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ABSTRACT

Muscle fatigue is a complex phenomena that involves both metabolic
and neural
effects

factors.

o f localized

exercise.

The present

study

muscle fatigue

on

exam ined
lactate

the

prolonged

production

during

Five subjects, 3 females and 2 males, ages 25-29 (x=27 ±

1) participated in the study. Subjects completed a max V 02 test and
two testing sessions, which consisted of cycling for 20 m inutes at
80%-85% max V 02, once with prior fatigue and once without.

Two-

way repeated measures ANOVA showed gross lactate production was
20% higher in the non-fatigue trial than in the fatigue trial (9.3± .03
vs. 7.6± .04, p = .02).

Net lactate production was 34% higher in the

non-fatigued trial than in the fatigue trial (7.8± .4 vs. 5.2± .4, p=
.006).

RQ was higher in the fatigue trial than in the non-fatigue trial

(.97± .03 vs. .89± .03, p=.04).

In conclusion, lactate production is

less in a fatigued state than a non-fatigue state.

This change can be

attributed to an alteration in muscle fiber recruitment patterns.
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CH A PTER 1

INTRODUCTION
Muscle fatigue, which is defined as the inability to maintain a
given level of force production, has a negative effect on performance
and physical work capacity.
m uscle

fatigue

are

still

Although the exact mechanisms behind

unknown,

factors have been proposed.
steps

betw een

the

both

electrical

and

m etabolic

Muscle fatigue can occur at a number of

brain

and

the

actin-m yosin

cro ssb rid g es.

Disruptions at any of these steps can impair the muscles ability to
contract.

There are

two general

peripheral.

Central fatigue

types

of fatigue,

can result from

central

and

lack of m otivation,

impaired CNS transm ission, or impaired motor nueron recruitm ent
(Gibson & Edwards, 1985).

Peripheral fatigue occurs at or distal to

the neuromuscular junction. (Sahlin,
peripheral

1992).

There are two types of

fatigue, high frequency fatigue, which is loss of force at

high frequencies of neural stim ulation and low frequency fatigue,
which

is

a loss of force at low

m echanism s

behind

im pairm ent

of

fre q u e n c y

fa tig u e

high

frequency

propagation

excitation/contraction

is

stim ulation

of

caused

coupling

an

frequencies.

fatigue

are

action

potential,

by

(Gibson

an

suggested

be
low

of

the

1985).

study will concentrate on the effects of peripheral fatigue on

1

to

w hile

im p a irm e n t

& Edwards,

The

This

2

performance and will assume that central fatigue will not affect the
re su lts.
It has been established that metabolite changes occurring as a
result of high intensity muscle contraction, such as ATP depletion
and accumulation of H+, can inhibit the function of the contractile
machinery. Changes in the levels of these m etabolites immediately
affect the muscle's ability to continue to perform a task at a given
level of force.

However, the metabolites are removed from the blood

within minutes following a high intensity, short bout of exercise
(M iller et al, 1987).

The rapid removal of hindering m etabolites

allows a subject to perform the same task at a near maximal level
within minutes after experiencing fatigue.

Studies have been done

on the immediate effects of fatigue on perform ance in both short
bouts of high intensity exercise and long bouts of low intensity
exercise

but little research has been done on the interaction between

the two, that is, the persistent effects of high intensity fatigue on the
ability to perform an aerobic task have not been examined.

This

study is designed to determine the cross-over effects from fatigue
during

strength

activities

on

lactate

production

during

endurance

exercise. The following assumptions will be made during the
1)

study:

blood lactate level is an indicator of glycolytic rate and changes

occurring in energy producing pathways 2) the glycolytic rate will be
the same in both a fatigued state and a non-fatigued state, and

3)

starting levels of glycogen will be the same in both a fatigued and
non-fatigued
exam ine

state.

Therefore,

the

purpose

the effect of prior localized

of this

muscle

fatigue

study

is

to

on lactate

production during high intensity aerobic exercise performance.

CHAPTER 2

LITERATURE REVIEW
The etiology of muscle fatigue has been the focus of research
for many years.
unknow n there

Although the exact cause of muscle fatigue is still
are

m any factors

that

have

been

accepted

as

contributors to fatigue.
Muscle fatigue is defined as the inability to m aintain a given
level of force during sustained or repeated contractions (Gibson and
E dw ards, 1985).

Fatigue involves

peripheral m echanism s

processes

or to central nervous

related

either

comm and.

to

Central

fatigue is attributed to an impairment in the central nervous system
(CNS).

Causes of central fatigue include motivation or lack there of, a

reduction in the

number of recruited motor neurons,

and impaired

transm ission of neural signals down the spinal cord (Gibson and
Edwards,
occurs

1985).

Peripheral

at or distal

to

fatigue is defined

as fatigue which

the neurom uscular junction

(Sahlin,1992).

M erton's (1954) classic experiment was first to show a distinction
between central and peripheral fatigue.
m uscle

tension

m axim um
flexors.

w ith

contraction

a

maximum

stim ulated

He found no difference in

voluntary
electrically

contraction

and

of

thum b

isolated

a

Electrical stimulation produced the same EMG activity by the

muscle, but force production was decreased.

Therefore, there was a

separation of neural signals and force production in a fatigued state.
3

In

addition,

when

a muscle

was

fatigued

voluntarily,

4
electrical

stim ulation could not restore muscle tension providing evidence of
fatigue sites other than the CNS.

Peripheral fatigue has also been

differentiated into high frequency and low frequency fatigue.

High

frequency fatigue is characterized by a loss of force at high neural
stimulation frequencies (>50 Hz).

Gibson and Edwards (1985) suggest

im paired neurom uscular transm ission and/or propagation of muscle
action potential at the neurom uscular junction as the m echanism s
behind high frequency fatigue.
force

at

low

neural

Low frequency fatigue is a loss of

stim ulation

frequencies

due

to

im paired

excitation/contraction coupling (Gibson and Edwards, 1985).
production
frequency

is

affected

stim ulation.

differently
M etzger

by

high

(1987)

frequency

found

a

Force

and

difference

low
in

recovery times between fatigue induced by high and low stimulation
frequencies.

In

this

study,

the

rat

diaphragm

was

electrically

stim ulated to fatigue at 5-Hz(low) and 75-Hz (high) frequencies.
M etzger (1987) found that force production was restored following
the low frequency stimulation in 1 min., while the fatigue induced at
75-Hz was still evident in force production until 10-15 minutes of
recovery. It should be noted that volitional muscle contraction is
neurally stimulated in the range of 5-30Hz.

Role of Calcium
Several steps are involved in the transmission of a signal from
the brain to a muscle initiating muscle contraction (Figure 1) (Gibson
and Edwards, 1985).

A disruption in any of these steps will result in

an

for a muscle

im paired

ability

to

contract.

The

excitation-

5
contraction coupling process involves a series of chemical reactions
and pathw ays that ultim ately result in the splitting of adenosine
triphosphate

(ATP),

cross-bridge

cycling,

and

muscle

contraction.

The first step in excitation-contraction coupling is the propagation of
an action potential over the muscle sarcolemma and down the ttubules of the muscle membrane.

This charge movement causes the

release of calcium (Ca++) from the sarcoplasmic reticulum (SR).

Ca+ +

binds to troponin C which causes a conform ational change in the
troponin-tropom yosin complex.

Exposure of the binding

sites on

actin for myosin allows the contractile proteins actin and myosin to
couple

generating

Sejersted,

m uscular contraction

and force

(V ollestad

and

1988).

C a ++ is the primary ion in muscle contraction.

Under

normal conditions, saturating amounts of Ca++ are released from the
sarcoplasmic reticulum and muscle contraction occurs.

In a fatigued

state, less Ca++ is available to bind all troponin sites (Fitts and
M etzger,

1988). Therefore alterations in Ca++ storage and release

may be related to muscle fatigue.

Blinks et al (1978) showed there

was a reduction in the amount of Ca++ released from the SR with
sustained contractile activity. The slower release rate of Ca++ from
the SR attenuates the excitation/contraction coupling rate, resulting
in

an

increased

twitch

M etzger

of tension

Ca++ can also affect Ca++ release from the SR.
a reduction

in

and

rate

E x tracellular

causes

1982;

a reduced

(F itts

C a++

al,

and

d ev elo p m ent

e x tra c e llu la r

et

duration

the

F itts,

t-tubular

1987).
Low
charge

movement, hence a diminished signal for Ca++ release from the SR
(Pizarro et al, 1987).

Ca++ release from the SR may also be affected

by

an

altered

co n cen tratio n

gradient

intracellular fluid (Fitts, 1988).
the amount of Ca++
because

of reduced

betw een

the

SR

6
and

Edwards et al (1977) suggested that

stored in the SR decreases during exercise
reuptake

of intracellular

Ca+ + .

This would

ultim ately result in reduced Ca++ release and may be due to slower
C a ++ pump activity. It has also been suggested that Ca++ binding
proteins are involved in fatigue.

Increased binding of the binding

protein parvalbumin has been found during contractile activity (Fitts
and M etzger,

1988).

Gibson and Edwards

(1985) proposed that

troponin may lose its sensitivity to Ca++ thus resulting in muscle
fatigue in the same manner that reduced- levels of intracellular Ca+ +
affect perform ance.
Role of metabolites
Metabolic agents have also been shown to contribute to
fatigue.

At a high intensity, (>90% V 0 2 m a x ),

exercise

muscle
exceeds

maximal aerobic power and requires a high level of anaerobic work
(Fitts and Metzger, 1988).

Sahlin (1992) found significant increases

of metabolites of muscle contraction at intensities >90% V 02m axBecause
energy

high intensity
producing

resistance exercise involves

pathw ay,

there

concentration of specific metabolites.

are

several

the

changes

anaerobic
in

the

Adenosine triphosphate (ATP)

and phosphocreatine (PC) levels decrease while lactate, the H+ ion,
adenosine diphosphate (ADP) and inorganic phosphate (Pi) levels all
increase.

Each of these metabolites has been nominated as a fatigue

inducing

agent (Vollestad

and

Sejersted,

1988).

High

intensity

exercise produces high turnover rates of ATP, leaving relatively low

7
At a certain point in high

levels of ADP and Pi (Sahlin, 1992).
intensity

exercise,

form ation

ATP

resu ltin g

in

utilization
energy

cannot

be

deficiency

production by the muscle (Sahlin, 1992).

equaled

and

by

reduced

ATP
force

This decrease in ATP

formation, although small, increases intracellular ADP and Pi which
are potential fatiguing agents (Sahlin, 1992).

Sahlin (1992) proposed

that in a fatigued m uscle, the rate of ADP rephosphorylation is
slowed, causing an increase in contraction time and a decrease in
contraction

am plitude.

Fitts

and

M etzger

(1988)

suggest

Pi

contribute to fatigue by directly inhibiting hydrolysis of ATP by
ATPase.

Low tissue levels of

ATP have also been suggested as a

fatiguing agent (Fitts and Metzger, 1987).

Karlsson and Saltin (1970)

found that ATP was depleted following 2 minutes of exercise in a
high,

m oderate

and

low

intensity

trial,

how ever,

fatigue

only

occurred with the highest workload demonstrating that low levels of
tissue ATP do not cause muscle fatigue.

Phosphocreatine (PC) stores

also decrease with muscle activity (Fitts and Holloszy, 1976).

PC

participates in the process known as the PC-ATP shuttle which is
responsible for moving ATP from the m itochondria to the crossbridges (Simon et al, 1985).

There is a possibility that low levels of

PC slow the rate of rephosphorylation of ADP to ATP by disrupting
the shuttle system, leading to low levels of ATP at the cross-bridges
and producing muscle fatigue (Fitts and Metzger, 1988).

Dawson

(1976) and Fitts and Metzger (1976) show that although muscle PC
declines with continued muscle contraction, the time course of the
decline in tension is different from the time course of the depletion
of

muscle PC stores, making a relationship unlikely.

H+ ion, which

8

results from lactic acid dissociating into lactate and H+, can
m uscle contraction in several ways.

H+

can:

l)d irectly

affect
inhibit

actomyosin ATPase and ATP hydrolysis 2)inhibit PFK and hence the
rate of glycolysis 3)competitively bind totroponin C inhibiting

actin-

m yosin

which

crossbridge

interaction

and

4) inhibit SR-ATPase

reduces Ca++ reuptake and ultimately Ca++ release (Nakamura and
Schwartz, 1971).

Fabiato and Fabiato (1978) using skinned muscle

fibers showed that acidosis decreases the force output of skeletal
muscle.

High levels of H+ also increased the threshold of Ca++ needed

for contraction as well as causing higher amounts of intracellular Ca+ +
to be needed in order to produce a given tension

(Fabiato

and

F abiato,

im pairs

the

1978).

Sahlin

rephosphorylation
generate ATP.

suggests

of ADP thus

that

causing

acidosis

a decreased

to

Despite a relationship between fatigue and acidosis,

fatigue can not solely be linked to high levels of H+.
phosphorylase deficiency are unable to
experience

capacity

sim ilar patterns of muscle

Subjects with

produce lactic acid,

yetstill

fatigue as norm al subjects

(Mills and Edwards, 1984). High levels of extracellular potassium ions
(K + ) have also been linked to

muscle fatigue.

stim ulation of the muscle causes an
(Vollestad and Sejersted, 1988).

High frequency

increase of extracellular K+

Metzger and Fitts (1987) found that

the accumulation of extracellular K+ around the sarcolemma causes a
disruption

in

sarcolem m a

action potentials,

but these

disruptions

were not enough to account for the large decreases in muscle force
output.
levels

Vollestad and Sejersted (1988) found that increased K+
were

rem oved

with

contribute to muscle fatigue.

adequate

blood flow

and did

not

9

Fiber type recruitm ent patterns
Skeletal muscle is composed of essentially three fiber types,
distin g u ish ab le
g ly co ly tic

by

ch aracteristics

cap acity ,

(Armstrong, 1988).

A T Pase

such

as

a ctiv ity

oxidative

and

capacity,

c o n tra c tio n

tim es

Fibers with high oxidative capacity, low ATPase

activity, slow contraction times and relatively low force production
are considered
1988).

slow twitch or Type I muscle fibers

(Arm strong,

Fast twitch or Type II muscle fibers have either a high or low

oxidative

capacity

characterized

by

high

A TPase

activity,

contraction times and high force production (Green, 1986).

fast

Type II

muscle fibers are divided into fast oxidative/glycolytic or Type Ha
and fast glycolytic or Type lib.

The average person possesses about

47-53% slow twitch fibers and individual muscles are composed with
fibers that reflect its function, such as the back muscles which are
slow twitch in order to m aintain posture

(H olloszy,

1988).

An

endurance runner may possess up to 75% slow twitch fibers in their
leg muscles and a sprinter's leg muscles may be composed of 75%
fast twitch fibers (Tesch et al, 1984).
M uscle

fiber

recruitm ent

activity and the intensity

patterns

of exercise

depend
involved.

on

the

specific

Involvem ent of

specific fibers in activity is based on the metabolic demands of the
exercise and is reflected in the glycogen loss patterns among fibers.
For light exercise (30 to 40% V 0 2 m a x ), which requires low force
production, Type I muscle fibers are recruited.

M oderate intensity

exercise (60-70% V 0 2 m a x) employs mainly Type I fibers and Type

10
Ha fibers, while exercise intensities above 80% V 02m ax requires the
involvem ent of all three fiber types (Saltin and G ollnick,

1988).

From glycogen loss patterns, it can be assum ed that fast twitch
muscle fibers are less resistant to fatigue than slow twitch muscle
fibers at high intensity exercise (Green, 1986)

During high intensity

or maximal exercise, Type lib fibers will fatigue first causing a shift
to Type Ha and Type I fibers to maintain force output by the muscle
(Armstrong, 1988).

Naeije and Zorne (1982) demonstrated that as a

muscle becomes fatigued, there is a decrease in firing frequency by
the motor units involved illustrating a shift from Type II muscle
fibers to Type I fibers.

Recovery from high intensity exercise
Sahlin and Ren (1989) examined recovery of the contractile
function of

muscle in relation to metabolite changes using the knee

extension

exercise.

generation

capacity

Follow ing
(MVC)

fatiguing

and endurance

exercise,
(tim e

recovery

to fatigue)

of
was

measured. They found that maximum force production capability of
the muscle is restored more rapidly than endurance
fatiguing isometric exercise.
not

affect

endurance

force

(Stalin and Ren,

by

but

im pairing

1989).

a

The high H+ concentration present did

production

capacity

follow ing

may
the

possibly

have

rephosphorylation

affected
of

ADP

A study by Stull and Clarke (1971)

examined the patterns of recovery following isotonic and isom etric
hand

gripping

exercises.

m axim al

static

m axim al

contractions.

One

contraction,

trial

while

consisted

trial

T heir results

of

m aintaining

a

two

involved

rhythm ic

showed

recovery

of

force

11
production to be more rapid following isotonic exercises compared
with isom etric exercise. However, force production was recovered
within 4 minutes for both isotonic and isometric conditions.

M iller et

al (1987) suggest three phases of recovery from fatiguing exercise.
The first phase of recovery involves restoration of muscle membrane
potential and impulse propagation which occurs within 6 m inutes
following the fatiguing exercise.
MVC

which is com plete

The second phase is recovery of the

within

20 m inutes

and

correlates

with

restoration of pH and high energy phosphates (ATP, PC). The final
phase of recovery is a restoration of neuromuscular efficiency.

This

phase does not occur for over 60 minutes possibly indicating an
impairm ent of the excitation-contraction coupling process (M iller et
al, 1987).
Role of glycogen
D epletion
contributing

of

factor

glycogen
in

m uscle

stores

has

been

fatigue.

shown

A lthough

mechanisms regulating the breakdown of glycogen, or

to
the

be

a

exact

glycogenolysis

are unresolved, muscle phosphorylase, Ca++, epinephrine and cyclic
AMP mediate the breakdown of glycogen.
two forms, a and b.

Phosphorylase a is the active form, stimulating

glycogenolysis, and phosphorylase b
al, 1979).
Ca ++

is the inactive form(Conlee et

Glygogenolysis is activated when a muscle contracts and

re le a se d

p h o sp h o ry la se

from
a

cyclic

the

activity

(Richter et al, 1982).
increasing

Phosphorylase exists in

by

sarco p lasm ic
activating

reticu lu m

phosphorylase

in c re ases
b

kinase

Epinephrine also stimulates glycogenolysis by

AMP

thus

initiatin g

the

reaction

converting

12

phosphorylase b to a (Richter et al, 1982).

The major cause of muscle

fatigue during endurance exercise at intensities of 65-85% V 02m ax is
glycogen depletion (Fitts, 1988; Hultman and Spriet, 1988).

This is

evident by the fact that adequate levels of free fatty acids and blood
glucose are present following exhaustive long term exercise (Fitts,
1988).

However, there may be other factors contributing to fatigue

from m oderate intensity exercise such as a disruption in the SR
membrane.

Fitts et al, (1982) examined the functional capacity of

isolated SR m embranes, which are involved in the regulation of
intracellular Ca++.

Following an exhaustive swim by rats, there was a

significant decrease in the amount of SR protein isolated in the slow
twitch soleus muscle, and a decrease in Ca++ uptake, without a
concomitant decrease in the SR ATPase activity (Fitts et al, 1982).
These results suggest damage to the SR membrane in addition to
glycogen depletion

as contributors to muscle fatigue during long

bouts of low to moderate exercise.
Glycogen depletion is not considered a contributing factor of
fatigue in high intensity, short bouts of exercise.

Tesch et al (1986)

concluded from a study on metabolic changes during intense and
prolonged, heavy resistance exercise that glycogen depletion did not
contribute
revealed

to

m uscle

relativ ely

fatigue.

high

levels

At

exhaustion,

of

glycogen

significantly different from resting levels.

m uscle
w hich

biopsies
were

not

This can be attributed to

the fact that high intensity exercise relies more on ATP-PC stores for
energy.

In addition, recovery of force production is rapid following

short bouts of high intensity fatiguing exercise and because glycogen
resynthesis is slow following exercise that depletes glycogen stores,

13
intensity

glycogen depletion is

not the cause of fatigue

in high

exercise (Piehl, 1974).

Research by Roberts et al (1991) supports the

finding that heavy resistance exercise does not significantly deplete
glycogen stores.

Role of lactate
Lactate is an end-product of
acid

form ed

is

a

d irect

glycolysis.

result

of

The amount of lactic

the

levels

of

pyruvate,

[NAD]/[NADH] in the cytoplasm and the enzymatic activity of lactate
dehydrogenase (LDH).

W hen pyruvate production is greater than

conversion to acetyl CoA in the TCA cycle, there is a net increase of
lactate.

Low levels

m easuring

l-2m M

of lactate are present in the blood

(Gollnick,

1986).

at rest,

Lactate levels in the blood

during exercise depend on both the intensity and type of

exercise.

Exercise lactate levels range from 3-5mM in prolonged moderate
intensity exercise to as high as 20mM during maximal exercise or
with repeated bouts of dynamic exercise (Hermansen and Stensvold,
1972).

In

appearance

low
in

intensity
the

blood

exercise

(40-60%

reaches a

steady

V 0 2 m a x ).
state

lactate

level

and

concentration does not significantly exceed resting levels (Gollnick et
al, 1986).

As exercise intensity increases, there is a sim ilar rise in

lactate production.

At exercise intensities of 60-80% V 02m ax, lactate

begins to accumulate in the blood depending on the fitness level of
the individual (Armstrong, 1988).

The point at which lactate begins

to accumulate in the blood is termed "lactate threshold or anaerobic
threshold."
the

Lactate concentration in the blood can be expressed as

difference

betw een

lactate

production

and

lactate

clearance

(W asserm an

et

al,

clearance, there

1986)If lactate

form ation

exceeds

14
lactate

will be a netincrease in blood lactate.

There is controversy surrounding the m echanism s that cause
the

lactate

threshold.

W asserm an

et

al

(1986)

mechanisms by which blood lactate increases:

proposed

two

1) glycolytic rate

increases so rapidly that pyruvate is not utilized fast enough by the
m itochondria

and builds

up in the cytoplasm

causing

a relative

increase in lactate concentration and 2) the mitochondrial membrane
shuttle

which

lim ited.

is

responsible

for reoxidizing

NAD

becom es

rate

Holloszy (1988) concluded that low m uscle oxygen and

recruitment of fast twitch or Type II muscle fibers also contribute to
the accumulation of lactate.
glycolytic

capacity

and

Type II muscle fibers have a high

iheir

recruitm ent

during

high

intensity

exercise may produce higher levels of lactate (Armstrong, 1988). A
restriction of oxygen available to the contraction muscle results in an
increase of lactate production because oxidative phosphorylation will
be

depressed

(Stainsby,

1986).

Skinner

and

M cLellan

(1980)

proposed that the LDH found in Type II fibers has a higher affinity
for attaching topyruvate, increasing lactate formation.
The major fate of lactate is direct oxidation (Brooks, 1986).

At

rest, approximately 50% of lactate is oxidized, while during sustained
exercise at 50% of V 0 2 max, 90% of the lactate is removed by
oxidation.

Lactate is also taken up by the liver for gluconeogenesis.

There is evidence

that the exercising muscle itself can take up

lactate, but this depends on the training state of the muscle and
glycogen concentration (Gollnick et al, 1986).

Perform ance is adversely

affected
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The

by muscle fatigue.

reduced capacity to produce force inhibits performance on both high
intensity, short bouts of exercise and low intensity, prolonged bouts
of exercise.

Although the mechanisms of fatigue may change with

different intensities and durations of exercise, research so far has
failed to examine the interaction between the fatigue resulting from
resistance exercise and subsequent perform ance during a prolonged
submaximal exercise bout.

Pendergast et al (1983) exam ined the

effect of high levels of lactate on both aerobic and anaerobic capacity.
High levels of lactate were induced by running on a treadmill, after
which subjects performed a max V 02 test and a submaximal exercise
trial. The results indicated that max V 02 and the efficiency of aerobic
work were not affected by preceding high levels of lactate, however,
the endurance capacity for

both the aerobic work and anaerobic

work trials was reduced (Pendergast et al,
agree with research showing that

1983).

These results

high levels of lactate negatively

affect force output by the muscle and endurance during exercise
bouts

(N akam ura

However,

there

& Schwartz,

1971;

Fabiato

is a need for research

& Fabiato,

exam ining

the

1978).

persistent

affects of preceding anaerobic, high intensity resistance exercise on
submaximal aerobic exercise

when acidosis is

no longer present in

the blood, and other metabolic agents that contribute to fatigue have
been removed from the muscle.
resid u al

effe cts

physiological

of

response

fatigue

It will be of interest to examine the
from

of lactate

resistan ce

production

ex ercise

during

prolonged moderate to high intensity bout of exercise.

on

the

a subsequent

CHAPTER 3

METHODS

Five subjects, 3 females and 2 males, ages 25-29 (X= 27, S.E.=
1) volunteered to

participate in the study, after giving

informed

consent (Table 1).

Height and weight were recorded for each subject.

Harpenden calipers

were used to

measure four skinfolds (abdomen,

ilium, thigh and tricep) and percent body fat was calculated using the
Jackson and Pollack sum of four formula (Golding et al, 1989).

Table 1:

Subject characteristics

SUBJECT

SEX

AGE

HEIGHT
(cm )

WEIGHT
(kg)

BODYFAT
%

1

M

29

184

77

14.7

2

M

25

176

65

9.1

3

F

27

160

60

18.4

4

F

28

167

100

24.5

5

F

28

173

74

19.6

MEAN

27

172

75

17.3

S.E.

1

37

21

2.9

M axim al

oxygen

consum ption

( V 0 2 m a x ) was determined in each

subject using a Schwinn BioDyne cycle ergometer.
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Subjects

completed two testing sessions, each on a separate day.
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Each session

consisted of cycling for 20 minutes at an intensity of 80% V 0 2 m a x ,
once

with

without.

localized

m uscle

fatigue

of the

quadriceps

and

once

Lactate was measured every 5 minutes during exercise and

at 5 and

10 m inutes

during recovery.

H eart rate

and oxygen

consumption (V 02) were measured to monitor exercise intensity.

Max VQ2 test
The subjects were fitted with a Vantage heart rate m onitor
(Polar Inc., Stanford CT).

To measure V 02, subjects were fitted with

a headpiece that held a Hans Rudolph non-rebreathing valve and
mouthpiece.
erg o m eter

The test was performed on a Schwinn BioDyne cycle
and

V 02

was

m easured

by

a

V ista

M etabolic

measurement system (Vacumetrics Inc., Ventura, CA.) using Turbofit
software (version 2.2A).

Each subject pedaled for approximately 2

minutes without resistance to allow for a short warm-up.

The test

protocol consisted of 1 minute stages with increasing workloads of
150 kp until volitional fatigue.

V 02 and heart rate were measured

every 20 seconds.

Non-fatigue trial
Resting
sample from

lactate

levels

the finger.

were

determ ined

A sem i-autom atic

by

taking

a blood

lancet was used

to

puncture the skin and blood was collected in a M icrotainer Brand
tube with EDTA (Becton Dickinson & Co., Rutherford, NJ.).

The blood

was then analyzed using a YSI Model 23L Lactate Analyzer (Yellow
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Springs Instruments, Yellow Springs, OH.) Next, subjects were fitted
with the heart rate monitor and a two-way, non-rebreathing valve to
measure V 02.

The workload during the 20 minute cycle exercise

was predeterm ined to be between 80%-85% of V 02m ax (Table 2).
After steady state was reached, changes in workload were made if
the subject was not in the range of 80%-90% of

V 0 2 max ■ Blood

samples were taken every 5 minutes during exercise and 5 and 10
minutes during recovery. Blood samples were stored

on ice

analyzed for lactate concentration using a YSI model 23
analyzer.

D uplicate

samples were

analyzed

and

lactate

and calibration

was

checked after every 4th sample.

Fatigue trial
Each subject's resting lactate level was m easured using the
same technique as the non-fatigue trial.
an

iso m etric

m axim um

quadriceps muscle group.

voluntary

The subject then performed
co n tractio n

(M VC)

of

the

The MVC was done on a strength table in

the sitting position with the knee at approxim ately a 110 degree
angle.

Both legs were done at the same time and the upper leg was

stabilized during the contraction.

The MVC was measured by a cable

tensiom eter attached to the middle of a padded bar.

Each subject

was told to perform a maximal contraction and hold it for 3 seconds.
Three attempts were made and the highest value was recorded as
the MVC.

The subjects then performed isokinetic leg extensions at

70% of MVC on a Life Circuit machine until voluntary fatigue.

At

voluntary fatigue, the isometric MVC was immediately measured.

If

the fatigue MVC was 50%-60% of the original MVC, the subject was

considered to be fatigued (Table 3).
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If the fatigue MVC was higher

than 60% of the original MVC, the subject was instructed to continue
the leg extension exercise. Following the fatiguing exercise, active
recovery was performed by cycling with no resistance on the cycle
ergometer.

When recovery blood lactate reached levels within 1 mM

of resting blood lactate, the subject then performed the same cycling
protocol as in the non-fatigue trial.

Blood lactate was measured

every 5 minutes during exercise and 5 and 10 minutes post-exercise
and analyzed for lactate content.

Statistical analysis
Mean blood lactate levels between groups and within subjects
were analyzed by two-way repeated measures analysis of variance
(ANOVA). Mean respiratory quotient (RQ) values between groups
were also

analyzed

by two-way repeated m easures ANOVA.

A

dependent t-test was performed on individual means for net lactate
p ro d u ction.

CHAPTER 4

RESULTS

F atigued

MVC w as

57%

of

the

n o n -fa tig u e d

M VC,

dem onstrating that the leg extension protocol successfully induced
fatigue (Table 2).

Subjects cycled at an average intensity of 82%

V 0 2 m a x in the non-fatigue trial and an average intensity of 83%
V O 2 max in the fatigue trial, indicating that work levels were equal
between exercise trials (Table 3).

Gross lactate production was 22%

higher in the non-fatigue trial than the fatigue trial ( 9.3+0.6 vs.
7.6±0.4, p< 0.05) (, Table 4, Figure 2).

Net lactate production was

50% higher in the non-fatigue trial than the fatigue trial (7.8±0.4 vs
5.2±0.4, p<0.01) (Table 5, Figure 3).
lactate production are shown in Figure 4.

Individual values for mean
Mean respiratory quotient

(RQ) was higher in the fatigue trial than in the non-fatigue trial
(.97±.03 vs. .89±.03, p<0.05) (Table 6, Figure 5).
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CHAPTER 5

D ISC U SSIO N

M uscle fatigue is a com plex phenomenon which

may result

from alterations in the muscle itself or in neural input to the muscle.

A generalized

state o f fatigue

can be attributed to depletion

of

muscle glycogen stores or the presence of metabolites which impair
the excitation/contraction coupling process (Vollestad and Sejersted,

1988).

Glycogen repletion or metabolite removal would be expected

to reverse the perception o f fatigue or promote recovery.
som e

athletes

overtraining,

a

experience
condition

exercise performance.

(1985)

found

increased

that

characteristics
which

is

Although
performance

of

reflected

chronic
in

V 0 2 max was
tim e

on

a

a

However,
fatigue

or

decrem ent

in

unchanged,
standard

C ostill

task

was

and the task required a higher percentage o f V 0 2 m a x

when subjects were overtrained.

Subjective feelings of heaviness in

the legs and muscle soreness were also reported (Costill, 1985).

In

the present study, it was hypothesized that localized m uscle fatigue,
without depletion of muscle glycogen stores, could serve as a model
o f overtraining.

To test this hypothesis, subjects first performed

maximal leg extension exercises to fatigue, then exercised on a cycle
ergom eter

at

80%

V 02m ax

for

20

minutes.

The

underlying

assumption was that an increase in relative intensity of the cycling
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exercise induced by fatigue would be reflected in an increase in
blood lactate levels.
Contrary
sig n ifican tly

to

what was expected,

decreased

during

the

blood

20

lactate

m inute

levels

cycling

were

session

following a fatiguing bout of leg extension resistance exercise.

The

rate at which muscle utilizes glycogen is a function of the amount of
glycogen available initially and the relative intensity of the workload
(Richter and Galbo, 1986; Coyle et al, 1985).

Tesch et al (1986)

examined glycogen levels of the vastus lateralis following an exercise
regimen consisting of 5 sets each of front squats, leg extensions, back
squats, and leg presses to muscle failure.
glycogen levels were not significantly

Results

showed that

different from pre-exercise

levels and did not seem to be a cause for impaired muscle function
(Tesch et al,

1986; Roberts,

1991).

Since the type of exercise

performed to induce local fatigue was most likely not sufficient to
reduce muscle glycogen levels, it can be assumed that glycogen levels
were the same in both conditions prior to the cycling exercise (Piehl,
1974; Roberts et al, 1991).

Thus, differences in lactate production

would not be a result of a differential rate of glycolysis due to
different starting levels.

The fact that lactate levels were actually

lower in the fatigued state argues against an increased dependence
on anaerobic glycolysis for energy production in these conditions.

An

alternate explanation for the reduced rate of lactate formation is that
there was a shift in the pattern of motor unit recruitment.

Type lib

fibers which are highly glycolytic, are recruited for high intensity
exercise

(> 8 5 % V 0 2 m ax)-

Increased lactate levels generally reflect

their involvement in exercise (Armstrong, 1988; Holloszy, 1988).

All
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muscle fibers are recruited to maintain force production during short
bouts

of m axim al

exercise,

such

as

the

employed in this study (Armstrong, 1988).

leg

extension

exercise

Type lib muscle fibers

are less resistant to fatigue and are exhausted first in heavy exercise
(Green, 1986; Burke et al, 1973).
output which occurs

Therefore, the reduction in force

with resistance exercise is due in part to the

withdrawal of the fatigued Type lib fibers.

When Type lib muscle

fibers can no longer contribute to force production, there must be a
shift to Type I and Ha fibers to maintain force output at a given
level (Naeije and Zorn, 1982). Type I, or slow twitch fibers are highly
oxidative

and are recruited

V O 2 ma x ) -

Type

for low intensities

of exercise(<60%

Ha fibers have both glycolytic and

oxidative

capacities and are recruited, along with Type I fibers, for moderate
intensity

exercise

(60% -70% V 02m ax) (Saltin and Gollnick, 1988).

Because of the involvement of Type I and Type Ha fibers, low to
m oderate intensity exercise does not result in high lactate levels
(Armstrong, 1988).

The results of the present study

suggest that the resistance exercise selectively fatigued

therefore
Type lib

fibers which are slower to recover than other fiber types.

If Type

lib

the

muscle

fibers

are unavailable

for recruitm ent during

20

minute, high intensity cycling, a higher percentage of Type I and Ila
fibers are recruited to maintain force output and a shift in motor unit
recruitm ent pattern occurs.
Recovery of muscular force production following high intensity
fatiguing exercise, both dynamically and statically, has been found to
be rapid (Sahlin and Ren, 1989; Stull and Clark, 1971).
(1987) proposed

3 phases of recovery follow ing both

M iller et al
static

and

24
dynamic exercise of the adductor pollicus muscle in which the last
phase

involved

potential.

regaining

resting

excitation-contraction

coupling

M iller found the excitation- contraction coupling to be

im paired

up to

60 m inutes

post-exercise.

In

the

present

study,

lactate levels returned to resting levels within 35 minutes following
the

fatiguing

m etabolite

leg

extension

clearance

from

exercise
the

in

m uscle

all

subjects,

suggesting

and

blood.

H ow ever,

neurom uscular efficiency may not have been restored by this time
(M iller et al, 1987; Gibson and Edwards, 1985).
function
im paired,

of the

fatigued

rendering

them

subsequent cycling exercise.

Type

lib

unavailable

fibers

may

The contractile
have

for recruitm ent

still
during

been
the

In the present study, subjects worked

at the same absolute workload in both the fatigued and non-fatigued
state,

w hich

therefore

required

the

same

force

output.

An

im pairm ent in Type lib fiber activation would necessitate Type I
and Ha fibers providing the energy for the cycling.
The results of this study also showed a significantly higher RQ
in the fatigued state compared with the non-fatigued state, providing
evidence for a shift in motor unit recruitment patterns.

A lower

blood lactate concentration at the same absolute workload, and a
higher RQ suggests an increase in carbohydration oxidation.

Glycogen

degradation, results in the formation of pyruvate, which is either
oxidized in the TCA cycle or reduced to lactate (Saltin and Gollnick,
1988). The muscle fiber types involved in a particular exercise task
play a major role in determining the fate of degraded carbohydrates.
Type lib muscle fibers have a much lower oxidative capacity than
Type I and Ha fibers. Therefore

involvement of Type I and Ila
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fibers results in a greater degree of oxidative energy production to
provide the same level of force output (Saltin and Gollnick, 1988).
Hence, the recruitment of Type I and Ila fibers during the cycling
exercise with prior fatigue, due to the slow recovery of the Type lib
fibers, is consistent with the lower lactate levels and higher RQ value
found in this study.

CHAPTER 6

CONCLUSION

The purpose of this study was to examine the effect of prior
localized leg fatigue on lactate production during submaximal cycling
exercise.

A significant decrease in blood lactate levels was found

during a 20 m inute cycling session at 80% V 0 2 m a x
localized leg fatigue.
m uscle

fiber

These results are suggestive of

recruitm ent patterns

resistance exercise.

im p airm en t

m echanism

in

lib

of

the

fibers,

an alteration in

a fatiguing

The resistance exercise

pro lo n g ed

Type

follow ing

follow ing

of

may have caused a

e x c ita tio n /c o n tra c tio n
m aking

bout

them

less

c o u p lin g

available

recruitm ent during a subsequent aerobic exercise session.

for

Type I

and Ila fibers would then be responsible for force production during
the ensuing cycling exercise.

Specific physiological changes occur

with a shift to recruitment of Type I and Ila fibers.
include

These changes

an increased oxidation of carbohydrates which results

in

lower blood lactate levels, assuming the same rate of glycolysis, and
a higher RQ in the prior fatigued state.

Because of the apparent shift

in

with

fiber recruitm ent

pattern

to

m eet

the

dem ands

of

the

endurance task after the prior resistance exercise, it is not clear that
this protocol is a suitable model of overtraining.
required before this can be determined.
26

More work will be
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TABLE 2:

MVC (lbs) prior to and following the resistance exercise.

SUBJECT

MVC

MVC-

% of MVC

FATIGUED
1

198

123

62%

2

143

72

50%

3

98

52

53%

4

116

71

61%

5

124

76

61%

MEAN

136

79

57%

S.E.

61

12

3
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TABLE 3: Oxygen consumption (V 02) (ml/kg/min.).

SUBJECT

MAX V 02

FATIGUE V 02

NON
FATIGUE V 02

1

40

34

35

2

46

33

35

3

41

38

35

4

31

25

26

5

42

37

34

MEAN

40

33

33

S.E.

13

2

2
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TABLE 4: ANOVA table for gross lactate production.

SOURCE

DF

SS

MS

F

P

Group

1

47.35

4 7 .3 5

11.56

.0273

Time

5

61.92

12.38

8.80

.0002

Group*Time

5

4 .3 4

.87

.72

.6150
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TABLE 5:

ANOVA table for net lactate production

SOURCE

DF

SS

MS

F

P

Group

1

103.75

103.75

26.75

.0066

Time

5

60.97

12.19

8 .3 0

.0002

Group*Time

5

5.93

1.19

.90

.5092
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TABLE 6: ANOVA table for RQ.

SOURCE

DF

SS

MS

F

P

Group

1

.062

.062

8.68

.0421

Time

3

.186

.062

104.70

.0001

Group*Time

3

.004

.001

1.46

.2757
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Possible fatigue mechanism:

•Psyche/bra.n

,mp#ired;

<

Motivation
.
i.e. motor unit recruitment

Spinal cord

4 -------- Reflex drive

v
Peripheral nerve
^

■<------- Neuromuscular transmission

Muscle sarcoiemma

<
Transverse
tubular system ^

i

Muscle action potential

**•

<----- Excitation

Ca** release

J

4 ----- Activation

<---- Energy supply

Actin-myosin
interaction

i
Cross-bridge tension + heat

t
Force/Power output

Figure 1:

Current summary of command chain for muscle contraction

(A rm s tro n g ,1988)
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GROSS LACTATE PRODUCTION
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Figure 2:

Gross lactate production in fatigue and non-fatigue trials.
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NET LACTATE PRODUCTION
10
FATIGUE
NON-FATIGUE

LACTATE (Mm)
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Figure 3:

Net lactate production in fatigue and non-fatigue trials.
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MEAN LACTATE PRODUCTION FOR EACH SUBJECT

■ Fatigue

LACTATE (mM)

□ Non-Fatigue

SUBJECT

Figure 4:

Mean net lactate production for each subject.

significantly lower than non-fatigued (p= .04).

Fatigued was
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RESPIRATORY QUOTIENT

FATIGUE

RES[IRATPRY QUOTIENT

1.05

NON-FATIGUE

0 .9 5
0 .9
0 .8 5

0.8
0 .7 5
0 .7
5

min

1 0 min

15 min

2 0 min

TIME

Figure 5:

Respiratory Quotient for fatigue and non-fatigue trials.

APPENDIX

III

TRIAL RECORDING FORMS
SU B JECT C H A R A C T E R IST IC S
N am e____________________________ Age____
H eight__________ cm___Weight__________ kg
Sum of 4 skinfold:
T ricep______
A bdom en_______
Iliac_______
Thigh_______
T o t a l ____________

MAX V 0 2 TEST
1 Min

Workload

KGM

%

2 Min

Workload

KGM

%

3 Min

Workload

KGM

%

4 Min

Workload

KGM

%

5 Min

Workload

KGM

%

6 Min

Workload

KGM

%

7 Min

Workload

KGM

%

8 Min

Workload

KGM

%

9 Min

Workload

KGM

%

T R IA L

2- d ate

time

T R IA L

3- d a te ________

time
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The Effect of Localized Muscle Fatigue on Lactate
Production during Submaximal Exercise

consist of the aerobic exercise on the cycle ergom eter w ithout the
p rior

leg-extension

exercise.

The

same

exercise

intensity

and

protocol for lactate measurement will be followed.

Risks and Benefits
Because this test involves puncturing the fingertip, you may
experience some bruising.

You may also experience localized muscle

soreness from the knee extension exercise and the max V 0 2 test.
Proper preparation, precautions and supervision will m inim ize help
minimize the risks involved.

Be assured that major complications are

m inim al.
Right to Withdraw
You

are free to refuse to participate in this

withdraw at any time.

study, or to

Your decision will not adversely affect your

status at UNLV or cause a loss of benefits to which you might
otherwise be entitled.

C onfidentiality
Your name will remain confidential from any publication or
reporting of results.

The form being signed will remain the property

of the experimenter and the UNLV exercise physiology laboratory.

39
The Effect of Localized Muscle Fatigue on Lactate
Production during Submaximal Exercise

Subjects Statement of

Consent

I have read the above description of this research study, and
understand it.

I have been informed of therisks and benefits

involved,

all

and

satisfaction.

of my questions

Furtherm ore, I

have

have been

been

assured

questions I may have will also be answered.

answered
that

any

to

I

my

future

I understand that I will

receive a copy of this form.

I understand

that I am free to withdraw this consent and

discontinue participation in this study at any time without prejudice.

I voluntarily
research

consent to

my

participation in

the

described

study.

printed name of subject

signature of subject

date

APPENDIX

II
P A R T I C I P A N T ID E N T I F I C A T I O N

PH Y SIC A L A C TIV ITY READINESS QUESTIONNAIRE (P A R -Q )*
A S e lf-a d ra in isle re d Q u estio n n a ire for A dults

PAR
PAR-Q is designed to help you help y o u rsell.
Many health b e n e fits are a sso cia ted with
regular e x e rc ise , and the completion ol PAR-Q is a s e n s ib le first s te p to take if you are planning
to increase the amount of physical activity in your life.
For most people physical activ ity should not pose any problem or h az ard . PAR-Q has been
designed to identify the sm all number of a d u lts for whom p h y sical a c tiv ity might be Inappropriate
or those who should have m edical advice concerning the type of a c tiv ity m ost su ita b le for them.
Common s e n s e is your b est guide in answ ering th e se few q u e s tio n s. P le a s e read them care*
fully and check the 0
YES or NO opposite th e question if it applies to you.

YES NO

You

□

□

1.

H as your doctor ever said you have heart trouble?

□

□

2.

Do you frequently have pains in your heart and c h e st?

□

□

3.

Oo you often feel faint or have s p e lts of sev ere d iz z in e s s ?

□

□

4.

H as a doctor ev er said your blood pressure w as to o high?

□

□

5.

Has your doctor ever told you that you have a bone or joint problem su ch a s arth ritis
that has been aggravated by e x e rc is e , or might be made w o rse w ith e x e rc is e ?

O

O

6 * 19 there a good Physical reason not m entioned here why you should not follow an
ac tiv ity program even it you w anted to?

□

□ 7 .

Are you over age 65 and not accustom ed to vigorous e x e rc is e ?

YES to one or more questions

Answered j
If you have not recently done so , consult with
your personal physician by telephone or in person I
BEFO RE increasing your physical ac tiv ity an d /o r ]
taking a fitn e s s te s t. Tell him w hat questions
you answ ered YES on PAR-Q . or show him your |
copy.

programs
After m edical evaluation, seek advice from your
physician a s to your su ita b ility for:
9 u n restricted physical a c tiv ity , probably on
a gradually increasing b a s is .
O restric te d or supervised ac tiv ity to meet
your sp e c ific needs, at le a s t on an initial
b a s is . Check in your community for special
programs or serv ic es.

NO to all questions
If you answ ered PA R -Q a c c u ra te ly , you have
reaso n ab le assu ra n c e of your p resen t su itability
for:
0 A GRADUATED EXERCISE PROGRAM •
A gradual in crease in proper ex ercise pro
m otes good fitn e s s developm ent w hile mini
mizing or elim inating discom fort.
0 AN EXERCISE TEST - Simple te sts of fit
n e s s (such a s the C an ad ian Home F itn e ss
T e st) or more com plex ty p e s may be under
taken if you so d e s ire .

r.T^rrm

If you have a temporary minor illn e s s , such a s a |
common cold.

* O e v e lo o e d Dy i n * B n tis n C o lu m b ia M in is try o l H a a ltn . C o n c e p tu a lis e d a n d c r ltla u a d Oy i n i M u ltid is c ip lin a r y A d v is o r y B o a r d o n E a a r d s e IM A B E ).
T r a n s la tio n , r e p r o d u c t i o n a n a j m In i u a n t i r a t v It a n c o u r a g a d . M o d ific a tio n s b y w r i t t e n o a r m ls s le n o n l y . N o t to o a u a a d f o r c o m m a r c la l a d v e rtisin g
In o r d e r t o s o lic it b u s in e s s f r o m t n e o u o lic .
Reference

PA R -O V alid atio n R e p o rt. Brltltn C o lu m b ia M inistry o f H aaltn. M ay . 1 9 78.

* P r o d u c e d b y tn e B ritis n C o lu m b ia M in is tr y o f H a a ltn a n d tn e D e p a r tm e n t o f N a tio n s ' H e a lth & W e lfa re .
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A P PE N D IX

III

TRIAL RECORDING FORM S
SU B JEC T C H A R A C T E R IST IC S
N am e____________________________ Age____
H eight__________ cm___Weight__________ kg
Sum of 4 skinfold:
T ricep______
A bdom en_______
Iliac_______
Thigh______
T o t a l ____________

MAX V 0 2 TEST
1 Min

Workload

KGM

%

2 Min

Workload

KGM

%

3 Min

Workload

KGM

%

4 Min

Workload

KGM

%

5 Min

Workload

KGM

%

6 Min

Workload

KGM

%

7 Min

Workload

KGM

%

8 Min

Workload

KGM

%

9 Min

Workload

KGM

%

T R IA L

2- d ate

time

T R IA L

3- d ate________

time
41

42
F A T IG U E

TR IA L

N A M E ________________

R e s tin g
80%

L a c ta te

P re -e x e rc ise

level

of M ax V 0 2 _____

la c ta te

KGM

MVC_____________
70% MVC______________
Post-fatigue MVC_______

% of MVC

CYCLING

TIME

HEART RATE

V 02

LACTATE
LEVEL

5 MIN
10 MIN
15 MIN
20 MIN
5 POST
10 POST

43
NON-FATIGUE TRIAL

NAME

TIME

HEART RATE

V 02

LACTATE
LEVEL

5 MIN
10 MIN
15 MIN
20 MIN
5 POST
10 POST
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