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ABSTRACT

Mackenzie, Mary, University of Ottawa, Master’'s thesis (Kinanthropolegy)
1988. The Relationship Between Force and Lactate Production in Elite
ross Country Skiers. The relationship between force and lactate pro-
duction during a two minute intense exercise was investigated among
elite male and female cross country skiers. Understanding the relation-
ships between energy transduction, as indicated by blood lactate levels,
and muscle force production, 2 sensitive fatigue reflector, may be inte-

gral to understanding the limitations to performance in a specific exer-

cise situation.

Seventeen members of the Canadian MNational c¢ross country ski team,
nine males and eight females, performed a two minute maximal exercise on
a training device and erxrgometer known as a rollerboard. Force values
were continuously recorded as each athlete pulled his/her weight along a
21.5/26 degree angled ramp at a recorded cadence of one pull every 2.5
seconds. The forces were recorded using a strain gauge which was at-
tached at one end to the ergometer and at the other to an Apple IIe com-
puter. The changes in forces output during the two minutes provided a

basis for calculating certain fatigue indicators.

Fingertip blood lactate sampling occurred at two and three minutes

post exercise. The samples were immediately heamolyzed with a diluting



solution and then analyzed for blood lactate within five hours of col-
lection using 2 Kontron Medical 640 lactate analyzer. The resulting data
for both force and lactate were then analvzed statistically for the de-
scriptive results, significance of difference between the male and fe-
male groups, and finally the correlational matrices were calculated for

males and females independently, as well as for pooled data.

The results showed a highly aerobically £fit group (mean age 21
years) with a significant difference in weight, peak force and maximal
V02 levels between males and females. Significant differences were also
found in the correlations for the variables between the genders. a
strong positive relationship was found between the peak and mean force
values for both genders while several differences in correlations were
observed for a number of force, fatigue and lactate variables. Different
fatigue patterns both among and between the genders were observed; with
two distinet patterns for the men and one general pattern for the women.
The women showed non—traditional relationships between both strength and
fatigue, and between fatigue and lactate production. As a result of
these conclusions, a more cauticus approach to generalizations about ex-
ercise induced force and lactate relationships for males and females is

recommended .



THE PROBLEM

1.1 INTRODUCTION

The analysis of a movement task within ath-
letic performance is a major focus of the sport sciences. Athletic per-
formance is dependent upon several factors, including the structure and
biochemical profile of skeletal muscle, the cardiovascular system, the
mechanics of muscle and joint, and the structure and function’ of the
nervous system. While it may not be practical, or even possible, to
measure all of these factors in the analysis of a specific exercise, un-
derstanding the relationships among selected factors associated with the

performance may provide a more complete picture of the exercise.

A task which is performed over a period of thirty to one hundred and
twenty seconds requiring a high rate of force development and a high
rate of energy output is generally associated with the anaerocbic energy
systems (Astrand and Rodahl, 1977; Gollnick, 1968; Karlsson, 1979; Ja-
cobs, 1986). Anaercbic glycolysis supplies the majority of the enexgy
necessary for work of this length and intensity via the resynthesis of
ATP. This process results in the prdduction of high levels of lactate;
as high as 25-30 mM/1 in muscle (Donaldson, 1983) or 17mM/l in blood
(Hultman and Sahlin, 1980). Lactate production is reported to be propor-

tional to the energy expenditure beyond the point of maximal aerobic
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power (Gollnick, 1968; Margaria, 1968), and has been identified as a
chief limiting factor to anaerobic performance (Gollnick and EHermanssen,

1974, Karlsson, 1979; Macbougall, 1975).

Agreement over the measurement and quantification of the anaercbic
lactic system has not been universal. The use of the oxygen debt wvalue
obtained from the measurement of the recovery oxygen consumption above
resting values, seen in many early studies, is not as accurate as might
be desired. Some of the inaccuracies result from the fact that factors
other than lactate may result in elevated oxygen consumption, and that
some immeasurable gquantity of lactate is oxidized during the exercise
(Dainty, 1971; Saltin, 1986). Furthermore, the measurement of blood lac-
tate may not give a true indication of the total amount of the lactate
produced from anaercbic metabeolism. However, the combination of the use
of a direct measure of the amount and/or quality of work performed, to-
gether with physiological measures such as blood lactate has been more
recently used as an indication of anaerobic lactic capacity (Fujitsuka
et.al., 1982; Ohkuwa et.al., 1984; Thompson and Garvie, 1981; Thompson,
1981). There remain, however, many discrepancies in the literature re-
garding the precise measurement of anaerobic lactic IZitness (Dainty,

1971; Saltin, 1986; Simoneau et.al., 1983).

Force production, studied by biomechanicians as a measure used to
determine work and power ocutput, is a measure traditicnally used by ex—
ercise physiologists in the determination of anaerobic fitness, as in
the Wingate, Katch, and De Bruyn—-Prevost anaerobic lactic tests (Bar-Or,
1987; DeBruyn-Prevost, 1978; Katch and Weltman, 1979). In most move-—

ments, the important force production properties are:



1) the rate at which force is developed.
2) the amount of force develcoped,

3) how these force production characteristics vary with time.

These wvariations in force production that occur over time are considered

to reflect the degree of fatigque experienced.

when considering a specific sport movement task, an assessment of
the ability to perform should recognite that every exercise situation is
unique, having a specific pattern in its demands on such factors as
anaerobic energy yield, neuromuscular function, specificity of muscle
groups and range of motion used in the movement. The specific effects on
the energy systems as a result of high performance training also need to
be recognized. In a case study by Astrand (1984), an elite swimmer who
- was monitored over several test sessions attained the same maximal ae-—
robic power when tested on a treadmill, yet the maximum attained when
tested while swimming varied in accordance with the intensity of train-
ing and with competitive performance. This demonstrates a significant
variation in results between testing modes as a result of the exercise
situation. It alsc demonstrates significant variation within the indi-
vidual as a response to training. While there are also significant ge-
netic variations which may affect the values obtained on physiological
testizg, it is generally believed that training is a significant causal
factor for these variations (Astrand, 1984; Bouchard et.al., 1982). Thus
the specific pattern of each exercise situation and the differences in
values found during different phases of training provide a rationale for

the use of sport specific testing for accurate physiological assessment

of athletes.
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Muscular fatigue is defined as the failure to develop or maintain
the required or expected force during muscular exercise (Edwards, 1982;
¥arlsson, 1980). This paper focuses on the degree and pattern of muscu-—
lar fatigque in a specific exercise situation, as measured via changes in
force production. There has been much research recently on the topic of
fatique (eg. Internaticnal Symposium of the Bilochemistry of Exer-
cise,1983, C.I.B.A. Foundation Symposium - Human Muscle Fatigque, 1982).
As a result of these and earlier investigations (Margaria, 1933; Merton,
1954; Meyerhof, 1920, etc.), it has been established that muscular fa-
tigue is a complex phenomenon and that the identification of the factors
leading to the impairment of performance depends upon the conditions un-
der which exercise is conducted. The major contributors to force output
have been identified and include; muscle fibre composition (i.e.fast
twitch/slow twitch ratio), muscle structure (Hakkinen et.al., 1981 Komi
1983), neuromuscular transmission (Bigland-Ritchie, et.al., 1983; Ed-
wards, 1983; Komi, 1980), the excitation-contraction coupling of eiec-
tro-mechanical activation (Donaldson, 1983; Karlsson, 1979), and enexgy
supply and/or energy transduction (Assmussen, 1974; Gollnick and Her-
manssen, 1974; Jacobs, 1981; EKarlsson, 1979; FKomi, 1979). This study
focuses on the latter; the dynamics of energy transduction applied to a
sport specific exercise and reflected by changes in force preduction and

by blood lactate values.

The impairment of energy transduction mechanisms has a profound ef-
fect on muscle force production. The importance ot force production to
cross country skiing is most appropriately connected to the bursts of

short term, high intensity efforts required by the demands of terrain
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and/or strategy of a ski race. It is generally accepted (Caldwell, 1981;
Hickson, 1980; Scheier, 1983) that cross country ski racing places large
demands on the aercbic system, requiring the ability teo work at a high
anaerobic threshold level (Kindermann et.al., 1979)., as well as the
ability to produce sufficient energy via the anaerobic lactic system.
The demand on the anaerobic lactic system has been suggested in part by
the reporting of high heart rates (175-190 bpm) indicating high intensi-

ty levels during steep climbs and finishing sprints (Hickson, 1980).

In summary, the analysis of short term intense exercise should in-
clude measures which indicate the metabolic demands as well as some per-—
formance measure. This can be realized by measuring bloed lactate and
force output. Although significant advances have been made in identify-
ing the contribution of the aerobic system (including high anaerobic
threshold levels) to cross country ski racing (Christensen, 1950; Karls-
son, 1971; Kindermann et.al., 1979; Rusko et.al., 1978; Saar, 1986),
this does not give a complete picture of the energy demands required of
the skier. While there is agreement that both the aexobic and anaerobic
lactic systems are involved, the dynamics of the lactic system in cross
country skiers have not yet been investigated (Bergh, 1980). Undexr-
standing the relationship of anaerobic lactic energy transduction, as
indicated by high levels of blood lactate, to muscle force production,
which is a sensitive reflector of fatigue (see figure 1, page 7) may be
integral to understanding the limitations to performance in an exercise
which requires maximal effort. A preferred method of investigating the
above relationship is to analyze the force and lactate variables using

movements similar to those in which the athlete is trained. Since cross
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country ski performance is highly influenced by external and environmen-
tal conditions, it is impractical to test ski racers under truly sport
specific conditions. Some compromise between sport specificity and the

control and 2ccuracy permitted under laboratory conditions must be made.

Since the delay or offsetting of muscle fatique is a kev to success
in many sport performances, a greater understanding of the mechanisms of
fatigue in an exercise which is reasonably close to the movements of the
sport may ultimately lead to improved performance. As a result of the
analysis of those physioclogical variables which are highly associated
with the anaerobic lactic fatique in an athletic group, it may be possi-
ble to contribute to the understanding of the role of this system,
through the analysis of the interaction of force and blcod lactate dur-

ing an exXercise which stresses the anaercbic lactic system.



Figure 1: The Relationship Between Force Production and Energy Transduction
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1.2 STATEMENT OF THE PROBLEM

The purpose of this study was to investigate among elite male and
female cross country skiers, force and peak post-exercise blood lactate
generated during two minutes of exercise on a2 dry-land training device

known as a rollerboard.

This study had three primary cbjectives:

1. To compare male and female cross country skiers on force
and lactate variables generated during an intense short

term exercise.

2. To identify any relationships between the force values and

the post—exercise blood lactate.

3. To identify any relationships between the fatique
indicators as derived from the force production analysis

and the post-exercise blood lactate.

A secondary objective was to investigate the relationships between the
aerobic fitness level (as indicated by maximal V02 values) and the force

and lactate variables.



1.3 EXPERIMENTAL HYPOTHESIS

It was expected that significant relationships would be found between
the force and blood lactate such that those athletes who ¢ould produce
the highest levels of force would produce higher levels of lactate. It
was also hypothesized that the post-exercise lactate levels would be po-
sitively correlated with an earlier occurance of fatigue as well as a

greater degree of fatigue.

1.4 LIMTTATIONS

There are a number of factors which cannot be controlled, including
the amount and type of training of the athletes, the variations in tech-
nique in using the roller board, and the different environmental condi-
tions in the laboratory as compared to “on snow’ conditions. The exer-
cise itself is limited in the emphasis upon the anaerobic lactic system
from its context within a largely aerobic performance. No attempt was
nade to assess the quantitative contribution of the aercbic and anaero-
bic systems. As well, blood lactate only was measured. no attempt was

made to measure muscle lactate.

The accuracy of the rollerboard to double poling simulation is as
yet unknown, although the testing device is commonly used for ski train-
ing and it was assumed that the athletes were well trained in its use.
Also, the results of this study may only be applied to a very specific

group of subjects — competitive cross countxy skiers.



i.5 ABBREVIATIQNS

ATP

ADP

ST

NAD

IM

F-Peak

F-Mean

TDC

DO-Index

Anaercbic lactic capacity: the total enezxgy transduction of

the anaerobic lactic system.

Adenosine triphosphate

Adenosine diphosphate

Adenosine monophosphate

Fast twitch; highly glycelytic muscle fibre,

Slow twitch; highly oxidative muscle fibre.

Nicotinamide—-adenine-dinucleotide; electron carrier and

co-entyme (NADH = reduced coenzyme).

Intermediate; muscle fibre with characteristics intermediate

between ST and FT fibres.

Peak force value recorded during the exercise; an indication

force production capability.

Mean force calculated from the average of all (48) pulls

during the exercise.

Time to drop-off, when force values are consistently lower
than the lowest of the early peak values; an indication of

how long fatigue can be resisted,

An index indicating the amount of fatigque in absolute terms.



M—Index

11
It is defined as DO-Index = (a+b):; where a = mean of force
values recorded from 5 %o 15 seconds, and b = mean of force

values from 105 to 115 seconds.

in index of force maintenance, or the degree of fatigue
resistance. It is defined as M-Index = B/A x 100:; where

A = mean of all recorded values prior to drop-off (TDO)

and B = mean of all recorded values after drop-off.
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TEE REVIEW OF RELATED LITERATURE

2.1 INTRODUCTION

The review of literature regarding force production and lactate pXo-
duction and the course of these variables over a two minute high inten-
sity, ski specific exercise shall be preseated in six sections. The
first section shall outline the production of the muscle contraction and
factors which influence it. The second shall deal with tLe energetics of
force preduction in skeletal muscle, specifically relating to the anae-
robic energy production. The third section shall deal with the decline
in force production or muscular fatigue. Finally, the last three sec-—
tions shall focus on fatigue during athletic performance, training ef-
fects on the anaerobic system and the relevance of anaerobic lactic en-
ergy production, with it's attendant muscle fatigue, to the sport of

cross country skiimg.

2.2 THE MUSCLE CONTRACTION

The current concept of muscle force production is based on the slid-
ing filament theory of muscle contraction originally developed in the
mid-1950°s (Huxley, 1957). It has since been refined as increasingly
more has become known about both the structure, and the enzymatic and

ionic interactions occurring within the muscle cell.

- 12 =-
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Figure 2: The Sarcomere (from Woledge, Curtin and Homsher, 1985)

THICK FILAMENTS THIN FILAMENTS



14
~#lthough there are a2 number of different theories and some unanswered
questions regarding the precise structure and behavicur of the sarcomere
(the basic contractile unit—see previous page), there are enough facts
to support the felloving basic proposal (Huxley, 198C Pollack, 1983;
Woledge, et.al., 1985). This theory is based on two established concepts
of sliding filaments and crossbridges. This involves the sliding move-
ment of thick filaments relative to thin filaments during contraction
which is produced by crossbridges acting as more or less independent
generators of force. The relative movements of these filaments cause
the sarcomere to shorten and create tension. The process is generally
separated into two parts; excitation and contraction. The following de-

sceription represents a version of the most widely accepted theory.

2.2.1 Excitation

In the resting position, the formation of the actomvosin crosshbridge
is prevented by an inhibitory effect of the troponin-tropomyosin com-
plex. However, when the motor neuron stimulates the muscle, the action
potential depolarizes the cell membrane and allows the spread of the ac-
tion potential inward via the transverse tubular (T) system. This alters
the membrane permeability of the terminal cisternae of the sarcoplasmic
reticulum (SR) so that Ca++ ions may be released from the SR into the
fluid surrounding the contractile protein. The ions then become bound to
the troponin of the thin filament (consisting of an actin-troponin-tro—

pomvosin complex).
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2.2.2 Contraction

The binding of Ca++ causes some conformational change (as yet un—i-
dentified) of the thin filament complex, removing the inhibition for in-
teraction between the actin and myvosin. The globular head of the myvosin
then moves out by virtue of a "tail hinge’ and attaches to the actin.
The attached bridges undergo a structural-chemical transition so as to
produce tension. The precise mechanism of this change is as yet unknown
(Pollock, 1983). It is proposed that during shortening, the crossbridges
break and re-attach further aleng the thin filament to allow movement
much greater than the length of the individual crossbridge. This is
known as crossbridge cycling. The force generated by the crossbridges

tends to move the thin filament toward the centre of the sarcomere.

Fresh ATP is taken up by the myosin head, dissociating the actin
from the myosin, and two Ca++ are resequestered back into the terminal
cisternae via active transport with the hydrolysis of omne ATP. Each
crossbridge cycle is associated with the hydrolysis of one ATP molecule,
and the events are repeated as long as the muscle is stimulated and the

intra-celiular enviromment is favourable.



Figure 3: Sequence of Events and Potential Fatigue Sites

(Adapted from Edwards, 1983)
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2.3 FORCE PRODUCTION

While this theory represents the fundamental site and activity of force
production, one must consider the chain of events leading to the stimu-
lation of the motor unit. Each of these, along with the activity within
the sarcomere, may be influenced by a number of factors. Figure 3, page

16, illustrates the sequence of events leading to the development of

tension and the sites where force generation may be influenced.

2.3.1 Central

The central factors refer to events occurring prior to the neuromus-
cular junction (Edwards, 1983). These include the degree of motivation,
the degree of ‘psyching up’, and the degree of neuromuscular inhibition.
The degree of motivation may be influenced by such factors as experience
and pain tolerance (MacDougall, 19%75). The degree of neuromuscular in-
hibition, as cited by O'Bryvant (1985a) and Ciocazzo et al. (1981), is
said to be a protective mechanism mediated through afferent impulses on
the reticular formation. It is reported to be altered by training and
pexrhaps by specific techniques (Ciocazzo et al., 198l). O'Bryant (1985a)
stated that the degree of inhibition is likely related to skill acquisi-

tiomn.

The recruitment of different fibre types will have a profound effect
on development and pattern of force production. The °“size principle’,
as proposed by Henneman et al. (1965), describes the orderly recruitment
of motor units in a specific sequence according to the motorneuron size

and type of unpit, to produce some combination of force and velocity of
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contraction a5 a result. Accordingly, the small motorneurons would be
the first recruited and thus the slow twitech (ST) nmuscle fibres, which
are less able to produce high tension levels than fast twiteh (FT) would
be first activated {Thortenssen, 1976). However, a maximal exercise re-
quiring high force output necessitates the recruitment of fibres which
are able to provide the necessary force~i.e. the FT fibres. There is
considerable controversy as to the flexibility of recruitment order in
different exercise conditions. According to Grimby and Hannerz (1977).
studying voluntary contractions of the toe extensor muscles, the order
of recruitment may vary according to different movement speeds, to the
intensity required and to the degree of cortical stimulation. According
to Thortensen (1976), the central nervous system appears to be able to
adjust the sequence of motor unit recruitment to selectively involve

large units when very forceful ard/or rapid movements are required.

In a roundtable discussion on determining factors of strength (in-
volving the following physiologists, - Edgerteon,V.R., MacDougall, D.,
O°Bryant H., Sale, D., Tesch, P.,)}, three main factors were cited; the
number of motor units firing; the frequency of motor units firing; and
the degree of synchronization of firing. A positive correlation with
each of these factors to force generation has been reported, although
there is some debate over the effect of synchrony at certain speeds

(Miller 1981, as cited by Sale, 1985).

Another central mechanism reported to influence force production in
veluntary movement is proposed by Denny—-Brown (1966). The term °‘psyching

up’ may refer to an excitory biasing mechanism whereby afferent nerve
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impulses combine at interneuronal cells to form "purposive patterns for
exciting or inhibiting interneurons”. By countering a tonic inhibitory
bias, synapses from interneurons may keep a membrane potential close to
its threshold firing levels, so that a small additional depclarization
is =211 that is needed to make it spill over into discharging. This is
particularly important for the large motorneurons {innervating the FT

fibres) which require a high degree of depolarization for activation to

ocgcur.

2.3.2 Peripheral
of the peripheral factors, the most commonly cited are;

1) the quantity of muscle mass involved (including both

the diametre and length of the muscle),
2) the quality of the muscle mass (fibre type),

3) the geometric properties of the muscle {internal

configuration and attachment sites).

Muscle volume is credited with determining a large degree of the ablility
to develop tension. High correlations between volume and tension have
been reported historically (Astrand and Rodahl, 1977: Komi, 1979) al-
though the degree of correlation is dependent on the method used to
measure volume. The reported differences in strength with respect to age
and gender (Astrand and Rodabl, 1977) may be largely attributed to the

differences in muscle volume.
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The effect of muscle fibre type on tension development has been
studied extensively, and several researchers (Ivy et.al., 1980; Thor-
tenssen, 1976) have reported that muscles with a high percentage of FT
fibres can generate higher tensions, particularly during dynamic con-
tractions that surpass & certain critical welocity (Bohannon, 1983).
Studies showing this relationship incluée isometric (Jones, 1983; Tesch
and Karlsson, 1979), isotonie (Grimby and Hannerz, 1977), and isckinetic
(Ivy et.al., 1980) contractions. Most of these compare force or torque
values with the percentage of FT fibres as determined by muscle biopsy.
Studies looking at selective glycogen depletion have indicated that when
the force exerted is greater than 20% of maximum voluntary contraction,

tension depends primarily upon FT fibres (Gellnick et.al., 1974).

The internal configquration refers to the shape, fusiform or pennate,
of the muscle. Pemnate fibres are said to produce more tension, but with
a limited range of motion (Komi, 1979). The points of origin and inser-
tion may also affect tension development, but a more detailed descrip-

tion is beyond the scope of this paper.

The exercise conditions will partly determine the degree of tension
produced. Isometric, isotonic and isokinetic contraction vary in the
manner of contraction and in the amount of force that can be produced
under each condition (Komi, 1979). The differences in tension develop-—
ment capacity under concentric and eccentric contraction conditions bave
been well documented (Kaneko et.al., 1983; Komi, 1983; Seliger et.al.,

1980).
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When Kaneko and coworkers (1983) studied concentric and eccentric
contractions at different contraction velocities, they found that eccen-
tric contractions resulted in performance of high mechanical work with
low energy expenditure, and that at all velocities the work values for
eccentric contractions were higher and the energy output values were
lower. The force capacity of eccen£ric contraction has been observed to
increase at higher velocities, according to force velocity curves (as-
mussen et.al., 1965; Komi, 1983), while the energy expenditure is re-

portedly much lower (Seliger et.al., 1981) relative to concentric con-

traction.

The final factor to be discussed is the storage of energy in the
elastic components of muscle. This is considered to be a normal muscular
function during the preparation phase of ballistic movements (Komi,
1981; O°Bryant, 1985b). The storage occurs during a ‘critically timed’
muscle stretch followed immediately by a muscle contraction to produce
greater force. This is due to elastic recoil and the stretch reflex (a
central nervous system response stimulating a forceful contraction of
stretched muscle fibres). As described by O°Bryant (1985b), & 3% length-
ening of the series elastic component at the 2 disc causes the energy
thus stored to be released during propulsive phases of movement. This,
along with the stretch reflex, potentiates the force developed (Cava-
naugh, 1978 in Komi, 1983). Any single, or any combination of the fac-
tors proposed here may influence the force of contraction {(peak force).
The next two sections shall address the production of force over tinme,

specifically referring to & short-term, dynamic, high intensity test.
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2.4 ANAEROBIC LACTIC ENERGY TRANSDUCTION

It is well accepted (Astrand and Rodahl, 1977; Bouchard et.al.,
1982; Gollnick and Hermanssen, 1974; Hermanssen, 1982; Sale, 1983) that
during short term exhaustive exercise the energy needed is derived most-
ly from anaerobic sources. Under these conditions the degradation of
glycogen to lactate represents a major source of energy for the muscle.
The anaerobic system associated with exercise durations of 30 seconds to
two minutes is known as the anaerobic lactic system. According to Medbo
et.al., 1988, who studied anaerobic capacity in terms of the oxygen def-
icit measure, it is only in events of close to two minutes that the full

anaerobic capacity can be utilized.

The initial anaercbic event at the onset of exercise is the split-
ting of ATP during muscular contraction, with the ATP being replenished
by the transfer of a phosphate from creatine phosphate (CP) to ADP. This
source is exhausted within 10-20 seconds. The breakdown of glycogen to
lactate (glycogenolysis), which, contrary to previous belief (Astrand
and Rodahl, 1977; Katch and Weltman; 1979; Margaria, 1968), may begin
within five seconds of the onset of exercise (Jacobs 1986; Saltin,
1986), also provides energy to the contracting muscle. For durations of
longer than 30 seconds of supramaximal effort, this source is signifi-
cantly more important quantitatively than the phosphagen stores (Golln-
ick and Hermanssen, 19%74). Glycolytic breakdown of one mole of glucose
or glycogen to lactate results in the net gain of two or three moles of
ATP respectively. This represents a significant amount of energy, and
the rate at which this occurs allows the muscle to perform at a much

higher intensity than would energy from oxidative sources.
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Requlation of Glvcolvsis

according to Lehninger ({1982), the process of glycolysis is essen-
tially irreversible, proceeding with a large net decrease in free energy
and thus the equilibrium is very much in favour of lactate formation.
The accumulation of lactate in the muscle and blood is said to represent
an indication of the extent of anaerobic glycolysis (Astrand and Rodakl,
1977; Hultman et.al., 1982). In support of this are the high levels of
lactate that have been reported by numerous researchers (Hermanssen,
1969; Medbo and Sejersted, 1985; Thomson, 1981; Thomson and Garvie,
1982) at the end of high intensity exercise. These values may be dis-

similar for athletes in different sports as a result of varying capaci-

ties for lactate production and clearance which would result from dif-

ferent modes of training.

There are two major steps in the breakdown. The first is the phos-
phorylation and subsequent cleavage of glucose to form glyceraldeh-
yde~3-phosphate (G-3-P), involving the utilization of 2 moles of ATP.
The second step is the transformation of G-3-P to lactate, involving
oxidoreduction steps whereby ADP is rephosphorylated, and the net energy
gain is 3 ATP molecules for each molecule of glycogen. A summary of the

individual steps is presented on page 24.
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Figure 4: The Glycolytic Pathway (from Lenhinger, 1985)
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While the process of glvcolysis is regulated by the actions cf 11
enzymes, it is assumed that the control of glycolysis is regulated by
two key enzymes; glycogen phosphorylase (GP), and phosphofructokinase
(PFK) (Astrand and Rodahl, 1977; Edwards, 1983:; Gollnick and Hermanssen,
1974; Hultman and Sahlin, 1980; Lehninger, 1982; Sahlin, 1978). GP ca-
talyzes the phosphorylation of glycogen into glucose-l-phosphate. This
enzyme exists in a form which is inactive (phosphorylase b) except in
the presence of 5-AMP, and a form which is active (phosphorylase a) in
the absence of 5-aMP, Activation of this enzyme may occur as a result
of mediation by a series of reactions (Figure S, page 26), involving the
action of adrenergic hormones, and a response of phosphorylase b kinase

to elevations in Ca++ concentration.

The Ca++ concentrations inducing this transformation are of the mag-
nitude released from the SR during muscular coatraction (Drummond
et.al., 1969; and Brostromm et.al., 1971). The other method of activa-
tion involves the stimulation of the adenyl cyclase system by adrenergic
hormones, resulting in an increased level of 5-AMP, and conversion of
the inactive b form to the active b form. Transformation of this enzyme
during muscular contraction from the b to the a form in human studies
has not yet been confirmed (Gollnick and Hermanssen, 1974). Chasiotis
et_al., (1982) found that during maximal bicycle exercise leading to ex-
haustion within 4-6 minutes, the phosphorylase a activity ipitially in-
creased 1.6 fold, and the synthase level correspondingly dropped to
about one half of the resting value, correlating with the enhanced rate

of glycolysis during exercise.
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Figure 5: Activation of Glycogen Phosphorylase
(from Gollnick and Hermansen, 1973)

CATECROL Alswet 3
ADENYL CYCLASL

/\ wmacTivit

PROTEIN JIRABE

-
Y
A Y
A}
¥.a-greue \I CORTRAETRE
' FACTOR
mmurnut 't Ca™ ATivaue
’ Gl
Saue mast 2o \
< .‘. PHOSPHORTLASE
INACTIVE ACTIVE ‘
P PwORTLALE
lﬂ:" ﬂl:ll MEEPRATASE

LY F

A ?

b ’

~ ’
"-._ - - PUCRPMORYLASE o
FLTCOMN e MLUCOAE - +-P
Fig. 1. Diagram for the activation of glycogenolysis via the ensyme phosphorylase.

A hormopal control by the catecholamines and a contraction-coupled control via
Ca™ is shown.



27

Since the concentration of inorganic phosphate (Pi) changed from resting
levels to 20~30 mM/l, which is within the Km values for both phosphoy-—
lase a and (a+b) the authors concluded that Pi is a factor determining
phosphosvlase activity, and that the reaction provides a link between CP

breakdown and glvcogen utilization in muscle.

Care must be taken in interpreting results involving changes in
substances during exercise, since there is evidence to suggest that the
water content in muscle also changes (up to 11%). Acecording to Hermans-
sen (1982), this may introduce a dilution factor intracellularly. Con-

versely, there may be a concentration factor extracellularly.

The glucose—-l-phosphate formed from the phosphorylase reaction may
then be converted to yield glucose-6-phosphate (G-6-P). G-6-P is isomer-
jzed to form fructose-6-phosphate (F-6-P). Alternatively, D-glucose may
be phosp£orylated by ATP via the hexckinase reaction to yield G-6-P.
The next step is catalyzed by the second major regulatory enzyme, phos-—
phofructokinase (PFK). PFK is present in the lowest concentration of any
of the enzymes, thus making it the rate-limiting enzyme. It is an allos-
teric enzyme, showing a complex dependence of its reaction velocity on
the concentration of its substrates. Its activity is inhibited by high
concentrations of ATP, CP, H+ ions, fructose-1,6-diphosphate and citrate
(Astrand and Rodahl, 1977; Gollnick and Hexmanssen, 1974; Lehninger,
1982), but may be stimulated by high concentrations of ADP, AMP, and in-
organic phosphate (Pi). The decline in ATP with the concurrent rise in
the other adenyl nucleotides during exercise may exert a key role in the

regulation of PFK activity. The production of high lactate levels re-
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sulting in a decrease of muscle and blood pH can alsc serve to inhibit
the reaction velocity of PFK (Wenger and Reed, 1976). Fruc-—
tose-1, 6-diphosphate, the product of this reaction, is then converted to

glyceraldehyde-3-phosphate.

In the second stage, glvceraldehyde-3-phosphate is oxidized by NAD+
via the action of glyceraldehyde phosphate dehvdrogenase, with the up-
take of Pi. This forms phosphoglycerolphosphate, which then donates its
acyl phosphate group to ADP to form 2 ATP and 3-phosphoglycerate. After
dehydration to enolase, the phosphoenclpyruvate formed donates its phos—
phate group to ADP. The product of this reaction, pyruvate, is reduced
to lactate and NAD+, since the required rate of ATP production is too
rapid to permit the preferred oxidative regeneration of ATP (Lehninger,

1982).

This final reaction is catalyzed by the enzyme lactate dehydrogenase
(LDH), which exists as five isoforms, differing in their dependence on
substrate concentration. Each isoform is composed of two subunits which
are combined in a tetramere; H (heart specific) and M (muscle specific).
LDH isozymes with primarily H subunits (E-LDH) favour the oxidation of
lactate to pyruvate and are located in more highly oxidative tissues
{cardiac and ST muscle fibres) and may alsc be found in the mitochondria
{Sjodin, 1976). The M-LDE forms favour the reduction of pyruvate to lac—
tate, are asscociated with glycolytic function and are predominant in the
sarcoplasm of the FT fibres, although $jodir (1976), from autopsy stud-
ies, has suggested that this form may be membrane-bound to the SR. This

has been confirmed by Tesch (1980), studying humar muscle biopsies after
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maximal exercise of 30 and 60 second durations, who found that the total
LDH and the M-LDH activities were positively correlated to lactate con-
centrations, %to muscle fatigue, and to fibre type distribution. In an
eight week training study using healthy males, Sjodin (1976), found that
the activity of LDH could be altered by endurance training resulting in
a2 decreased total LDE activity and an increased H-LDH activity, suggest-
ing a mechanism for increased oxidation of and thus delayed accumulation
of lactate. This indicates a mechanism whereby endurance training may
enhance the removal of lactate by oxidation to pyruvate. No change,
however, was seen in the activity of these isoforms after eight weeks of
anaercbic training, although an increase in peak post—exercise lactates
and in performance was observed. Whether the intensity of anaerobic
training was insufficient to stimulate a response in the enzyme activi-

ties remains to be seen.

The formation of lactate in man is usually regarded as a result of
the need to reoxidize extramitochondrial NADH by pyruvate reduction to
lactate (Karlsson 1979). The oxidative function in the dehydration of
glyceraldehyde~3-phosphate is dependent upon the c¢onversion of NAD+ to
NADH. This requires a means of regenerating NAD+. In the absence of oxy-
gen, this may be accomplished by the LDE reaction which results in the
electrons from NADHE being transferred to pyruvate, re-oxidizing the NAD+
and converting the pyruvate to lactate. However, more recent research
has indicated that the malate—aspartate (M-A) shuttle may also play a
significant role in the reoxidation of NADH under exercise conditions

(Schantz, 1986). His studies indicated a significant increase in these
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shuttle ernzymes as a result of endurance training, as well as an approx-
imately 48% higher level of these enzymes in endurance traipned runners
when compared with untrained subjects. While the shuttle mechanism would
not normally play a role in anaercobic glycolysis, a number of studies
have indicated (Cerretelli et.al., 1979; Pendergast et.al., 1979; Vande-
walle et.al., 1987 that endurance trained subjects have a moée rapid ox—
ygen transient than do untrained subjects, and thus the M—-A shuttle may
play & role in the latter part of the exercise. Wasserman et.al.,
{1985) proposed that the increase in glycolysis is so rapid that the mi-
tochondria cannot utilize pyruvate rapidly enough to prevent its eleva-
tion in the cytosol, resulting in an increase in lactate by mass action.
This theory is contradicted by Karlsson’'s (1971) results which suggested
that the relative increase in pyruvate is not sufficient to cause a mass
action effect., However, this would not invalidate the conclusion that
the relative concentrations of pyruvate‘and lactate may reflect the bal-
ance between the rate of mitochondrial clearance of pyruvate and of gly-
colysis, and that this ratio (pyruvate : lactate) might be expected to
decrease when the cell redox state is reduced. The rate of formation of
lactate will depend primary on the activity of the LDH (Earlsson, 1979;
Sjodin, 1976; Tesch 1978; Tesch, 1980; Wenger and Reed, 1976) since the

pyruvate and NADH formed will be substantial during intense exercise.
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2.5 MUSCULAR FATIGUE AND SUPRAMAXIMAL EXERCISE

For individual muscle cells, there is an intimate relationship be-
fween excitation-contraction processes and energy metabolism. Failure
of one will affect the second and subsequently cause muscular fatigue.
Any factors which impair either or both of the contractile or metabolic
machinery will result in fatigue and will ultimately limit performance.
As mentioned earlier, muscular performance associated with two minutes
of high intensity exercise is highly dependent upon the glycolytic ener-
gy transduction capability of the muscle. The ipability of the anaerxobic
system to replenish the ATP stores at a rate demanded by the performance
characteristics will result in depletion of the ATP stores, and thus a
decline in force generating capacity. Lactate, the usual end product of
this energy system (glycolysis) has long been recognized as a major con-
tributor to fatigque (Asmussen, 1974; Gollnick and Hermanssen, 1974;

Hultman and Sahlin, 1980; Karlsson, 1979; Tesch, 1980).

According to Sahlin (1983), lactate content in muscle can increase
about 30-fold during intense exercise to fatigue, contributing to high
correlations found between lactate levels and fatigue. As mentioned pre-
viously, the presence of high levels of lactate have been found in both
muscle and blood after short intense exercise. Recent research has in-
dicated however, that the mechanism may be indirect, caused by the de-
cline in pE as a result of the Ht+ ions donated as lactie acid dissoci-
ates to lactate ion and H+. There is also evidence that the concurrent
accumulation of Pi in it's diprotonated form, along with the decline in

pH, may directly affect the contractile mechanism (Nosek et.al., 1987).
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while a close correlation between muscle lactate concentration and
fatigue was demonstrated by Fitts and Holloszy (13976), 2 discrepancy be-
tween these quantities during recovery indicated that another associated
factor was responsible (Tesch 1978). Sahlin (1983) calculated that 85%
of the H+ ions liberated during intense exercise could be attributed to
lactate production. pH levels on the order éf 6.4~6.6 were found concur—
rent with lactate levels of 25-30mM/kg wet weight in muscle. This was
confirmed by Karlsson (1971) and Hermanssen (1969). Donaldson (1983)
found that a decline in force generation was linearly related to an in-
crease in intracellular H+ and ADP during dirxect stimulation of skinned

frog muscle.

While the concentration of lactate in blood only represents an in-
stant in the dypamics of lactate production, release and clearance, sev—
eral authors have indicated that post—exercise blood lactate may be used
as an indicator of intensity and of the extent of energy production via
glycolysis occurring during exercise (Astrand, 1984; <Cheetham,1986;

Gellnick and Hermanssen, 1974; Gollnick, 1983}.
The effect of lowered pH can cause a change in enzyme activity by;

a) changing the charge of ionizable groups and thus the affinity

of the enzyme for substrates or products,

b) altering the conformation and thus the catalytic activity,
changing the ionic state of the intermediates or involved
inhibitors/activators and thus indirectly influence the

reaction (Hultman and Sahlin, 1980).
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Lowered pH is reported to inhibit the activities of the two key en-
zymes of glvcolysis; GP and PFK (Edwards, 1983; Gollnick and Herzanssen,

1974; Tesch, 1980; Wenger and Reed, 1976).

The activity of GP is indirectly influenced by an effect of H+ ion
on phosphorylase b kinase. This enzyme has been shown to be inhibited at
low pH, both im vitro (Krebs et.al., 1964 as cited in Gollnick and Her-
manssen, 1974) and in vivo (Danforth, 1965). An effect on the activity
of adenyl cyclase has been reported (Mawatari et.al., 1974), which re-

sults in a decreased caMP formation and decreased activity of phosphory-

lase b.

The activity of PFK is extremely sensitive to pH changes and is re-
ported to be almost completely inhibited at pH 6.4 (Danforth, 1965). A
pH of 6.4 has been seen at the end of exhaustive exercise {Sahlin 1978).
With the n;clear magnetic resonance technique, a pH of below 6.0 has
been reported in human skeletal muscle at exhaustion, suggesting that
previous values may have been overestimated (Sjogaard et.al., 1985 in
Sahlin, 1986). Hultman and Sahlin (1980) have proposed a pH—-dependent
effect on equilibrium reactions involving the NAD+/NADH ratio, and on

the ionie complexes of ATP and ADP.

Changes in pH may have significant effects on a number of steps in
the excitation—contraction sequence. Bianchi (1982) and Hultman et.al.,
(1982) have reported an alteration in Ca++ concentration in the T-tubule
system as a result of lowered pH. This raises +he threshold for coupling
of the action potential to contraction, lowers the number of crossbridg-

es formed, and thus decreases the force which the muscle is capable of
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producing. Increased binding capacity of isolated SR membranes for Ca++
ions when pH values are less than 6.6 has been reported by Nakamura and
Schwartz (1972) and Fabiato and Fabiato (1978). This results in a de-
creased amount of Ca++ released by the SR, and thus less ion available
for contraction. It has been proposed that the H+ ions may compete with
Ca++ ions for binding sites on the troponin (Edwards, 1983; Nakamura and
Schwartz, 1972; =Robertson and Kerrick, 1976; Wenger and Reed, 1376).
This would result in a decrease in the number of crossbridges formed and
ultimately in decreased force production. This competition theory has
been challenged by several authors (Donaldson, 1983; Hermanssen, 1982;

Fabiato and Fabiato, 1978; Karlsson, 1979).

A depression of Ca++ sensitivity of the force generating apparatus
has been observed in animal studies (Donaldson and Hermanssen, 1978;
Robertson and Kerrick, 1976). It is proposed that there would be an in-
creased threshold for the amount of Cat++ required for contraction to
reach a given temsion (Fitts et.al., 1978; Bultman et.al., 1982; Tesch,
1980). Also, an alteration in the Ca++ resequestering ability of the SR
(Belcastro et.al., 1981) was seen in exercised rats after exhaustion.
This interpretation was based on a 21% decrease in the Ca++ accumulation
ability of the SR ATP-ase Ca++ pump. Hultman and coworkers (1982) con-
cluded that the disruption of the Ca++ translocation process may be re—
sponsible for the reported decline in force production. Finally, Dawson
et.al., (1978), and McCartney (1983), have suggested that the acidosis
may alter the amount of energy available for wcrk per molecule of ATP

hydrolyzed, and subsequently alter cross-bridge formation.
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A recent study by Nosek et.al., 1987, on isolated rabbit psoas mus-
cle, suggests that a decrease in intra-cellular pH associated with fa-
tigue may further depress force by transforming more of the total inor-
ganic phosphate within the cell to the inhibitory diprotonated form.
This reported conversion is supported by the work of Gollnick (1982),
who found that a drop in pH from 7.0 to 6.5 transfers 50% of the avail-
ablz substrate HPO2 to H2PO4. This form may interfere with cross bridge
formation by preventing the release of Pi from the attached cross bridg-
es. Wilson et..al., confirmed the occurrance in human studies when they

found a strong relationship between fatigque during maximal elbow flex-

ion, and diprotonated Pi.

To summarize, the reduction in force production may be aceounted for

by any of:

a) a reduction in the maximal rate of ATP resynthesis as
a result of the H+ ion effects on glycolytic enzyme

activity,

b) a direct effect ¢of H+ ion concentration on the force

generating apparatus, (possibly in combination with

diprotonated Pi ion),

¢) a reduction in the energy released from ATP hydrolysis,

d) an alteration in Ca++ translocation and activation.
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Fatigue may ultimately be due to failure in the rate of the energy sup-
ply to meet demand, but the precise expression of this deficit may vary
according to whether failure of activation may predominate over failure

of energy supply.

-

& number of other factors have been proposed as influencing muscular

fatique.

The majority of early fatigue research was conducted to determine
whether fatigue is central or peripheral in origin. Central fatigque is
defined as the impairment of efferent signals originating proximal to
the motor neurons. In 1967, Ikai et.al., as cited in Asmussen, 1979, an-
alyzed repeated maximal isometric contractions to fatigue in the adduc-—
tor pollicus muscle. The muscle was then stimulated electrically, and a
strong increase in force occurred, implicating central fatigue., Similar
studies (Grimby and Hannerz, 1977; Bigland-Ritchie et.al., 1978).have
confirmed these results. Asmussen concluded from the results of these
studies that central fatigue is caused by certain nerve afferents from
fatigued muscles that stimulate the inhibitory part of the reticular
formation and cause a decrement in the number or intensity of efferent

signals to the muscles.

Although psychological factors have also beer implicated, as men-
tioned in sectiom II, Merton (1954) found evidence whereby electrical
stimulation did not produce any increase in force after exhaustion.
Merton stated that central fatigue is not likely to be a limiting factor
for trained athletes, and other researchers have suggested a significant

variation both within subjects and between subjects (Edwards, 1983).
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Associated factors have also been implicated, such as the level of moti-
vation, experience, and pain tolerance. Bigland-Ritchie and coworkers
(1978) found that up to 30% of muscular fatigue could be accounted for
by central factors. Their results indicated that fatique may be caused
distal to the central nervous system, either at the neuromuscular junc-

tion or within the contractile elements.

Stephens and Tayleor (1972) presented data on humans that they inter-
preted as giving evidence that neurcomuscular junction fatigue is most
important during the first minute of maintained voluntary muscle con-~
traction and that contractile element fatigque predominates beyond that
point. Failure of the transmission mecnanism is thought to occur as a
result of depletion of acetylcholine stores, or by the loss of excit-

ability of the post—synaptic membrane.

During exercise, the recruitment of different fibré populations is
seen to change as evidenced by a shift in the power spectrum of EMG
recordings from high frequency to low frequency spectrum (Edgerton,
et.al., 1983; Edwards, 1982; Komi, 1981). This is believed to be the re-
sult of shifting motor recruitment as FT fibres are unable to maintain
the expected force and so more ST motoneurons are recruited in an at-
tempt to compensate. The extent of muscle fatigue varies to a considera-
ble degree according to the characteristics of the muscle fibre, and to
the proportion of muscle fibre types in the muscle groups used in the
exercise. Research has been focused on the the behaviour of different
muscle fibre types in terms of fatigueability. In fact, this property

of fatigue has been included in the fibre type nomenclature.
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Table 1.

Metabolic and Functiénal Charactaristics of FT and ST Fibres

(adapted from Astrand and Rodahl, 1977; Karlsson, 1979)

Properties FT ST
Glycolytic enzyme
activity
- PFK high low
- GP high low
- LDH (total) high low
- H-LDH low high
Mitochondriat .
.. low high
enzyme activity
Actn{:ty of erfzymes high low
involved in
contraction
Phosphagen stores
-ATP low? high?
- CP high? low?
- glycogen high? low?
content
Capillary density low high
Myoglobin content low high




Table 1: continued

39

Preperties FT ST
Fatiguability with high low
short-term intense

activity
Fatiguability with high low
prolonged activity
Training effect
-strength and A ¥
sprints
- anaerobic 0y v
- aerobic ¥ [N
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Muscles are divided into two categories according to the metabolic and

fatigue properties. See table 1 (page 39) for details.

Fast twitch fibres, as a consequence of the high glvcolytic capabil-
ities and myosin ATP-ase activities, are associated with a high rate of
fatigue. This is confirmed by numerous studies involving some form of
force fatigue testing (isometric, isotonic, or isockinetic loading) and/
or muscle biopsy sampling (for percentage of fibre type, glycogen deple-
tion patterns and/or relative lactate production) in order to determine
the association between fatigque and fibre type. Nunerous studies have
shown a consistent positive correlation between force values (peak and
decline) and the percentage of FT fibre (Edgerten et.al., 1983; Edwaxds,
1983; Hermanssen, 1969; Gollnick, 1968; Karlsson, 1979:; FKomi, 1979;
Tesch, 1980; Thortenssen 1976; Viitisaloc and Komi, 1978). However, none
of these studies examined any distinctions between possible subgroups of
FT fibres. In a study mentioned previously by Tesch et.al., (1978), us-—
ing biopsies from human vastus lateralis after 30 and 60 seconds of max—
imal dynamic exercise, differences between the fibre types in terms of
2ach of muscle lactate, total ILDHE and M-LDE activity were found, and
these were positively co;;elated to fatigue. It was concluded that lac-
tate or associated pH changes primarily in the FT fibres was largely re-—
sponsible for impaired muscle function. There is some suggestion (Hex-—
manssen, 1982) that the different fibre types may respond differently to

changes in pH.

Studies of glycogen depletion measured by muscle biopsy after supra-

maximal effort show a trend toward selective depletion in the FT fibres
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(Edgerton, 1976). One explanation for the different conclusions as to
the nature of fatigue may stem from the different forms of contractions
used in the studies. Many studies used prolonged isometric contrac—
tions, which is primarily an artificial laboratory situation and has
little application in the sport performance field. Isometric contrac-
tions tend to partially or totally cocclude blood flow through the active
muscle, which results in a lack of oxygen and a build up of lactate and
heat in the muscles, thus causing fatigue at an early stage (Astrand,
1984). Neither the isometric nor isotonic tests have been sufficiently
standardized, and therefore make comparisons difficult., According to
Karlsson (1979), control of the rate of contraction is necessary to ob-
tain reliable force output values. The development of isokinetic dynamo-
metres has allowed for greater control of measured force output. Also,
the more recent development of nuclear magnetic resonance (NMR) and

skinned fibre techniques have allowed for greater control and accuracy

in the study of fatigue.

Many of the factors associated with fatigue are dependent upon the
type of activity and motor unit used. Variationz between fatigue curves
at different velocities could reflect differences in fatigueability of
selectively recruited motor units. Variations in force production have
also been reported with respect to concentric and eccentric contrac-
tions. According to Kaneko et.al., (1983), the mechanical behaviour of
muscle during eccentric contractions results in performance of high me-
chanical output with lower energy expenditure. There are reports of up
+o three-fold greater force values in eccentric contractions (Seliger

et.al., 1980). Komi and Rusko (1974) observed that after 40 contractions
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of forearm flexor muscles, the ezcentric forces recorded represented 50%
of maximal values , whereas the values for concentric force represented
80% of maximal force. It was then suggested that neural input and energy
requirement are equal in maximal effort, but that the differences in fa-
tique emphasized the extreme loading of the elastic component of muscle
during high tension eccentric contractions. While the exact mechanisms
by which the high level of muscular tension is attained in eccentric
work is still unknown, it is believed that output from the elastic com-

penents is enhanced during the resistance to stretch.

While it is likely that some combination of the factors described in
this section contribute to muscular fatique irn supramaximal exercise,
the production of energy via the anaercbic lactic system is commonly
perceived as the major contributing determinant, and it is to a certain

degree measurable by post-exercise lactate values,

2.6 MUSCULAR FATIGUE AND ATHLETIC PERFORMANCE

Greater understanding of the corigin of muscular fatique and of the
limits of anaerobic capacity in athletic performance can lead to im-
proved methods of training and performance by athlet:s. The key to ath-
letic performance (technique and genetic factors being equal) lies
largely in the ability to delay fatigue while maintaining a required
maximal intemsity. A better understanding of the factors responsible for
fatigue and thus reduced performance will aid in the development of
training procedures to produce physiological changes that will aid in

the delay of fatigue.
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An intense eXercise may be performed partly aerobically and partly
anaerobically, with a greater or lesser reduction in force production
varving with the relative severity of work. A well tolerated exercise
in steady state, as in a cross country ski race, becomes anaerobic when
the athlete begins to sprint at the end of a competition. The bulk of
the literature, however, deals with anaercobic lactic capacity and peak
forces in terms of those athletic performances which involve a single
bout of effort lasting between 30 seconds and 2 minutes, such as a 400

metre run, or 100 metre swim (Kindermann and Keul, 1977).

Many of the tests used rely on some power, or total work value as a
predictive measure of the anaerobic system, most often using a bicycle
ergometer and measuring the work output during exercise of 30 seconds to
two minutes, i.e. Wingate, Katch, Cunningham (MacDougall et.al., 1983).
Many of these used no lactate measures. Simoneau (1983), using a 90
second test found that lactate values after testing were often below
those maximal values found in the literature. Possible explanations for
variations may be attributed to differences in protocol, such as time
of lactate sampling, test duration, use of different muscle groups, and

different subject populations with varying fitness levels.

A number of researchers have measured lactate under anaerobic lactic
test conditions. Tesch (1980) found very high lactate levels after
60-120 seconds of maximal cycling - 25.8 mM/kg muscle in FT fibers and
16.7 mM/kg wet weight in ST fibers. He also found levels of lactate af-
ter approximately 60 seconds of downhill skiing to be on average 17.8

mM/kg wet weight but with no difference betweern the fibre types. This
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may ke related to the differences between the basically isometric con-

tractions of skiing as compared to the dynamic contractions in cycling.

Hermanssen (1969), found that of 13 running tests of wvarious dura-
tions, the average blood lactate values at exhaustion were approximately
18mM/1l. This occurred at the same time as subjective fatigue on the part
of the subject. Komi et.a2l., {1977) measured the blood lactate of ath-
letes from various sports after both maximal leg and arm tests. They
reported a range of peak lactate values from 9.0 to 13.9 mM/1l, and on
comparison with muscle biopsies, also found a positive correlation of
blood lactate with percentage of FT fibre. Kindermann and Keul (1977)
tested the blood lactates of elite athletes from various sports during
the first 10 minutes after international competitive events. Those
sport events representing maximal dynamic efforts of 1 - 1 1/2 minutes
(eg. 500 m run, 1l00m swim, 1 000m speed skate) elicited the highest val-
ues, ranging from 15 to 22 mM/)l. Intra-individual comparisons of swim—
ming exercises using different muscle groups found that lower pH and
higher lactate values occurred in leg work compared to arm work. Astrand
and Saltin, (1961) in Saltin (1986), found that when arm work was added
to leg work, the anaerobic capacity, as measured by oxygen deficit, in-
creased by approximately 50%. They concluded from this that anaerobic

capacity is a function of muscle mass.

Hermanssen (1969), proposed that the 1limiting factors for energy

production and utilization for anaerobic work include:

1) the ability to tolerate a high level of lactic acid and

low level of pH.
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2) the degree of training, which may result in a decreased
production of lactic acid for a given power output, and
a higher degree of tolerance for high levels of lactate

in blood ard muscle (Karlsson and Saltin, 1970).

3) The efficiency of the cardiorespiratory system:; the

longer the supramaximal bout, the more critical this

becomes.

Those events associated with a high degree of aerobic endurance work el-
icited lower relative values ranging from 2.5 to 13.8 mM/L (Kindermann
and Keul, 1977; Komi et.al., 1979). These lower values may be interxpret-
ed as a product of factors involved in the effect of endurance training
on the rate of lactate production and clearance from the muscle and/or
blood. Table 2, page 47, summarizes some of the major responses which

may influence lactate production and clearance.

The ultimate result of these factors, in combining to limit lactate
production and enhance clearance, is to decrease the amount of lactate
accumulated and thus the degree of interference with muscle function.
Although these factors help to explain in part the lower blood lactate
values found in endurance athletes, it may alse be true that energy
transduction via glycolysis may be decreased with training, although
there is little evidence of a decrease in glycolytic enzyme activity

with endurance training (Schantz, 1986) with the exception of hexckinase

activity.
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Table 2: Endurance Training Responses and Lactate Turnover

Effect on

Endurance Training Response
lactate turnover

1.4 in H-LDH, ¥ in total LDH ¥ production
2. 1 capillarization T clearance
3. * mitochondrial density T clearance
4. M oxidative enzyme activity 1 clearance
5. © malate/aspartate shuttle enzyme + clearance
activity
6. ¥ gluconeogenesis during exercise <+ production
7.1 rate of increase of VO2 in transition ¥ production

from rest to exercise

8. slower utilization of muscle glycogen {4 production
and blood glucose

9. ¥ lactate production at a given exercise ¥ production
intensity
10. 4 ability to oxidize free fatty acids ¥ production
11. tendency for endurance athletes to ¥ production and
have higher ST percentages 4 clearance
12. T utilization of lactate by ST fibres 1 clearance

13. 1 buffering capacity of blood? * clearance




Table 2: continued

Sources

1. Sjodin, 1976; Holloszy and Coyle, 1984
2. Tesch and Wright, 1983;Saltin, 1886

)

. Holloszy and Coyle,1984; Tesch and
Wright, 1983

- - - -

Holloszy and Coyle,1984: Schantz, 1986
Donovan and Brooks, 1983
Pendergast et al., 1979

. Holloszy and Coyle, 1984

® @ NP O A

Donovan and Brooks, 1984

10. - ° " : Holloszy and Coyle,
1984

11. Astrand and Rodahl, 1977; Tesch et al,
1979

12. Klausen et al., 1982

13. Saitin, 1986

417
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Bouchard et.al., (1982) state that laboratory tests for anaerchic
capacity are of greatest relevance to the athlete when they simulate the
actual mode of exercise and involve the specific muscle groups that are

trained. This indicates a need for specialized ergometry equipment.

2.7 MUSCLE FATIGUE AND ANAEROBIC CAPACITY IN CROSS COUNTRY SKIING

wWhile Bergh (1980) states that 90% of energy production comes from
aerobic processes, cross country ski racing involwves subtlely varyving
levels of intensity and workload that shift intricately between aercbic
and anaerobic systems. A skier must be able to maintain performance at
a high level during changes in terrain and so must be able to both sup-
ply energy aerobically and to develop tolerance for the anaerobic work
performed. For skiing, which requires the use of a large muscle mass,
one might expect the potential for anaerobic capacity to be larger than
for other endurance athletes who use less muscle mass. Aalsoc to be con-
sidered is the finishing sprint at the end of the race which alters the
nature of the exercise performed from largely aercbic to anaercbic (de

Bruyn - Prevost, 1978).

While the topics of aerobic power and anaerobic threshold in cross
country skiing have been extensively investigated, there appears to be
very little research reported in the literature regaxding the anaerobic
lactic system of cross country skiers. Peak force wvalues of a single
e.solosive pature have been measured (Ekstrom, 1981; Haymes and Dickin-
son, 1980), but this author has been unable to find any report associat-—

ed with the lactic system. According to Bexrgh (1980), no attempts have
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been made to measure oxvgen debt after activity. However, blood lactate

levels have been measured following competitions of various lengths (see
table 3, page 50). Blood lactate levels are seen to vary, though the
lactic acid levels after the shortest races, 5 and 10 ¥kms, are quite

high and indicate a high anaerobic contribution during portions of these

races. This may apply particularly in relay races, where the “tempo’ is

even more uneven due to tactical strategies. Because the samples are

taken at the end of races, it may be assumed that they represent the

anaercbic contribution of the latter part of the race.

when the separation between times for the top finishers is often no
more than a few seconds and as little as one tenth of a second, a two
second time difference in a 15 minute race corresponds to 0.2% in time,
and the anaerobic contribution can supply up to 5% of the total energy
production (Bergh, 1980). For distances of 30 kms, the anaerohic con-
tribution can still represent a small but significant portion of the to-
tal energy production., This may be confirmed by moderately high blood
lactate levels. Thus anaerobic energy transduction, while relatively
less important than aerobic energy, may Yet be decisive in terms of fi-

nal results, primarily over shorter distances.




Table 3: Post-race Lactate Values (from Bergh, 1980)

10km I5km 30xm’ 30km*
Time Lactate Time Lactate Time Lactate  Time Lactate
35.17 139 53.48 54 1.31.50 13 1.50.37 110
357 133 53.53 110 13232 9t 1.50.41 -
35.09 192 54.56 —_ 1.3241 63 1.50.57 €%
36.13 144 55.10 100 13247 _— IS51.46 &0
36.17 149 5517 109 1.33.07 % —_ -
35.23 109 53.20 108 1.33.28 118 - -
316.36 110 55,35 110 1.13.44 -— 1.52.53 41
35.57 135 55.39 132 L1348 0T 1.53.03 s52
- - 55.40 - 1.33.47 — 1.53.03 &2
S0km B85km
Time Lactate Time Lactate
30642 39 3.0t _—
J.10.30 a2 5.06 19
3.10.38 47 6.28 3
J.11.42 39 7.08 22
iz 2.50 15
43 38 4.30 26
Jiar 3
45}y —
1520 —

Note: Values are in mg%

Conversion: 1mM\L = 9 mg%

50
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2.8 SKI TRAINING AND ANAEROBIC CAPACITY

The toleration of lactic acid accumulation, as opposed to increasing the
glyvcolytic rate, is the major aim of the anaerobic training practiced by
mest ski racers, particularly in the pre-competition season. This, plus
the fact that elite ski racers are characterized by very high oxygen up-
take values arnd that they concentrate the majority of training on en-
hancing the aerobic system, implies that the training metheds and ef-
fects will be different from those of athletes in more strictly
anaerobic events. As a result of this training, it is likely that the
athlete would be better able to metabolize the lactate in the muscle.

See table 2 for details.

In view of the fact that the training adaptations for elite athletes
are largely local, the need to train the muscles in similar patterns to

the performance demands is emphasized.

Anaercbic training should focus on the same muscle groups as used
for training and competition in order to promote muscle force produc-
tion. The double poling methed so commonly used in final sprints in the
stadium is also gaining popularity in a2 modified form for use in the new
technique of ski "skating". This technique is said to place greater em-
phasis on the upper body musculature and thus high force production ca-
pabilities of these muscles would be desirable for optimum performance.
Komi (personal communications, 1986), has reported forces of between 1.6
and 2.5 times greater during the skating technique than duxing classic
technique as measured with £orce transducers incorporated into ski

poles. Rusko (1988) has presented data indicating higher lactate wvalues
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and respiratory exchange ratios obtained while skating as compared to
using the "classic” technique at the same intensities. Thus the use of
an ergometer which mimics a skill which is common to both techniques is

advisable,

A current training device known as a roller board {see figure 7,
page 59) emphasizes the development of force production in the upper
body musculature through a similar range of motion (Saar P., Scheier i.,
personal communication) to that used in skiing. That Sharp and RKoutedak—
is (1987) found that upper body exercise was more appropriate than lowexr
body exercise for use in analyzing the anaerobic energy transduction in
elite rowers, gymnasts and judoists, lends support to using an upper
body exercise for the current study. The roller board thus lends itself
to use as an ergometric tool for examining force production characteris-—

tics under anaerobic lactic conditions.

2.9 CONCLUSION

The production of force in athletic performance may be affected by a
number of factors. These factors depend upon the specific exercise con-
ditions, including duration, intensity, type of contractions, range of
motion, and muscle groups used. Ski racing performance relies to a small
but significant degree on intense short-term force production typical of
the anaerobic lactic system. The fact that this anaerobic work is per-—
formed within the context of a largely aerchic sport implies a high lev—
el of aerobic conditioning, confirmed by high maximal uptake values,

which can have significant effects on the metabolism of lactate and thus
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force production. In order to determine the physiological capacity of
an athlete to develop and maintain force under conditions of an anaero-
bic nature, the system should be isolated as much as possible, and the

muscle groups should correspond to those used in training and competi-

tion.
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METHODOLOGY

3.1 INTRODUCTICN

This chapter will outline the subject population, exercise protocol,
method of collection and analysis of force production, analysis and as—

say of blood lactate and the statistical design used in this study.

3.2 SUBJECTS

The subjects in thnis study were zll members of the Canadian National
teams for cross country skiing. These ircluded both junior and senior,
and male and female athletes, They represent a high aerobically fit
group (see Table 4, following page) whose training includes a signifi-
cant amount of upper body work. Thece athletes train year round, and the
testing occurs at specific phases in training throughout the year. The
athletes had been previously required to give their informed consent
upon accepting national team status through the respective sport-govern-

ing association.
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Table 4: Subjects Physioclogical and Pserlormance Charactaristics
Subjects Age Weight VQ2re! Competitive Levsl
{yrs )} ( kg) ( mikg/min )
Males
{D=t 28 71.3 80.7 WCP,.OT
2 24 67.6 72.1 qar
a 20 829 755 or
4 20 82.9 70.0 ar
5 25 72.8 77.8 or
6 19 71.2 74.0 NST
7 19 78.6 67.7 NST
8 18 784 63.5 NST
Means 21.6 5.7 72.7
Females
1Dw9 22 55.9 67.6 WCP,OT
10 25 56.5 67.3 or
11 21 67.9 9.8 or
12 21 52.9 60.0 ar
13 26 60.6 63.6 WCP, OT
14 19 58.3 62.3 NST
15 18 47.8 59.3 NST
16 19 52.3 64.3 NST
17 18 50.6 59.9 NST
Means 21.0 55.9 62.5

Note; NST=Nations! Ski Team OT=0lympic Team WCP=Workd Cup Points acquired
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3.2 GENERAL EXPERIMENTAL PROCEDURES

A& battery of tests were performed by the athletes at regulaxly
scheduled periods throughout the year at the University of Ottawa. In-
cluded among these tests was an intense two minute exercise using an er-
gonometric device known as a ‘roller board . Aall the athletes were fa-
miliarized with the test protocol prior to testing. All the athletes had
had previous experience in the use of the roller board, and many had
used a roller board regularly during pre-season strength training and so
were familiar with the technique required. The technique used for this
exercise involves minimal skill and it is felt that the results are
likely to be the result of physiclogical responses as opposed to differ—

ences in technique,.

Each subject was required to repeat a simulated double-poling motion
on this roller board using maximum effort 2t a rate of one ‘pull’ evéry
2.5 seconds according to the recommended method (Saar and Scheier 1985).
In early testing sessions the cadence was set at a rate of one ‘pull”’
every 3 seconds, but this rate was modified as a result of feedback from
coaches and athletes regarding the simulation of the double poling ‘tem-
po’ on snow. Also pilot values indicated that the athlete's fitness lev—
els had increased to the point such that fatigue was not apparent for
many athletes within the test period using the three second protocol. No
attempt was made to control either the distance travelled or the veleoci-
ty of the movement. This test lasted for two minutes (or 48 pulls), af-
ter which fingertip blood samples were drawn and subsequently analyzed

for lactate concentration. The test was performed not less than two
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hours after previous testing to allow any earlier accumulation of lactic

acid to be dispersed (Hultman and Sahlin, 1980). When the time between
tests was close to two hours, a resting blood sample was taken to ensure
that the blood lactic acid levels were consistent with normal resting

levels (i.e. below 2mM of lactate). A warmup some minutes prior to test-

ing using the specific muscles involved was strongly recommended to pre-

vent injury.

A single pull of the double poling motion began with the subject
kneeling on a board equipped with wheels. The board was then pulled by
the subject up a 2.5 metre metal ramp sSet at an angle of 21.35 degrees
for females and 26 degrees for males according to Saar and Scheier
(1985) See Figure 6, page 59. The subject held onto the straps using a
grip similar to that which they used for skiing, and allowed full body
weight to rest on the straps with arms fully extended. On the starting
signal the athlete pulled him/herself up the ramp by pulling against
the straps. At the top of the stroke the arms were extended behind the
torso. The subject then returned to the initial position. Each subject
was advised to control the return so as to avoid too much eccentric con-

traction and subsequent muscle soreness.

A tape recording standardized the delivery of instructions and as-
sisted the subject with maintaining the required rhythm. The subject was
instructed to exert all-out effort for each individual pull, and to con-
tinue pulling at maximum force even when full extension could no longer
be reached. The athletes were motivated to perform with verbal encour-

agement from the testexs and fellow team members.
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Figure 6: Rollerboard Simulated Double Poling

B FINISH

A START

26°

Note: 21.5%for women
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3.4 MEASUREMENT OF FORCE PRODUCTION

After initial familiarication with the test procedure, each subject
began by allowing full body weight to hang from the straps in oxder to
partial out the effect of body weight on the force curve (see figures ©
and 8). No attempt was made to adjust for either body site or propor-
tions.The force exerted by the weight and by the application of muscular
effort was measured in the form of voltage changes via a load cell (Le-
bow Assoc. Inc., model 3132). This load cell was connected to a metal
bar to which the straps were attached. Once the test began, the voltage
changes were continually recorded, amplified by a bridge amplifier (Hon-
eywell Inc., Accudata 218), and then were digitized using an Applescope
Analog to Digital Converter (RC Electronics Ltd.)} APL-2D system in con-
junction with an Apple IIe computer system. The amplitude of the force

curve was adjusted for males (A=0.2) and females (aA=0.1) to allow as

much information as possible to be seen on the screen for each athlete.

Calibrations of the recording apparatus were performed either imme-
diately prior to, or immediately after the testing session using a plumb
line suspension of known weights of up to 165 kgs for the males and 95
Xgs for the females. Subsequent force values for each of the individual
measurements were calculated using the linear regression equations de-
rived from the calibration measures, and applying them to the recorded

deflections (see figure 8, page 61).
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Figure 7: Schematic Diagram of the Recording Apparatus

—— Apple lle
Load
d% Cell °
(s}
Bridge
Amplifier
Ramp

Strap




FORCE
(mVolts)

o1
Figure 8: Typical Force Curve and Meathod of Analysis

Body Weight Line

Peak Force

TIME (seconds)



62

Prior to analyzing individual movement cuxrves, the body weight de-
flection was determined and this value was then used as a baseline read-
ing upon which to measure the individual peak force values (see Figure
8). A video tape recording of the test was used in analyzing those
curves which seemed to be altered by abnormal or excessive body nmove-
ments. For example, occasional uncontrelled drops of body weight onto to
the straps at the bottom of the ramp resulted in either a very sharp
steep peak or a double peak. In such cases the second peak was taken to
represent the peak force actually used to pull the subject up the ramp.
The deflections, measur-d in millivolts, for each pull were translated
into Newtons of force using the regression equations from the calibra-
tion. This information was then plotted on a graph depicting force (New-
tons) against time (seconds). The graph was then analyzed to determine
the time to drop-off, the degree of drop-off, and the pattern of force
decline (i.e. muscle fatigue). The force and fatigue indicators were

calculated in the following manner:
Peak force: the highest force value recorded for the athlete.
Mean force: the mean value for all the pulls throughout the exercise.

TDO: the recorded time when the force measures were consistently

lower than the lowest of the early peak values.

DO-Index: the difference in Newtons between the mean of the force
values recorded from S to 15 seconds and the mean of

the values recorded from 105 to 115 seconds.
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¥M-Index: The difference between the mean level of force before
drop-off had occurred and after drop-off (maintenance of

force index). Tkhis is expressed as a percentage.

3.4.1 Analvsis of Blood Lactate

Once the two minute test was completed, the athlete was assisted
from the rollerboard and inteo a chair. The fingertip was cleaned with
alcochol and allowed to dry before lancing for each sample to avoid con-
tamination of the sample. Once the sample was drawn, by capillary action
into a heparinicted tube, exactly 20 ulL of blocod were then txansferred:
from the capillary tube and immediately haemolysed with 380 ul of dilut-
ing solution. Once haemolysed and firmly sealed, the samples potentially
remzin stable for another 48 hours (Kontron Medical, 1981). However,
all samples were analyzed within a period of five hours. These samples
were taken at two and three minutes post-test as a result of; a) earlier
pilot work indicating that values dropped for this population beyond
three minutes (see appendix D), and b) data from Medbo and Sejersted
{1985) demonstrating peak blood lactate values occurring at post three
minutes or earlier for elite cross country skiers following an all-out
one minute treadmill run. As well, recent (unpublished) data from Na-
tional ski team members have indicated peak lactate values occurring
within three minutes post—exercise for and post-race sampling (La-p0 =
11.11, La-p3 = 9.96). Values after maximal VO2 testing showed the sane

trend (La-p2 = 8.40, La-p3 = 7.61).
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3.4.2 lL.actate Assavy

Blood lactate concentration was determined within five hours of sam-
pling time using a Kontron Medical 640 lactate Analyzer (Roche Bio-Elec-

troniesy.

This method involves:

a) the enzymatic oxidization of lactate to pyruvate in the presence of

cytochrome b2:

coo = -3 ecvt. b2 ,coo‘ -4
I

H-O-C-H + 2(E‘e(CN)6) ----------- < C=0 + 2H++2(FQ(CN35’
l \

and b) the electrochemical oxidation of the hexocyanoferrate II formed:

-* ﬂ
2(“(@? < 2(Fe(CNg) +2e~

The two electrons released for each lactate molecule oxidized cause a
current to develop. The linear relationship between the current devel-
oped and the lactate concentration is achieved by first order kinetics

of the enzymatic reaction.
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3.5 STATISTICAL ANALYSES
3.5.1 Descriptive

Initially, descriptive analyzes were performed -o provide means and
standard deviations for all the force and lactate values (the dependent
variables) as well as selected physiological measures. The graphs of
force versus time were apaiv-ed to determine the time to drop-off, from

which the other values (for definitions see page 10) were determined.

3.5.2 Correlations

A general linear models (GLM) procedure was performed followed by a
Scheffe post-hoc analysis to determine the significance of difference
between male and female groups for all of the dependent variables. In
order to determine whether there were any relationships between the
force variables and the lactate variables, a correlational matrix was
used to compare all of the dependent variables. This was performed for

each of the male, female and peoled data.



RESULTS

4.1 INTRODUCTION

The purpose of this study was to examine the relationship between
force production characteristics and bleod lactate in elite cross coun—
try male and female skiers. Of particular interest were the relation-
ships between the fatigue indicators as derived from the force analysis,
and the relationship of these values to peak post-exercise lactate val-

ues.

Force values from seventeen National ski team members, nine females
and eight males, were obtained throughout a two minute intense exercise.
Lactate samples were taken at two and three minutes post exercise. The

fatigque indicators derived from the force values included the following:

a) time to drop-off (TDO)

b) peak force value recorded during the exercise {F-Peak)

¢) mean force value calculated from the average of all 48

pulls during the exercise (F-Mean)

d) drop-off index (Newtons) as defired by DO-Index = (a-b)
where;
4 = mean of initial values from five to 15 seconds
b = mean of final values from 105 to 115 seconds
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e) maintenance index (Newtons) as defined by M-Index = B/A x 100
where;
A = average of all values prior to drop-off (TDO)

B = average of all values after drop-off

This chapter presents first the descriptive statistics for male and
female athletes for the dependent variables (as defined on page 10). The
rationale for separating the data on the basis of gender is discussed,
and the correlational statistics for males and females are presented.
The final section examines the meaning of these results and compares

them with previous literature.

4.2 SUBJECT 'S PHYSICAL CHARACTERISTICS

The subjects of this study (see Table 4, page 55) consisted of eight
female and nine male members of the National Cross Country Ski Tean,
ranging in age from 18 to 28 years. They were all highly aerobically fit
athletes, with maximal V02 values ranging from 59.3 ml/kg/min to 80.4
ml/kg/min (mean=67.6 ml/kg/min). Ten athletes qualified for the Olympic
Games in 1988, Among these, three had earned World Cup points by having
placed in the top 15 internationally. A considerable range was found in
body weight (47.8 kg to 82.9 kg), as may be expected when males and fe-

males are grouped.
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4.3 RESULTS QF DESCRIPTIVE ANALYSIS

The results of the descriptive analysis describe a subject group with a
mean age ©of 21 vears and with a weight difference of approximately 20
kilograms between the males and the females. This substantial difference
in weight reinforces the appropriateness of including a weight baseline
measure to compensate for the discrepancy. To further substantiate this,
a ceorrelational matrix was generated for body weight with the other de-
pendent variables (see Appendix B). The lack of significant correlations
for body weight with any force or lactate variables would imply that the

weight baseline measures were effective.

The post-exercise lactate values were elevated and showed little
change from the second minute to the third. The results for the force
values and fatigue indicators described a general pattern for the sub-
jects. A relatively high amount of force was generated initially and was
maintained for approximately 70 seconds of a 120 second exercise. The
absolute force values tended to be higher for the men than the women,
although the ability to maintain force, or resist fatigue, was similar.
Once fatigue had occurred, the force values dropped off to levels repre-
senting, on average, 73% (M-Index) of the mean values prior to drop-off.
The absolute amount of drop-off was greater for the males than the fe-
males, but when expressed relative to the initial peak values, the dif-

ference was less.

These results are summarized on Table 5, page 69, and in Figure 9,

page 71).
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Descriptive Statistics for Men and Women

M w M w

Variable N Mean Mean STD STD
TOO 8 9 70.1 68.1 28.2 18.1
(seconds)
F-Peak 8 9 564.0 462.0 116.0 107.0
{(Newtons)
F-Mean 8§ 9 379.0 339.0 65.0 105.0
(Newtons)
DO-Index 8 9 198.0 163.0 132.0 49.0
{Newtons)
M-index 8 9 74.0% 72.2% 18 0 11.0
La-p2 8 § 8.87 7.69 1.69 1.27
(mM/L)
ta-p3 8 9 8.50 7.72 1.41 1.21
(mM/L)
VQ2rel 8 9 72.7 62.5 5.6 3.5
{ml-kg-min
Age 8 9 21.6 21.0 3.6 2.9
(years)
Weight 8 9 75.7 5.9 5.8 6.0
(kgs)

See page 10 for variable definitions




70
The mean values for the variables which were calculated on the basis of

an indiwvidual’s relative

H

esponse - such as time to drop-ocff and M-Index
- were guite similar for males and females. Those wvariables which were

calculated seolely according to absolute wvalues showed greaters variation.

che mean TDO values (70.3 seconds and 68.0 seconéds for nmales and fe—~
males respectively), although longer than many of those reported in the
literature, showed little difference between the genders and were within
the range o: expected values for a supramaximal exercise; Katch and
Weltman (1979), report a 42 second drop-off point for maximal cveling by
physical education students. Hultman et.al., (1982) report a 55 second
drop-off, and many tests (Bouchard et.al., 1982; Fujistuka et.al.., 1982;
Thomson and Garvie, 1981) use a maximal treadmill exercise designed to
cause exhaustion at approximately 60 seconds. The peak force measures
were difficult to compare directly with the literature, as no similar
test measuring force for a similar mode of exercise had been found by
this author. Ekstrom (1981) reported a maximum value of 210 Newtons of
force per pole during double poling, but these values were recorded un-

der very different conditions from those of the current study.

It was expected that the force values would be higher in men than
women, due to higher reported strength capacities for men (O'Bryant,
1985; Astrand and Rodahl, 1977); as demonstrated in these results (see

figure 9, following page).
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Howewver, care must be taken in interpreting these results, and any of
the nean force data, due to large standarxd deviation wvalues for both
males and females (see figures 10 and 11, pages 73 and 74 Trespectively).
These recults 1indicate &a substantial difference 3in the ability to
produce peak and mean forces among individual cross country skiers, re-—

-

gardless of gender.

The mean DO-Index values followed similar trends to the F-Peak val-
ues with respect to the gender differences, as might be expected since
these also are representative of absolute values. The standard devia-
tions demonstrated a large degree of variation in results, although this
spread was unexpectedly less for males. The standard deviation values
for the F-Mean variable were much lower for females than males (48.8 vs
132.5), although this may in part be explained by the females’ lower

relative force output.

Studies using similar techniques for measuring the degree of drop-

£f (DO-Index) in a2 short term maximal exercise, expressed the amount of
drop-off as a percentage of the peak values. In order to compare the
literature values to those in the current study, these were also con-
verted to similar units. For both the men and the women in the current
study, the percentage of drop-off was 35.3%. This was lower than many
previous studies which reported values of 50% (Komi and Rusko, 1974),

S7% (Tesch, 1978) 59.7% (Katch, 1973) and 68.5% (Katch and Weltman,

1979).
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It is suggested that some of the di

- -
-

erences may be accounted for by

the methodological variations

be
1]

a) the intensity and/or duration of the exercise

b} the ergonometric devices used, and, as a result,
differences in the use of muscle groups and types

©f contractions
¢) the actual units measured

Moreover, these discrepitcies may be related to the unique gqualities of
tke subject group, and to the potential differences in ability to me-
tabolize lactate, as suggested in Chapter 2 (see Table 2, page 47). A
hyvpothetical superior ability to metabolize lactate would be expected to
result in lower post-exercise lactate values, such as those seen in this
study. Since these lower values might be accompanied by a lessening of
those fluctuations in pH levels which affect glycolytic flux and/or the
functioning of the contractile apparatus, the ultimate result of an en-
hanced ability to metabolize lactate should be a reduced fatigue re-
sponse. The M-I;dex values of 74% and 72.2% , which indicated tha de-
gree to which the force output could be maintained after drop-off had

occurred, could not be directly compared to previous studies.

Vandewalle et.al., {1987) suggested that athletes with low anaerobic
power but with high aerobic power, as seen in the current study, and a
short oxygen transient should ccntribute a higher percentage of energy
via the aercbic system at the end of an all-cut exercise than should

power athletes. Other researchers have also explained their results on



thiz basis, including Goslin and Graham (1985) and MeCaxtney et.al.,
(1981, who fcund that aercbic power, a5 indicated by =maximal V02 val-
ues, was neGatively related to the rate of power decrease. However, no

such correlatjon was found in the current study.

The lactare values were zlightly higher for males (8.87 wvs. 7.69)
as compared to females. Although this was not statistically signifi-
cant, the significance may be considered borderlinme at p < 0.11. The
higher values for men mavy have been due to larger muscle mass, and thus
a potentially greater ability to produce lactate. This is in agreement
with the findings of Astrand et.al., (1986) who also found higher peak
blood lactate values for males as compared to females after supramaximal

arm and leg work.

The values in the current study were considerably lower than those
reported by Ohkuwa et.al., 1984, (19.06 aM/L) and by Medbo and Sejersted
1984 (16.7 mM/L) for sprint trained and untrained subjects. They were
somewhat lower than those reported by Ohkuwa et.al., (1984) for distance
runners (14.97 =mM/L), and by Fujitsuka et.al., (1982) for untrained sub-
jects (12.98 mM/l). They were slightly lower than those found by Medbo
and Sejersted (1985) for Norwegian elite skiers (12.5 mM/l). These pre-
vious results were measured after maximal leg exercise. However the re-
sults were similar tc those reported by Kindermann and Keul (1977) for
elite skiers after a ten ka ski race (6.0-9.2 mM/L), and for Secher
et.al, {1974) after maximal arnm cranking (8.6mM/L). They were slightly
lower than those reported by Komi and coworkers (1977) for Finnish elite

skiers (11.2 mM/L), and by Bergh et.al, (1976) after maximal arm pedall-



ing (12.1 mM/L). HKindermann and Xeul et al, {1977) alseo found that the
blood lactate values for elite endurance athletes (taken within 10

min-

r values

The two minute post-exercise lactate values -wvere not very different
from the three minute values. Pilot work with this group had indicated
that bevond three minutes, no further positive increments in blood lac-
rate were observed. This was contrary to a number of studies which re-
ported peak blood lactates that occurred somewhat later. Fujitsuka and
coworkers (1982), reported peak post—exercise lactate values occurring
at approximately 7.6 minutes post-exercise for untrained subjects., Thom-
son and Garvie (1981) at five minutes for marathon runners. However,
Komi and coworkers (1977) found peak values occurring at three to five
minutes for elite athletes. The results of the current study arxre consis-
rent with the work of Medbo and Sejersted (19° ' who observed peak val-

ues at three minutes post-exercise for elite Norwegian skiexs.

The maximal VO2rel values were high, with the variations non-signif-
jcant, indicating a fairly homogeneous population within each gender
grouping. The mean VO2 values are higher than those reported for col-
lege level skiers (Kindermann et.al., 1979) and for competitive sub-e-
lite skiers (Saar, 1986) but compaxable to those reported for elite ski-
ers (Rusko et.al., 1978, Medbo and Sejersted, 1985) and slightly lower
than those reported for international elite Skiers (Bergh, 1982; as cit-
ed in Scheier, 1983). The difference between males and females was con-—

sistent with the literature (Astrand and Rodahl, 1977; Boulay et.al.,
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1985 which indicates that women generally have mnaximal oxygen uptake

values which are approximately 80% of theose for men,

These results indicate a high aerobically fit group with maximal V02
values comparable to other elite cross country skiers. They demonstrate.
on average, a reiatively low degree of drop-off as well as the ability
to produce force at consistently high levels for a long period before
fatigue, as indicated by the TDO fatigque indicator, is reached. These
athletes demonstrate a similar time course for peak lactate levels to
appear when compared with other elite skiers, but a slightlvy shorter
time course than other endurance athletes, and a considerably shorter
time than untrained or sprint trained athletes. The differences between
the genders were consistent with the literature with regard to V02 val-

ues and peak force values.

4.4 CORRELATIONS

The purpose of the study was to investigate the relationship between
lactate and force production among male and female cross country skiers.
Since the significance testing (see page 89) showed three of the vari-
ables to be significantly different between males and females, a deci-
sion to examine separately the correlations between the force and lac—
tate values for each gender was made. A correlational matrix was
calculated for the pooled data (see appendix B) but most of the signifi-
cance showed in the gender—segregated correlations. A detailed descrip-

tion of the correlational results for each gender will now be presented.
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The results of the correlaticn mazrix are presented in tables o
{page 80) and 7 (page 81) for males and females, respectively. For both
the men and the women, the peak force values were found to have a sig-
nificant correlation with the average force values (r=0.73, p < 0.01 and
r=0.98, p < 0.01 respectively). This might be expected since the F-Peak
values reflect force generating capacity and the peak values would le
incorporated in the F-Mean calculations, regardless of the subsequent
fatigue pattern. However, the relationship between these variables is
much tighter for the women, who had a coefficient of variation of
r2=0.95. This implies that the degree of variation in F-Mean values can
be largely accounted for by the variation in F-Peak values, and that

there may be a difference in the interaction of these two variables be-

tweer the genders.

The second common correlation was found between the La-p2 samples
and the La-p3 values. The coefficient of variance was very high and the
probability was significant. This was reasonable to expect since the av-
erage values (see Table 5) showed little difference , and the difference
was generally in the same direction such that the La-p3 values tended to

be slightly lower than the La-p2 values.

A correlation which was somewhat similar for both genders was that
of the F-Peak and DO-Index variables. The correlation coefficient is
quite strong for men, and significant at the p < 0.01 level. There was,
however, only a moderate correlation for women, and the significance was
only at the p < 0.08 level. This suggests that there is a relationship

between the peak force production and the degree of drop-off in men, and



Tabie §: Corretational Lalrix for Mizleg

Pearscn Cecrrziation Coelficienls / Prgbability Statemenis/ N=8

TDO F-Peak r-Liean DOQ-Index M-lndex

0 -
F-Peak -.249 -
.551
F-Mean 186 729 -
842 .040
DO-Index -.636+ .849* - .354
090 .008 .390
M-Index .761° 704+ -.299 -
.028 .051 471
La-p2 -.021 -.098 211 -
.960 .817 .616
La-p3 .019 - 077 261 -
964 857 532
VQO2rel 416 -.001 -.004 -
305 .998 .992
+ Significant at the p > 0.10 leve

Significant at the p > 0.05 level

.886"°°
.003

.269
519

.263
530

107
-801

Significant at the p > 0.01 level

See page 10 for variable definitions

Ltz-p2 La-p3 VvQ2rel
123. -
772
125 .990°° -
.768 .0001
510 -.785° .80s8° -
197 021 .016



Table 7: Correlatignal Matrix for Females

31
Pearson Correlation Coefficients | Probability Statements \ N=§

0 F-Peak F-Mean DOQO-Index M-Index La-p2 La-p3 VOQ2rel
DO -

F-Peak .664+ -
.051

F-Mean .756° .877°° -
.018 .0001

DO-Index .166 604+ .482 -
.670 .085 .189

M-Index .299 .301 415 -.482 -

434 .430 .267 .188
La-p2 642+ .692° .698° .187 .260 -
.062 .038 .036 .629 .498
La-p3 642+ 537 573 .146 .066 .928"" -
.062 .136 107 .707 .865 .0003
vQO2re! .090 413 424 .116 574 .012 -.187 -
.819 .270 .255 .766 .106 976 .630

+ Significant at the p > 0.10 level
* Significant at the p > 0.05 level
** Significant at the p > 0.01 level

See page 10 for variable definitions



perhaps alza in women such that those who coulé produce the hicher Iore-
es tended to fatigue the most. This also suggests that there may he a
difference in the extent of interaction between the degree of drop-off

and peak force between males and females.

liot all of the force and fatigue measures showed similar trends for
both genders. For the men, a strong correlation (r=0.77; p < 0.03) was
found between the TDO and the M-Index values. This suggests a positive
relationship between the length of time that fatigue can be resisted and
the degree of fatigue resistance (ie between when and how much they fa-
tigue). In contrast, the correlation coefficient for the women was very
lew and non-significant. There is also a moderate negative correlation
{r=—-0.64) between the TDO values and the DO-Index wvalues for the men,
which was significant only at the p < 0.06 level. This relationship be-
tween the time at which fatigue occurs and degree of fatigue in absclute
terms appears reasonable since this would tend to support the previously
mentioned relationship between the TDO and the M-Index. These relation-
ships are consistent with two possible patterns; one which describes a
short time to fatique {(TDC) and a large amount of drop—off (DO—Index).
as compared to 2 second pattern describing a long time to fatigue and a
small amount of drop—off. These possible patterns are supported by the
positive relationship between F-Peak and DO-Index as described on page
81. Similar confirmation is found in the negative relationship between
F-Peak and M—-Index. These correlations give us a picture of cuxrves con-
sistent with those shown in Figure 12 (page 83). Pattern 1, the “low

fatique curve”", shows a relatively low peak force, (F~Peak), a long time
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to drop-off, a small amount of drop-off and a high force maintenance

(M-Index). Pattern 2, or "high fatigue”, on the other hand, shows a
high peak force, large amount of drop-off, short time %o fatigue, and

lower force maintenance. These relationships are again not seen for the

females.

A strong negative relationship was found between the DO-Index and
the M-Index values for men. This is not surprising, since & large abso-
lute amount of drop—off does not seen compatible with a high ability to
maintain force. Once again, no such relationship was found for the wo-
men. This is consistent with the pattern of results found for the men

and not for the women and suggests a distinct difference in the fatigue

response between the genders.

Among the women, the TDO variable was found to have a strong corre-
lation with the F-Mean variable (r=0.76) and a moderate correlation with
the F-Peak variable (r=0.66). These corr-lation coefficients are comn-
sistent with the correlation between the F-Peak and F-Mean variables,
and suggest a single pattern, which is illustrated in Figure 13, page
85. These individual patterns show similar fatigue responses which vary
according to the ability to produce peak force, such that those who
produce low ipitial forces show curves which are similar in pattern to
those who produce high forces, but with a downward and left shift for
the weaker skiers. Clarkson et.al., (1984) found a similar consistency
in fatigue patterns for elite ocaxrswomen. 2hey examined isokinetic fa-
tigue curves of both ocarswomen and untrained female subjects, and found

that while the ability to produce tension varied greatly, the fatigue
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curves were very similar. This was true both among and between the

groups.

For the women in this study, correlations were tfound between both
the F-Peak and F-Mean values (r=0.69 and r=0.70 respectively) with the
La-p2 values. This suggests a positive relationship between force pro-
duction and peak lactate production capabilities, and is again consis-
tent with the relationship between the F-Pezk and F-Mean variables.
Somewhat lower and less significant relationships were found between

these variables and the La-p3 variables. These relationships were not

ocbserved for the men.

A correlation of r=0.64 (p < 0.06) was found between the TDO and
both La-p2 and La-p3 values for the women. This suggests that, contrary
to traditional belief, the ability to resist fatigue for these subjects
may be associated with a high post—exercise lactate. No relationships
between the above variables were seen for the men. Graphic illustra-

tions of these latter three correlations may be found in Appendix C.

Another finding was the significant, negative degree of correlation
between the maximal VO2rel variable and both the La-p2 and La-p3 vari-
ables for the men, and the lack of any such relationship for the women.
The slightly lower cocefficient and degree of significance for the La-p3
variable may be attributed to the slightly lower values for the mean
La-p3 measures. This suggests that for this group of high aercbically
fit male athletes, the degree of aerobic power may be somehow related to
the ability to produce less lactate, and/or to metabolize it more effi-

ciently. That this relationship is not seen for the women reinforces
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the idea of a somewhat different fatigue response, 2although this xe-
sponse may be connected to the lower mean vO2rel values (62.5 ml/kg/min
vs. 72.7 ml/kg/min) and/or the slightly lower lactate values found for

these women.

Due to the small sample sizes, and moderate degree of correlation
and/or significance in certain relationships, further investigation of
these relationships is recommended. Also, the degree of variation in the
force values (see figures 9 and 1C) is quite high, and because the sam-

ple size is guite small, some patterns may have been obscured.

In summary, it appears that the nature of the fatigv= response is
fundamentally different for the male and female skiers. There may be two
fatigue responses for the males; one associated with a lower peak force
output, but with a greater degree of resistance to fatique (Pattern 1,
Figure 12); and the other one associated with & high peak force outmut,
a short time to fatigue and a greater degree of fatigue (Pattern 2, Fig-
ure 12). The men also demonstrated a strong negative association be-
tween aerobic fitness, as indicated by the V02 values, and blood lac—

tate.

The women on the other hand, have demonstrated a non-traditional re-
lationship between the strength and fatigue indicators, and also between
fatigue and blood lactate. The force fatigue response for women seens
to follow a pattern characterized by (for example) high peak force val-
ues being repeated fairly consistently for 2a relatively long pericd of
time (i.e. high peak, high M-Index, long TDO) which may be followed by a

large amount of drop-off (DO-Index) near the end. See Figure 13.
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4.5 GENERAL LINEAR MODELS PROCEDURE AND SCHEFFE

mhe General Linear Models (GLM) procedure was used to analyze the vari-
ance between the genders for these groups instead of an ANOVA because ot
the different cell sizes (i.e. unbalanced design). The GLM procedure
performs an analysis of variance using a linear model to predict the re-
sponse as a linear function of parameters and design variables. The
Scheffe post hoc analysis was used to analyze all significant main ef-

fect means found as a result of the GML analysis.

The results are presented in table 8 on the following page. Because
three variables (F-Peak, VO2rel, and weight) were found to be signifi-
cantly different, it was decided to run separate correlations for each
gender independently as well ac >ne for pooled data. See appendix B.
Many of the coefficients showed different relationships between the
variables for men and women, suggesting potential differences in both

the fatigue response, and in the relationships between force production

and blood lactate for the genders.
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Table 8: GLM Procedure For Significance of Differences

in Dependent Variables between Males and Females

03’:?:::’: df zqf:re F raio  Probability
TOO (seconds) 1 21.57 .04 0.85 .
F-Peak(Newtons) 1 44614.11 3.59 0.078 *
F-Mean({Newtons) 1 6752.21 0.85 0.37
DO-Index(Newtons) 1 5318.33 0.56 0.47
M-Index (percent) 1 0015 0.07 0.80
La-p2 (mM\L) 1 5.90 2.83 0.11
La-p3 (mM\L) 1 3.26 1.91 0.19
VO2rel (ml\kg\min) 1 421.30 20.81 0.0004 **°

* Difference is significant at the p > 0.10 level

*** Cifference is significant at the p .> 0.001 level

GLM=General linear models procedure for ANOVA with different cell sizes.

See page 10 for variable definitions
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4.6 DISCUSSION

The purpose of this study was to investigate the relationship be-
tween force and blood lactate :a elite cross country skiers. The sig-
nificant differences found in the GLM analysis and the differences in
correlations for the males and females indicated that the results should
be analyzed for each gender individually. Since high aexrobic capacity is
a2 variable which characterizes these athletes as a group, it was decided
to include this variable in the correlations to determine whether it was

indeed a factor which might influence the other variables or the rela-

tionships between them.

Not surprisingly, the results from Table 6 indicate that the F-Peak
and F-Mean values, which both reflect absolute force output, were sig-
nificantly correlated (r=0.73; p < 0.01). This is consistent with Gos-
lin and Graham (1985), who found a strong correlation (x=0.97, p < 0.01)
between peak and mean power for a 30 second Wingate test. It is not
surprising that there would be a positive relationship between these
variables, but it does not necessarily follow that the correlation would
be high, since the pattern of fatigue will obvicusly influence the rela-
tionship. Perhaps the relative consistency in the fatigue pattern for

women may help to explain the tighter relationship between F-Peak and

F-Mean for women.

The strong relationship between the peak values and the absclute
amount of drop—off in force for the menm is consistent with much of the
literature which examines the relationship between muscle metabolic

properties and force, power or torgue output during a short—term intense
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effort. Bar-Or et.al., (1980) found that male subjects showed a high
positive correlation between the percentage of FT fibres and each of av—
€rage power, peak power and power decrease during maximal c¢ycling. Edg-
erton et.al., (1983) reported that the time to exhaustion may be expect-
ed to decrease with increasing FT percentage. Tesch et.al., (1983)
confirmed these results in a study of the relationships between FT/ST
percentage and peak torque, fatique, and LDH type and activity in male
subjects during a one minute fatigue test. Positive relationships were
found between both of the peak torque and torque decline variables
(r=0.86, p < 0.001; r=0.79, p < 0.001) with FT percentages. Torgue de-
cline (fatigue) was also positively related to the LDH-total activity.
Thortensen and Karlsson (1976) and Tesca (1980) found similar relation-
ships between peak torque and decline in peak torque (absolute and rela-
tive) with FT percentage. These relationships appear to support the sug—
gestion that the individuais who can produce the highest forces tend not
to be able to maintain those levels over time to the same degree as
those who produce more moderate levels. A possible explanation could be
that those who produce the highest foxrces spend more time in the con—
tractile state. Since muscle bloed flow is reduced during contractile
activity exceeding 30% MVC (Astrand and Rodahl, 1977), the inability to
maintain high force levels may be related to reduced blood flow. As no
measure of muscle blood flow was made, it was not possible to verify

this.

It seems reasonable to suggest that the Tesponses may also be relat-—
ed to the fibre composition. However, since no muscle biopsy sampling

was done, this cannot be directly confirmed in the current study.



The relationship between M-Index, which represents the ability to
maintain a given percentage ol initial force, and TDO, which represents
the ability to maintain force for a given amount of time, suggests that
individuals who can resist fatigue for a longer period of time also dem-
onstrate the ability to produce a greater amount of relative force once
fatigue has occurred. This pattern ("low fatigue™ - Figure 12) is con-
sistent with much of the literature that examines the fatigue response
of ST fibres. The literature is outlined in Chapter 2; Table 1 and on
pages 36 to 38. The second pattern ("high fatigue" - Figure 12) sug-
gested by the correlations describe a short period of time before fa-
tigue and a greater degree of drop-off once fatigue has occurred. This
is consistent with the literature examining the fatigue response of FT

fibres, as outlined on page 38.

The first typé of pattern might also be related to the pacing prob-
lem mentioned previously, since a lack of all-out effort might result in
a lesser degree of recruitment of the high force-producing FT muscle fi-
bres. Examples of these two suggested patterns may be found in Figure
13, page 86. The lack of correlation seen for the women between TDO and

M-Index again emphasizes the differences in the force production fatigue

response.

The very high correlation (r=0.99) between lactate samples taken at

two and three minutes post exercise may indicate that;

a) one minute may not be encugh time to see & significant

change in blood lactate concentration,

b) the peak values are reached quickly in this group.
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c} the walues plateau around 2 and 3 minutes.

These are consistent with the mean values for men and women from the
descriptive results (Table 5, page 69). However, the fact that the 3
minute post exercise sample was the lower value for 15 of the 17 ath-
letes tested suggests that the peak for blood lactate may occur sooner
for these subjects than for those in many previous studies. Furthex
study would be necessary to substantiate this, since more extensive lac-
tate sampling would be required to confirm a consistent pattern. That
endurance trained athletes may attain peak post-exercise lactate values
sooner than others is supported by work of Medbo and Sejersted (1985),
which showed marathon runners attaining peak post-exercise blood lac-

tates approximately three minutes earlier than sprint runners.

An interesting result of this study was the high and statistically
significant relationship between the maximal VO2rel values and beoth two
and three minute lactate values for the men (r = 0,79; p < 0.05, an@d x =
0.81; p > 0.05 respectively). This indicates that individuals with
higher aercbic power may produce less lactate and/or metabolize lactate
more efficiently. This is consistent with the literature presented in
chapter 2, Table 2. However, this author has found very few studies
which have specifically examined the relationship between aerobic power
and lactaﬁe production during a short texm intense effort. McCartney
et.al., (1983) found a negative correlation between maximum V02 (ml/kg/
min) and a fatigue index (which represent;d relative amount of drop-

off); this was not seen in the present study. However, they found no as-

sociation between the maximum V02 values and post—exercise Jlactate
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values. Goslin ané Graham (1935), also found results in agreement with
those of the present study, in which a negative correlation (r=-0.865, p
< 0.05) between absolute V02 values and peak post-exercise lactate sam-—
ples was found. No explanation was offered for this relationship, and
when the relative V02 values were used in the comparison with peak lac-
tate, only a non-significant coefficient of 0.44 was found. Also, the
results for men and women were pooled in Goslin and Graham's study, and
this may have obscured any possible gender dependent relationship. A po~
rential indirect factor influencing the relationship between the V02
and lactate values of the current study could be the positive associa-
tion between the percentage of ST fibre and maximal VO2 found by Costill
et.al., (1976). Since the ST fibres produce less lactate, it is theoret-
ically possible that athletes with very high aerobic capacity levels
would have a high percentage of ST fibres and thus a lower lactate p}o-

ducing (and higher lactate metabolizing) capacity.

It has been stated (Vandewalle et.al., 1987) that the longer the du-
ration of the exercise, the more aercbic it is. It is possible that the
subject group may be using a higher degree of aerobic metabolism than
predicted for this type of exercise, and thus the fatigue response would
not be as extreme. Medbo and Sejersted (1985) found that during an ex-
haustive one minute treadmill rum, oxygen uptake accounted for 50% of
the energy requirements for marathon runners, compared to 44% for un-
trained subjects. Similarly, Thomseon and Garvie {(1981), found that en-
durance trained subjects contributed 36% of the energy via the aerobic
system for an all-out one minute treadmill exercise compared to 27.7%

for untrained control subjects. This indicates that aercbic metabolism
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may play 4 greater role than previously thought during intense exercise,

particularly for endurance trained athletes.

-

Also, the exercise may not have been sufficiently intemnse to stimu-
late a high glycolytic rate. Katch and Weltman (1979), recommended that
the subjects not be told the length of time of the exercise, since they
then might pace themselves and not produce all-ocut effort throughout the
duration of the exercise. While the subjects in the current study were
aware of the length of the exercise, they were also aware that the abil-
ity to produce high peak wvalues and to maintain these high levels (i.e.
all-out effort)} was at least as important as the ability to maintain

throughout the entire two minutes.

The fact that both the F-Peak and F-Mean force variables were linked
with the TDO variable for the females suggests that a high force produc—
tion capability is associated with an ability to maintain a relatively
high level of force output for a longer period of time. This result is
surprising in light of strong evidence which suggests that a high force
production capability is generally associated with a greater fatigque re-
sponse. These results are in agreement with Clarkson et.al., (1984),
whose correlational analyses indicated that the oarswomen who were the
strongest showed the least fatigue. It is possible however, that this
"high" force ocutput (since it is high only in relation to the other fe—
male skiers in the current study} may be produced largely by the Sé £fi-
bres which characteristically resist fatigque and produce less lactate

than do FT fibres.
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This response in women is contrary to the men’'s response and also to
the traditional responses as discussed on pages 91 and 92. There is the
possibility of a unique fatigue response as a function of the particular
characteristics of this group. That the men do not show this positive
association between the time to fatigue and the peak force values sug-
gests that the high aerobic capacity is not likely a factor. The possi-
bility exists, however, +hat these women {or some of them) handle lac-
tate in a manper suggestive of the characteristics of intermediate, or
1M, fibres. Schantz (1986) presented evidence of a transformation of fi-
bres from the FT (type IIA) to the IM classification based on examina-
tion of changes in ATP-ase staining, isoforms of contractile and regula-
tory proteins, and metabolic and fibre area characteristics. 0f note is
the fact that the reported transformation occurred as a result of train-
ing in cross country skiing, albeit a form of training that is more con-
sistent with submaximal endurance training than that practiced by the
Natiopal team members during the season. It is not dissimilar, however,
from that practiced by these athletes during their aerobic base traiming

period.

The type of training suggested by Schantz to stimulate the develop—
ment of IM fibres was practiced by the subjects in his study for a peri-
od of 8 weeks. The fact that most of the athletes in the current study
had been training to scme degree in a similar fashion for a number of
years may well enhance the proposed effect. The properties of these IM
fibres, as their name suggests, are intermediate between the FT and ST
fibres. They exhibit almost as high oxidative capacity, capillary supply

and fatigue resistance as the ST fibres, while exhibiting higher glyco—
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lytic capacity. There is a possibility, then, that these fibres are fa-
tigue resistant, and yat produce more lactate as a result of enhanced
glycolytic activity. It should be noted that this hypothesis is puzely
speculative, since no muscle fibre sampling was done in the present
study. The question of why this response is seen only in women cannot be
explained by this hypothesis, particularly since the study by Schant:

did not analyze the results separately for males and females.

The F-Peak and F-Mean variables were positively correlated with the
La-p2 variable for the women. These relationships are consistent with a
more traditional relationship whereby a high rate of glycolytic energy
production would be expected to result in high force and high blood lac-
tate. However, the traditional negative relationship between peak lac—
tate and time to fatigue was not supported in the current study since
these variables (La-p2 and TDO) showed a positive correlation. While
the coefficient value was moderate, and demonstrated only borderline
significance (p < 0.06), the results axe particularly noteworthy since
one might logically expect that a correlation between peak lactates and
maintenance of force should be negative. As well, the significant posi-
tive correlations of TDO with the F-Peak and F-Mean values do not sup-—
port a traditional pattern of response in that one would not expect the

stronger athletes to go the longest.

A high degree of correlation and significance was found between the
La-p2 value and both peak and mean force values. These relationships
might be expected, since force production during an intense exercise

would be expected to require a high rate of glycolysis and thus lactate

production.
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wWhen using a correlational matrix to analyze results, it must be
borne in mind that correlations do not prove cause and effect. The swmall
sample sizes must also be considered in the interpretation, particularly
where the significance is not as strong. While several relationships
were strong and a number of potential patterns emerged, not all the re-
lationships were highly significant. When this is considered in combina-
tion with the sample size, it is obvious that care must be taken in the

interpretation of these results, and that further study is necessary to

verify the relationships and patterns found in this study.

In summary, the results of this study indicate that there are dis-
tinet differences in the fatigue response between elite female and male
cross country skiers. While the relationships between peak force and
mean force, and between post 2 minute and post 3 minute lactate values
are similar for both genders, the patterns diverge considerably with re-
gard to the other variables. The two fatigue patterns found for men are
each consistent with the force fatigue properties of the two major fibre
types. The rxelationship between vo2rel and lactate is also consistent
with the properties of the ST muscle fibres. Further study involvieg
muscle biopsy analysis would be required to confirm this potential

mechanism to explain these results.

The women, on the other hand, show unique responses with regard to
both muscular fatigue patterns and to the relationship between force and
blood lactate. That the response of the styonger women would be of ad-
vantage in cross country ski racing seems likely, and may potentially

provide an area for further study and development.
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The differences in the responses between males and females and in
particular the unique response of the women, indicates that generaliza-
tionz regarding the traditional relationships between the wvariables
studied must be considered carefully. These must be considered in terms

of both gender and the physical and fitness characteristics of the sub-

jects.
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CONCLUSIONS AND RECOMMENDATIONS

5.1 INTRODUCTION

The purpose of this study was to investigate the force and blood
lactate generated by elite male and female cross country skiers during
two minutes of intense rollerboard exercise. The relationships between
blood lactate, which has been found to be highly associated with fa-
tigue, and force production, which can provide indications of fatigue,
are of interest in understanding the limitations to this type of per-
formance. The characteristics of the subjects, both male and fenmale,
may restrict the findings to highly aerobically fit individuals, but
they also provide a unique opportunity to learn more about fatigue among
a group representing the high end of the spectrum of aerobic fitness.

The conclusions of this study are:

1. There are significant differences between the male and female skiers

for the following variables;
a) F-Peak
b) VO2rel
c) Weight

2. There is a strong positive relationship between peak force output and
mean force output in both male and female cross country skiers in an
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intense two minute rollerboard exercise.

3. Significant differences in the correlations for the dependent wvariables

were cbserved between males and females;

a) TDO (resistance to fatigue in time) and M—-Index

{degree of force maintenance)
b) F-Peak (absolute peak force) and M-Index
c) DO-Index (relative degree of fatigue) and M-Index

d) TDO arnd La-p2 (post exercise lactate value)

4. The women in this study show unigque relationships between

strength and fatigue, and between fatigue and blood lactate.

S. Different fatigque patterns were found both among and between male

and female cross country skiers.

6. Only the men, who had significantly higher maximal V02 values, showed
any relationship between this variable and the dependent variables.
However, the only significant (negative) corxelation was with the

La-p2 and La-p3 variables.
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5.2 RECOMMENDATIONS

1. Because of the strong relationship between maximal VO2 and post
exercise blood lactate shown by the men in this study, it is
recommended that such traditional fitness indicators be included in
further studies of force and lactate responses. This is particularly
important with subjects for whom aerobic fitness is a significant

performance factor.

2. In subsequent work, it is recommended that fibre type distribution
be analyzed using a muscle or muscle group which is heavily recruited

during the sport or training specific exercise.

3. Further investigation of post-exercise blood lactate {ie longer
period of time for post—exercise collection) be made in order to

examine the removal pattern of lactate from the blood.

4. Confirmation of gender differences in response to short term intense

exercise should be made using larger sample sizes.
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Appendix A

Lactate Values Post Rolierboard Exercise

(pilot study, 1985)

Approximate Times for Lactate Sampling (post-exercise)
(minutes:seconds)

2.00 220

6.78

9.64

7.52

7.36

9.92

9.02

6.93

9.74

7.54

7.66

9.34

7.40

9.39

2:40

6.86

9.69

7.53

7.51

9.63

9.88

3:00 3:20

7.79 7.56

10.10 9.86

7.60 7.16

7.78 7.52

8.98 8.68

856 -

3:40

7.68

9.93

7.38

7.65

8.83

8.56

10.30 10.72 10.51

Note: Subjects and protocol as in thesis
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4:00 420

- 7.31

8.50 8.50

7.48 ---

7.52 7.54

8.38 8.03

4:40

7.31
8.50
7.48

7.53

7.68

10.66 10.60 10.63




Appendix B

Table 3.1 Correlational Matrix for Pooled Data (body weight included)

Pearson Correlation Coefficients / Probability Statements / Nai7

TDO
DO -
F-Peak .129
622
F-Mean .450+
.070
DO-Index .435+
.081
M-Iindex .624"°-
.007
La-p2 222
391
La-p3 .260
314
VQO2rel .245
.343
Weight 129
.622

.848""
.0001

714"
.001
.252
.330

.389
.122

331
.195

423+
.090

427
.087

FPeak FMean [DDindex

.347 -

172

.075 -.765"°° -
774 .0003

Sti+ 057 .034
.036 .826 .898
474+ - .069 .029
.054 .793 912
.297 105 -39
.246 .688 .121
.242 310 -.046
.349 .226 .860

+ Significant at the p < 0.10 level

* Significant at the p < 0.05 level

** Significant at the p < 0.01 level

See page10 for variable definitions

- 116 -

.965°"
.0001

.003 -
.993

.345
175

.092
726

.259
315

M-Index La-p2 La-p3 VO2re!

.607
.010"*"

Weight
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