2. Maximal intensity cycling for 30 secs at 60 rpm, 100 rpm,
and 140 rpm. Tests will be separated by at least one
day. One test, selected at random, will be repeat%g on
another day. : ;

3. 'Before and after the 30 sec tésts small quantities of
blood will be sampled from a superficial vein in the dor-~
sal surface of the forearm; an indwelling .catheter will-
be used for this purpose and will be placed by a prac-
tising physician. _

» ]
. N .
his study is for research purposes only and will be
of no d?}éct benefit to me. All information about me will be
considered confidential, but the results of the study may be
publlshed in a sc1ent1f1c Journal.

I understand that I may withdraw from this prégéct at
any time, even after signing this consggt form, without pre-
judice.

'

DATE _K\ : NAME . SIGNATURE

N DATE NAME OF WITNESS SIGNATURE OF WITNESS
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Appendix 6 ' , ‘ ¢
ON-LINE COMPUTER ANALYSIS OF STRAIN-GAUGE SIGNALS

In the studies included in the main body of this

‘thesis which report measurements of work, _and average power,

the method of calculation was based on manual planimetry of
the force record from chart paper. The raw data and appfépr-
iate calibrattén factors were thé; entered into a computer,
which perfofmed the calculqtions for each - pedal cycle.
Durihq thg csufge of development the method .of force
rggording uprogréssed until eventually, the wvoltage output
from the strain gEhgé amglﬁfiers was sampled directlyfby the

computer at either ten 5% twenty millisecond intervals. The
follow1ng 13 pages prov1de an ;;aé;ie of a computer printout
describing the results of & 30 s test at 60~B#m. The t;me
elapSed'dur;ng each revolution, and the calculatgdﬂangular

velocity of the pedal cranks is .displayed on the.- first page.

» - - - ?- 2
Despite qge maximal efforts of the subject the time occupied

'in a single revolution never varied by more than 20 milli-

seconds (49 to 50 x 20 msec intervals).

-2
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3220. 631 1014, 0430 ~0.041&
317. 2100 2269, 9991 0. 0767
hean o o 24 o2 22 22 2 22 ‘----::::-“-::-(:':---‘--‘----l----‘-‘“-===:=-“*-~:=-:::-=

STROKE START OF STROKE END OF STROKE DELTA RPM

1 P 93 49 &1.2

2 93 142 49 81,2

3 142 191 49 81,2

4 191 240 49 &1. 2

3 290 287 49 41. 2

& 289 238 49 &1, 2

- 7 * 338 387 49 &1. 2

g a3g7 436 a9 &81.2

9 436 483 a9 &l. 2

10 483 . 934 49 al1.2

11 334 J84 30 &0, O

12 584 £33 49 61,2

13 433 - &82 49 61,2

14 4682 73 . 49 &1.2

19 731 780 . 49 &1.2

. 14 780 830 20 40. 0

17 830 a79 49 &a1.2

18 a79 928 49 61,2

19 Fz8 T7 49 &1, 2

20 977 1024 49 61.2

=1 1024 1073 49 &1. 2

22 1073 1129 50 50. 0

23 1129 1174 49 61.2
24~ 1174 1223 49 61.2 o

23/ 1223 1272 49 &81.2

24 1272 1322 30 40. 0

=7 1322 1371 49 &1. 2

28 1371 1420 a9 at. 2

29 1420 1470 30 &0. 0

2

0 1470 1319 49 s1.

AVERAGE DELTA = 49 AVERAGE RPM = &1.0

-um«nm&mﬂ.wtw*w%»mm#%c“i%*ﬂmmq

.4



DY1: PP&O. DAT

STROKE MAXIMUM
» TORQUE

1 184. 0
2 188, 7

3 190. 4

4 199, 4

] 187. 95

s 187. &

7 185. 1

. 9 190, 0
<5, 9 192.0
10 192. 4

11 187. 3

12 194, &

13 196. 2

14 186, 2

19 188. &

14 182. 9

17 184. 4

18 174, 9

19 188, 1

- 20 176. &

21 18%. 9

22 17%.0

% 23 178. 9
24 180, 2

25 174..1

pUUADUWOCVUEDPNNRNONNBNINNUOENNOQ

LEFT PFEDAL,

IMPULSE

NN~ M ORCOCURPOONDTOIRN~ IO~ ANIRLND

(

PEAR
POWER

1192. 4
1194, 7
1272. 2
1271. 8
1202.2
1202. 6
1184, 4
1218.0
1231, t

1222. 8

1178, 2
1182 3
1297.9
1193. &
1209. 0
1149. 2
1182. 9
1121.3
1209. 8
1131. 9
1192. 0
1099. &
1144 &
1133. 6
1114. 9
1070. &
1108, &
1084. 9
1099. 4
1047. 8

—

AVERAGE WORK
POWER
389.8  382.0
403. 9 39s. 9
414, & 406. 3
411.7 403. 3
404. 7 398
402, 3 294
386. & aza
a99. 7 390
404. 9 396
412. 9 404
384, 2 394
383.4 373
409.2 . 397
ag9. o 281
ase. 7 as:
384. 7 384.
392. 3 204,
384. 3 37e.
295, 1 ag7.
ams1. 3 ara.
409. 7 301,
ago. 5 ago.
a7ze.1 . 370.
403. 8 397.
a83. 8 a7s.
334.3 354.
373. 3 Jo6.
260. 8 392.
3%2. 7 asa.
361.3 asa.

--qo-ouaﬂuuu-oun-o-q-nu»ﬂpo-mqmuu

7019. 7.
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o
|

LEFT PEDAL

L2 2 2 - -
SUMMARY FOR THE ABOVE DATA
S0k E 2 o .
MAXIMYM VALUES DURING RUN ' Y‘

MAX, PEAK TORGUE
HAX. . AVG. "1/URGUE

POMWER

MAX. Y AVG. POMWER

MAX. WORW

PEAK TORQUE FI(X)=

L\“F

ER L s o ol o sl ol o nl o na s on o s o e

-r\_ﬁ_d\l}EHTON-—HETEBS ON PEDAL STROKE #

= (272.2 WATTS ON PEDAL STROKE #~

‘- 4

3
&

&4. 7 NEWTON-METERS ON PEDAL STROKE # 3

a

a3

14. & WATTS ON PEDAL STROKE #

&l

= 406.3 JOULES _ ON PEDAL STROKE & 3

ATIQUE INDEXES ¢ FI )

R AT B SR \-—-\‘g

17. &

&

DECAY FACTOR= 1. 27 (NEWTON-METERS/SECOND)

PEAK POWER FI(%)w 17,& DECAY FACTOR= 8. 13 (WATTS/SECOND)
AVG. POWER FI(%X)m 12.9- DECAY FACTOR® 1. 94 (WATTS/SECOND) ”Y-
. :
-...*,\‘ -



DY1: PP&Q. DAT

STROKE

CONC DB LN -

MAXIMUM AVERAGE
TORQUE

T

1846,
190,
194,
194,
191,
1846,
187,
189,
1914
190.
188,
189,
188.

.190Q.

193,
189,
180.
182,
179,
183.
179.
179.
177.

174,
172,
170,
170.
167
1a3.

ARNUSG ST IONUDUNORLL AL JUOBONNOWRD

DN~ LAONAOD = QO NIPDAINIRNB~-ODD

&00

LEFT PEDAL

ImruLsE

-~

39. 4
&1. 4
&2, 7
42,
o,
40,
&0,
40.
42.
a2,
a1,
40.
40.
&0.
40,
&0.
40,
39.
9.
&0,
6Q.
&0,
40,
9.
9,
37.
J4.
34,
L3
33.

NO~N20QU-~LUGAND~=L-“WLDO0CO~OCAUAND

ry

-1206.

..

-
PEAK . AVERAGE

POWER

1192,
1220.
1244,
1248.
13229,
1197,
1203.
1211.
1327.
1214,
1198.

1211,
1220.
1183.
1180.
1131,
1149.
1133,
1174,
1141,
1143,
1133.
1138,
1114,
1098.
1084,
1084,
1064,
1047.

WOCDCPLIAWHBNIFOLAONSNUWUNRIN I~ NDbp

PUEER

3g9.8
402. 8
410. 1
411. 0
407. 0
398. &
J93. 9

396. 7
"409. 9

400. 7

b cc N 2

391.0
392 &
394, &

WORK

382, 0

T 394, 7

401. 9

402. 9

a96. 9

390. &

-388. 0

3848. 9
I77. 4
a8 2
388.-2

388, 7 .
J94. 7

3846. 7
382. &
383, 7

. &

3 3

/7.3
ass. 3
384, 2
ams2. 9
ag1. 4
376.0
32463. 4
a%. o

‘357, 4
L3393, 3

3%4. 1

CUMULATIVE

WORK

T

ABOVE VALUES SMOOTHED BY MOVING AVERAGE

asa.
774.
1178.
1981,
1980.
2370.
2739.
3147,
3944,
3940.
4328,
4714,
Jo098.
54953,
5848,
&291.
4,
017,
Fa97.
7783,
8170,
‘8994,
8Y37.
T
9499,
10040,
10418,
10779,
11129,
11489,

Q

VEJIPUOHYONIDAILD~ONOWHVARDO~LW
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DY1: PP&O. DAT ] L T :
' LEFT PEDAL
' . ’ -y ) boaliaded
’ g SUMMARY FOR THE ABOVE DATA
L aa 2 d -
. ~ ‘
_ . MAXIMUM VALUES DURING RUN :
P . ) R TS - - R .
- " MAX. PEAK TORGUE = 194.9 NEWTON-METERS ON PEDAL STROKE # 4
MAX. -AVG. TORGQUE =  &4.1 NEWTON-METERS  ON PEDAL STROKE # 4
MAX. PEAK POWER = 1248.7 WATTS " ON PEDAL STROKE # 4
. MAX. AVO. POWER . = 411.0 WATTS * ON PEDAL STROKE » "4
HAX. WORK = 402.8 JOULES ON PEDAL STROKE # 4
FATIGUE INDEXES ( FI ) .

- A B - -
]

PEAK TORQUE FI(X)= 14,1 bECAY FACTORw™ 1. 18 (NEWTON-METERS/SECUND)

. s ‘
a ) PEAK POWER FI(%)= 16,1 DECAY FACTORs 7 34 (WATTS/SECOND)
AVG, POWER FIl(%)w 12.1° DECAY FACTCR= 1. 87 (WATTS/SECOND)
v - ' ) - ‘\ - ——_——
q oqoﬂimmmm'nﬁmqmo‘m*umunmoumcuouaacmo

B - ‘g

. . .

-l
% '-i
. Y &
b " T e

{
,a.."
[l
T
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- ad
DY1: PP&O. DAT
‘STROKE MAXIMUM AVER AVERAOE  WORK CUMULATIVE
» TORGUE TORG POWER - %
1 ivo. & 388.4 . °380. 4 80. &
2 199, 4 399.9 a9y ¢ 772. 8
a 203. .0 397. 4 389. 3 11862. 0
4  Joi. .3 399. 4 <L P 83. 3
s 202. .8 402. 4 394, 4 1947. @
& 177. . 4 341.7 354, 3 2302. 3 *
7 198, . 2 3ve. 7. 390.7 2493. O
8 194, 3 .a 384, 9 ara. e 1071. 8
] 202. 3 .3 4Q0. 7 392.77) 34643
10 197. 2 ) 397.9 38e.3’ 28340
11 187. 7 .o 363.1 383. 1 4217. 0
12 , 187.2 .9 a’e. o0 370. 4 4387. A :
13 190. & .2 377. 4 371. 9 4999. 3
14 183. 3 .1 3992.9 as2.3 311, &
19 184, 0 .9 3%0. 1 331.0 2642, 6
18 199, 1 .3 a7e. 6 378. & &041. 2
17 177. 2 .1 388.0 338.7 £399. 9
18 , 188.8 .7 376. 2 3s8. 7 &758. 3
19 194, 4 . 8 . 377.3 389. 7 7138.3
20 196. ¢ .9 . ar7.8 370.3 7308, 3
21 18%. 2 .7 399.3°  3B7. & 7896, 1 .
‘22 182. 1 . 4 J80. 8 340. 8 g237. 0
189, 0 .7 &390 8 am7. 9 g&4a. 9
2 196, 2 . 9 387.9 3/0%g. 902%. 0
29, s.2 . &f 382.3 37a. 9399. &
’ . 26 181. 4 .5 ‘3347 _3%4.7 9734. 3
27 189. 4 1 3a83. 2 a77.2 16131.8
b { .28 170.8 .8 a1 44,0 10479.9
co 29 477.8 .3 341. 9 341.4 1CHE17.3
30 //JfaahLH\ 3. 1 3%9.9 3327 11170.0 .
r— _?
=
'8
: : ) P S~/
3 j -ﬁ ' )
" ,_w . . :\ @ . K
-+ -. - ‘ \5 . A -~ ’ ) 'h
WV . ;o </ : A
L .._ a r; . k
7 b - \‘n
- - . J. - ‘ b ﬁ s .
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RIGHT PEDAL

155

e suve
SUMMARY FOR THE ADQVE DATA
L ] ode

\\‘ MAX.

MAX. AVQ. TORGUE =  42. 8 NEWTON-METERS ON PEDAL STROKE
MAX. PEAK POWER = 1303.8 WATTS ON PEDAL STROKE
MAX. AVQ. POWER = 402, 4 WATTS ' ON PEDAL STROKE
. MAX. WORK ‘= 3944 JOULES oMk PEDAL STROKE
FATIGUE INDEXES ( FI )
. . i =105 20400 ;“'::-- - - .
-
\ PEAK TDRAQUE F1(%)= 10.1 DECAY FACTORw=

‘PEAK POWER FI(%X)= 10.1 4DECAY FACTOR=

AVO. POWER Fl(%)= 10.& DECAY FACTOR=

MAXIMUM VALUES DURING RUN

e o +-0

A

PEAX TORGQUE = 203. 7 NEWTON-METERS ON PEDAL STROKE

[}

a W o u L

K4

%%Qgg |

red
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DY1: PR&O. DAT
RIGHT PEDAL
) -STROKE MAXIMUM AVERAGE IMPULSE . ~gEAX AVERACE  WORK'  CUMULATIVE
J . » TORQUE TORGUE . POWER WORK
THE ABOVE VALUES SMOGTHED BY MOVING AVERAGE
> \
1 190, & &y & 9.4 1221.8 3se. 4 380. & 380. &
2 178. 0 81. & 40.4 12599 a9s. 2 187. 3 788. p
3 201. 7 62. 2 41.0 12931 398, 9 390.%9 1198, 9
4 202. 4 42. 4 41.1 1297.8 399.8 391.8 19%0. 7
3 192. 8 40. 3 39.3 1242 4 aag7. 9 380. 1 1930. 8
* \ & 192. 7 40. 9 5%.2 1239.7 387. 4 are. e 2010. &
7 190. 2 59. 6 8.4 1219.7 382. 3 ara. 7 2589. 3
] 198 9 61.7 60. 4 1272 4 398 3 387, 4 3072, 7
9 198. 1 81. 4 40,4 1249.8 394.9 387.0 3439.7\‘*\
10 199. 8 40. 9 89.9 1247.2 387.1 , 23s1@ 3841, &
11 190. 7 9. & 8.8 1214. 4 Iy, 3 a74.3 4213. 7
12 189. 3 8. & 7.9 1200.3 373 s 358, 4 4584, 2
13 187. 0 .. 1 %.9 1199.0 372.3 364. 9 4949, 0
N 14 183. 9 97.0 35.9 1192.1 35837  asd. 4 3307. 4 .
19 187. 4 7. 4 9.7 1193, 9 a3, 4 380. & 5640, 1
16 183. & 57.7 37.0 1180.% 347, 6 3s3.8 &030. 8
17 187. 0 8.7 ,.37.9 1190.9 ara. s 348, 6 6399. 3
19 186. 8 s8. 2 87.0 1197.7 373, 1 349, 7 6763, 2
19 199, 4 %8. 8 7.6 1239.6 arr 389. 6 7134. 7
20 1993. 9 %9.8 28.4 1240. 9 383 s 373, 9 7910. 6
21 189. 4 39. 3 9.9 1204 9 a7e. 1 372.9 7883, 3 \_
S 22 1sa.s 60. 3 59.3 1189.4 3841 Yaro.a  @3e2 2 :
_ 23 189. 8 39. 9 9.1 1183.2 381. 9 a76.3 8638, 5 \
! 24 186. 8 40. & 9.4 11979 388 7 380.9 . 9019, 4
. 29 184.3 %8, 9 %8.1 1173.7 ars. o 369. 8 9389, 2
26 184, 0 %8. 7 37.9 1171.9 37a. 1 389. 0 9738, 2
27 179, 2 37. 1 9.3 1141.1 363.7 a%8.8 10114, 9
28 178.0 2. 4 2%. 6 1133. 4 as9. 2 3%4.3 104713 .
29 177. 2 33 1 54.3  11208.9 3%0.8 346, .3
3o 183, 1 5. 1 85.0 1173.4 3%9. 9 sy’
4 o ) 1
r ) ﬂ
f ] \/_‘
] o . = ! — ¥
\. : . (\-.p‘ - -
+ .o~
. . _ N S e
. _ . " p 2! =
I3 *
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Do,

~

A\
OY1: PP&O. DAT

i

3

.A hd .
A _ SUMMARY \FOR THE ABOVE DATA
/ . oL sepe ween
. \ .

]

-

MAXIMUM VALUES DURING RUN

001000 R- -~ -—a-n T

RN .
) .

MAX. ‘PEAK TORQUE =3:202. 4 NEWTON-METERS ON PEDAL STROKE » 4

MAX. AVG.  TORQUE =  42. 4 NEWTON-METERS ON P STROKE #

F 3

MAX. PEAK POWER = 1297.8 WATTS . ﬁu PEDAL smm'}\ 4

MAX.! AVG. POWER = 399.8 WATTS ON PEDAL STROKE # &

MAX. WORK = 391.8 JOULES ON’ PEDAL STROKE » 4

4 .
4 . .
FATIGUE INDEXE® ¢ FI )
* B OB

. “y
; ' ‘PEAK TORQUE FI(%)m 9. 4  DECAY FACTOR= 0. 73 (NEWTON-METERS/SECOND)

4 PEAK POWER Fl(Zim 9 4 DECAY FACTOR= 4 58 (WATTS/SECOND)

AVQ. POWER FI(Z)w 10.0 DECAY FACTDOR= 1. 90 (WATT3/SECOND)

“d
N u N )
---------- :-vﬁ::: :““‘?“:?:-‘é‘ -":=="'L";’*'.“'.*'
] ' Y 8
- - N . / ' . -
N -/
€ G T '\ﬁ -
_J ST N
~ ™ ‘ o ., .3 b ]
= oo . k) . T ’
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DY1: PP&O. DAT - N - )

" STROKE. HAXiH‘UH AVERAGE IMPULSE PEAK AVERAGE WORK CUMULATIVE
.

TORQUE TORQUE POWER . POWER WORK,
1 188. 3 121. 4 118.9  1207.1 778.2 782. & 782, 6
2 193. 2 129, & 122.9 1z3w.7 BG3. 7 7.7 19%0. 3 ‘
a3 201.0 126. 7 124.1  t2m9.p |12, 1 79%. 8 2344, 1
4 200. 0 126. 3 124.0 1282. 2 g11. 2 794. 9 3141.0
s 194. 8 124. 2 1232.7 1248. 4 809. 1 792. 9 3933. 9
5 182. 7 119. 2 116.8  1171.2 764. 2 748. 9 4482 9
7 191. 8 122.9 120.0 t1229. 4 783. 3 749.6. 5492 4
8 192.2 122. 3 120.0 1232.3  7es.2 76%.5 , &x21.9
9 197. 23 123. & 122.1  12s4. 8 809. & 78%. 8 7011. 4
10 i194. 8 126. 4 123.% 1249.0 810. 4 794, 1 7809. 9
11 187. 6 118. 9 119.9 1178 & 787,23 747.3 _ e5352. 9
12 189.8 118. 8 116.4 11913 761, & 746, 1 9290. 9 .
12 193. 4 122. 4 119.9 12399 784, 7 749.0  10047. 9
14 184, 7 114, 7 114, 4 1184.3 748, 3 733. & 10801. 9
.19 186. 3 115. 6 114.3 1194 2 747. 9 732.8 11%34.13 ;
18 18%9. 0 121. 3 121.3 1%87.5 763.3 12297.7 :
17 180. 8 118. 3 115.9 1197 4 .S 743.3 13041.0 i
18 1at. 8 118. 9 116. 3 1143, 9 ) 747.2 13784, 2 ~
19 191, 2 120. 3 118.1 1226. 1 .4 797.0 14943,1
20 186.7 119.4 ° 1141  1177.0 .8 748.2 132893
21 ra7ag\\\ 129, & 123,141 1202.9 .2 78%9.1  14078. 4
2 178, &~ 1:18. 0 \198.0 1122.0 - .3 741.3 16819, 7
2z ¥1e3.7 120. 7 118.3 1179.Q 773. 9 ;;g.s 17578. 1
24 183, 2 123. 8 121:3.  1174. 7 793. 7 .8  15399. 9 .
2s 179. 7 119. 4 117.1 11820 .8 . 7%0.9 19106 4
28 178. 9 112.-9 112.8 11032 .1 ¥09.1 19m13.3
27 179.1 . 118.3 6.0 1148.8 .7 7433  209%9.0 1
28 170.°1 IIT. 0 08.8 10%0. .9 &97. 6 21236, 7 |
29 1732/ 110.9 110.3  1088. 4~ , 4941  21930.8 :
30 173. 24 112. 3 110.2 1139,7 F21. 2 706. 8 R2457. & :

¥ 2
»

‘-
.

[T S
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h r
+
S
. ' | | ¢
: . 2 .
}\ ) @ DY1: PP&O. DAT . v - '
. BOTH PEDALS AVERAQED P
R "o snee
SUMMARY FOR THE ABOVE DATA
Lo o o ] -

k\\ - e )

* MAXIMUM VALUES DURING RUN
- B - SE---5 e

’

. i MAX. PEAK TORGUE = 201.0 NEWTON-METERS  ON PEDAL STROKE » " 2 V\\
Y MAX. AVQ. TORQUE = 126.7 NEWTON-METENS  ON PEDAL STROKE # 3
MAX. PEAK POWER = 1289. 0 WATTS " ON PEDAL STROME & 3 /
. MAX. AVQ., POWER = 812. 1 WATTS ON PEDAL STROKE % 3
MAX. WORK » 795.8 JOULES - ON PEDAL BTROKE » 3

'FATIQUE INDEXES ( FI 1}
- mmmmmmmm

13.8 'DECAY FACTOR= 1, 01! (N 3/SECOND)

13.8 DECAY FACTOR= &: 47 (

11.2 DECAY FACTOUR= 3.30 ¢

-




Y DY1: PR&Q. DAT

-

THE ABOVE VALUES SMOOTHED BY

.«
. TORQUE TORAUE
1 188, 3 121. 4
- 194, 2 124. 3
3 199, 1 125. 2
4 198, & 126. 3
3 172 3 124. 0
& 189.7 122 &
7 88 v 121. 4
8 193. 8 123. 3
K2 194. 8 124. 9
10 193. 2 123.7
11 189, & 121. 4
12 188. 9 120. 0
13 188, 0 112.2
14 188. 1 118. 6
13 186. 7 118.2
14 183. 4 118. 8
17 183, 9 119. &
18 184. 5 119.2
19 186. & 119. 3
20 198, 9, 121. 9
21 184. 3 120.7
2 183. 3 121. 4
23 191. 3 120.8
24 182, 2 121.3
23 179.&6 | 118.7
25 178. 2 14, 9
27 1731 1141
1) 1741 113.3
29 172, 2 111. 3
30 173. 2 s

112,

N

BOTH PEDALS AVERAGED

118.
122,
123.
123,
121
120.
119.
121.
122,
122,
119.
118
116.
116
116.
117.

118,
116,
116.
1191
119.[0
119,
119. 2

118. 9

1
3
-]
g

BONSNNAMNOUWU~ONGBGANO S

117
-2
112,
A1t
109. 8
110. 2

STROKE MAXIMUM AVERAGE IMPULSE . PEAK

PCWER

1207.
1244,
1370.

1180. 4
1170. ¥
1182. 8
11946. 3

1094,
1110.

[ o]
$
R R FARNININTY: ]

- AVERAQE
POWER

- L

g
h;;hbhﬂbubOﬂh& NLIAOGINPONNBOOON

1

~
S -
742. 6 762. 6
782. 0 15944, &
792. 8 2337. 4
”&2p~3ﬂ20-
778, 3910.9
770. 3 4481. 4
762.°6 3444, 0
775. 2 46220. 2
784, & 7004. &
7770 7781. 9 J
752. 9 8344, 1 >
794, 1 9299. 2
7A9.4 10047, @
743,11 10792, 9
743.2 11536.2
744.% 122827
731.3 13033, 9
749. 2 1:723711'“*~=,
749. 4 14382 3
7463. 4 19293, 9
.799.2 ‘16094.1
T742. 9 158171
7399.2  17976.2
74273 18338, 9
74s. 8 19084, 3
734 4 19818. 5
714.7 ~ 20%33. 4
711.8 21247, 2
5993 219457
706.8 22492. 9

K

N,
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DY1:PP&O. DAT ' -
- A - ‘
BOTH PEDALS AVERAGED
x htato s 2 . . Lo 2 2 )
! : SUMMARY FOR THE ABOVE DATA .
Lo o o) +48e
MAX TP \m.gg DURING AUN
-
- - ) [ ]
MAX. PEAK TORQUE = 198.5 NEWTON-METERS  ON PEDAL STROKE e 4
E)
FAX. AVQ. TORQUE = 124 3 NEWTON-METERS ON PEDAL STROKE #° &
MAX. PEAK POWER - = 1273.3 WATTS ON PEDAL STROKE # . 's
MAX.. AVQ. PONEN = ©10.8 WATTS ON PEDAL STROKE & 4
HAX. ON PEDAL STROKE # 4

PEAK TORGUE P2(zrm 12,8

PEAK P

AVG., P

WORK = 794 4.000ES

-850

-

o

) g
DECAY FACTOR= 0. 99 (NEWTON-METERS/SECOND)

DECAY FACTORw 6. 12 (Wwa )
cA Tﬁ\ 12 (WATTS/SECOND ',’J

FI(x)= 12 8
R.FI{X)= 11.0 DECAY FACTOR= 3,37 (WATTIVSECOND)
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" Appendix 7
. .
SUBJECT DESCRIPTIVE DETXILS AND INDIVIDUAL RESULTS

}

Values of torque are listed for each leg separately,

whereas in general the power output data are representative

of both legs. Torque 1is calculated as N.m, power as
L . . T 3
watts and work as kilojoules. ¢
=g
- .
- © ~ ‘ ! «.‘
[} -
]
. ‘.
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Table 3. - ' o

DESCRIPTIVE DETAILS OF 17 SUBJECTS WHO PARTICIPATED IN THE -
INITIAL STUDY OF PEAX TORQUE DURING 45 SECS OF MAXIMAL CYCLING AT 60 RPM

10 Age  Haight Weight ) irozlux -
(yrs) {cm) (kgs) wl.kg ‘. min
A 13 177.8 70.0 : 58.4
B 3 1813 66,0 58.6
e | .28 186.5  aLs AR
D 34 175.0 75.0 9.9 .
E - 27 180.8 71.0 9.5
F 26 176.8 82,0 | 47,5 *
G 3 179.1 76.5 46.0
B 35 176.9 65.0 63.0
I 3 185.9 78:5. ﬂ,j 41.6 Y
J .- 179.0 69.0 34,7 -
RS 173.6 . 72.6 52.3 o
Lo|. 2z 17e.s 70.0 : 4053 i o
H 36 187.0 © ' 89.0 /5 .
w 22 178.0 80.0. ‘ S48 | B
0 23 i'ao.,e_;. : 75.5 31.8
P 32 185.0 . 84,0 40.6 &
Q' j- 38 180.2 - 79.5 ‘2 { M o
X 30.2 180.0 ) s o )
£S0 | T s5. - 3.8 6.6 /\:1 ' ¢

*n

FJ o~
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Table 6. ) .
TORQUE\(N-m) AND FATIGUE INDEX. (X OF BOTE LEGS) DURING A 45 SECOND TEST @ €0 RPM (¢ OF S Py_)' AL CYCLES)

. Pudal Cycle Number . :
'I.D. | 1~ 6 =10 11-15 16~20 21-25 L 26-30 3lv3S 3640

A | 146.5 . 149.5 145.0 13.5 13L5- 122.0 122.5 - 113.0
B | uas '115.5_ 105.5 110 108.5 "99.0° 95.0  93.5
! c | 169.5 1733 170.5 158.0 145.0 135.0 1225 112.5
D. | 165.0 T168.0 165.0, 153.0 149.0 -Lgs.s 114.5  109.5
e | ®3.0 1560 151.0 1440 13n.5" 123.0° 112.0 Q02,5
P | 2005 265 225 7.5 100.5 175.0  153.0 £330
¢ | 161.5- 1s500 144.5_*1;5‘. 125.0 120.0 114.5 109.0
H | 157.0 151.5' 156.5  147.5 142.0 130.5 122.0 "111.9_. 140N 29.4

~

( g
© | 177.5. 178.5 168.5 m% " 146.5 © 131.5 Rq-.s- 108.5  101.0 Y" !

3 | is2.0 0.0 13200 125.0 160 1065 98.0 51.0 .
3 |k | w50 138.0 1365 1350 13235 125.5 7. 262 |
L | 156.5 144.d 137.0 126.5 - 116.5 109.5 100.0 9.8
M | 182.0 168.0 1620 165.0 1L 1445 1400 1335 125.5 | 31.0
N | I83.0 188.0 188.0 172.0 159.0 152.0 140.5 135.0 12 i |
o L189.5  179.0 Joe-0 1500 1T 195 125.5 115.5 115 | 464’
e | 3.0 173.0 167.0 152.5 142.0 Be.0 130 1010 - 895 | 483 | .
' 0 | 162.0 159.0 148.5 139.0 1265 116.0 107.0 - 98.0 89.0 | 45.1 [
g | 1647 1631 156.9 8.3 1389 120.6 1189 10,1 1000 | 3.0 |-
tsp| 2.0 2.8 25.5 2.8 193 179 15.4 M1 149. | 9.0
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Table 2B.

VALUES OF PLASMA LACTATE CONCENTRATION (m mol/litre) MEASURED IN 13 SUBJECTS

3 MINUTES AFTER COMPLETING 30 SECS OF MAXIMAL CYCLING AT 60, lOOL.A.‘ND 140 RPM

L ACT ATE CoONCESNTRATTIG®OHN
NAME 80 RPM 100 RPM 140 RPM

! MS 3.0 12.8 | 13.8
36 ' 5.6 10.0 -
HB 9.2 10.5 6.3
JP 6.8 12.6 ' 9.2
M . 8.0 10.6 10.8
o 10.8 11.0 6.2
A 3. . 14.6 10.2

! BQ 12.4 12.6 ' 9.8

' BL 5.0 7.6 6.3
™ 11.8 6.5 10.0
CK 11.4 13.0 9.0
GH 8.8 7.0 5.6
cL 13.6 8.6 12.8
z 9.68 10,57 9.15
+5D 2.83 . 2.55 2.68

“
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