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CHAPl'ER I 

INTRODUCTION 

The human body is occasionally expected to perform 

work under different types of stress. In the Gold Mining 

Industry, for instance, work con.di tions can vary consider­

ably in as far as environmental temperature, humidity, 

wind velocity, radiation, illumination, noise and other 

external factors are concerned. Apart from these demand­

ing stress conditions the rate of work expected from a man 

is also important. As most work per.formed underground ie 

of a continuous nature, it was considered essential to in­

vestigate whether an "optimum" level of energy expenditure 

could be established at which men can be expected to work 

for prolonged periods. Different types of work demand 

different level.a of energy expenditure. If the work load 

to be performed by the individual ie too high, it might 

endanger his health or lead to fatigue. 

The rate of work which an individual can perform for 

prolonged periods daily, month after month, has given rise 

to considerable controversy. Various criteria have been 

proposed in the past to predict an individual's capacity 

for prolonged work. 

Christensen (35) employed a somewhat empirical basis 

for the "safe" limit. He found that lumberjacks, on high 

financial incentives, normally worked at levels of about 

50 per cent of their aerobic capacities for prolonged 

l. 

periods. The Max Planck Institttt fffr Arbeitspbysiologie (91) 



supports the idea that an individual can work safely at a 

level of work which produces a heart rate of about 120 

beats per minute. According to their findings this heart 

rate corresponds to a level of 30 per cent of the indivi­

dual• e maximum oxygen intake value. 

Wyndham et al. (121) suggested that a level of 55 per 

cent of the maximum oxygen intake is the optimum level of 

energy expenditure. Thia assumption is made on the basis 

of the onset of anaerobic metabolism, as indicated by an 

increase in "excess lactate", a parameter introduced by 

Huckabee (73). 

An answer to this problem will be of great value to 

industry with respect to the selection of labourers for 

tasks of different intensities. During a normal eight­

hour shift due allowance should be made for a man's capa­

city to keep pace at a certain level of energy expenditure 

without developing fatigue. Neglect of auch an allowance 

will n.ot only result in a reduction of productivity, but 

it can, moreover, endanger the health of the individual. 

(a) STATEMENT OF THE PROBLEM 

Thie study was performed in order to test the 

validity of various criteria proposed in the past with 

regard to the optimum rate of work that can he expec­

ted of a man if he is to perform work continuously 

for prolonged periods. The literature indicates that 

observations obtained during relatively short work 

periods were in most cases extrapolated to apply to 

prolonged work. 

2. 



( 
In fact, very few of the authors verified their hypo­

theses in studies where work was performed contin­

uously for the duration of a full shift. 

3. 

It remains an open question whether reauJ.ts 

obtained during short-term exercise can be validly 

used to predict an individual's capacity for prolonged 

work. 

(b) LIMITATION OF STUDY 

A major limitation of this study was that a small 

number of subjects was examined. The number of sub­

•,_., jects was limited to four, due to the scope of the 

experiment. Not only was work performed for up to 

eight hours per day, but at least three repeat experi­

ments were done at each work load. This contributed 

to an increased reliability of the observations 

obtained on each individual. Furthermore, a large 

number. of blood samples was taken daily; with more 

subjects the number of blood samples would have been 

too many to analyse on a daily basis. 

The subject's outside activities, especially 

during week-ends, could not be controlled. Tke 

subjects were, furthermore, studied in the post­

prandj_al state of nutrition which might have led to 

small errors. 

Arterialized blood was obtained from a preheated 

fingertip for the determinations of lactate, pyruvate 

and glucose concentrations. These values might be 

different to those obtained from arterial blood, but 



due to the large number of observations which had to 

be made on each individual, arterial punctures were 

considered impractical. 

The data described are those for highly trained 

individuals and therefore the values obtained might 

be an overestimat ion of what could be expected from 

mean population values . 

Another important factor is that the subjects 

worked for prolonged periods without ingestion of 

food. Water was, however, supplied ad libitu.m during 

the work period. 

The work was performed continuously. This ie 

not normal in the industrial situation, as rest periods 

occur during the performance of almost all types of 

work. 

(c) SIGNIFICANCE OF THE STUDY 

This study proposes to indicate the optimum level 

of work which can be performed daily for prolonged 

periods by highly trained men. It also illustrates 

the changes in phyaiological parameters during the 

performance of work. The different factors which 

limit a man's capacity for prolonged work are 

evaluatedo 



CHAPI'ER 2 

LITERATURE REVIEW 

Tbe first significant studies on exercise physiology 

were carried out by Hill and associates (66). Following 

the observation made by Fletcher and Hopkins (55) that 

1111acle fibers require oxygen in order to contract, they 

mainly examined the role of oxygen .supply and utilization 

during exercise. 

Extensive research has since been done by different 

pby•iologists; however, it concentrated mail1ly on changes 

in different parameters during short-term exercise and 

recovery. The effects of prolonged exercise on the human 

being, however, have not been studied extensively. 

1. OXYGEN CONSUM1>TION 

Hill and Lupton (66), and Bang (20) found that oxygen 

intake during moderate exercise reaches a "steady state" 

about 2½ minutes after the commencement of exercise. They 

postulated that this "steady state" represents the state 

when the rate of lactic acid production is balanced by the 

rate of its oxidative removal in the working muscles, and 

that the level of the "steady state" in oxygen consumption 

depends on the severity of the exercise. istrand (14), 

however, showed that a "steady state" in oxygen consumption 

is absent during light and moderate work. No "steady 

state" is reached during severe exercise, as the available 

oxygen taken up by the lungs and carried by the blood does 



not meet the oxygen requirements of the working muscles. 

Hill et al. {66) showed that an oxygen debt is formed under 

conditions of strenuous exercise; this debt being re-paid 

during the recovery period. From t he results of experi-

ments on heat production in muscle, they concluded that 

energy is yielded under anaerobic conditions and that re­

covery is an aerobic process in muscles. 

Lukin and Ralston {84) found that a relative "steady 

state" exists during light and moderate work. The oxygen 

intake showed fluctuations of as mu.ch as 35 per cent on a 

minute to minute basise They ascribed the fluctuations 

in oxygen intake to changes in the number of muscles which 

are active during the exercise period. A steady increase 

in oxygen intake was, however, noted during heavy exercise 

which could be endured for about 35 minutes. 

Grimby { 61), and iatrand and Sal tin {17), among others, 

indicated that a steady state in oxygen intake does not 

occur during submaximal. work. 

Several investigators have indicated that a functional. 

relationship exists between oxygen intake and work rate, 

which can be expressed as a two-component curve {istrand 

{14), TEzylor et al. {111) 1 Wyndham and others (119)). The 

first component is a linear relationship between values of 

oxygen intake and submaximal work rates; the second com­

ponent is the horizontal part of the curve when oxygen in­

take values remain constant notwithstanding increases in 

work load. 



2 • MAXIMUM OXYGEN INTAKE 

The oxygen intake of an individual reaches a maximum 

value with an increase in work load. This value is known 

ae the individual• s maximum oxygen intake. Hill ( 66), 

Bang (20), and istrand (14), among others, observed that 

differences exist between individuals with regard to their 

maximum oxygen intake values . 

7. 

Hill and Lupton (66) ascribed the maximum oxygen intake 

limit in healthy individuals to inadequate oxygenation of 

b1ood in the lungs and/or a limited blood outflow from the 

heart. 

Hill, Long and Lupton (64) found that different types 

of bod¥ exercise lead to different maximum oxygen intake 

values for the same individual. This phenomenon was ex­

plained by istrand (18) to be due to the number of muscles 

involved in the exercise activity. Figures obtained by 

Chrietensen and H6gberg (38) on the maximum oxygen intake 

values of a group of subjects were consistently higher 

during skiing than those obtained on a treadmill or bicycle 

ergometer. This point was illustrated by Duner (49) in 

his study on maximum oxygen intake while work was being 

performed with one or both legs on a bicycle ergometer. A 

comparison by Asmussen and Hemmingson (8) between arm and 

leg work indicated the same trends. 

ExperimentaJ. techniques for measuri.l1g maximum oxygen 

intake were developed by istrand (14) and Taylor et al. (111). 

Various criteria were employed in order to decide whether 

an individual did in fact reach hie maximum oxygen intake 

value. Taylor et al. (111), who determined the oxygen in-



takes of individuals while they ran on a treadmill at 7 

miles per hour, assumed that the maximum was reached when 

an increase of 2t per cent in t he grade of t he -treadmill 

altered the increase in oxygen int ake by leas t han 0.15 

litres per minute. Thia was based on the finding that a 

8. 

2t per cent increase in grade caused a mean increase of 

0.299 ! .087 litre per minute in oxygen consumption at sub­

maximal work loads. The maximum oxygen intake value was 

thue taken as the point where the oxygen intake/work load 

relationshi p departed from linearity. istrand {14) used 

the point where it ·is obvious that the curve flattens off, 

or, in oases where flattening of the curve was not observed, 

where individuals had blood lactic acid concentrations in 

excess of 70 mg%. 
The above criteria were criticized by Wyndham and co­

workers (119) on the grounds that maximum values were not 

necessarily obtained under au.ch conditions. They concluded 

tha t the most r eliable method for the determination of 

maximum oxygen intake is by measuring oxygen intake at 

various work loads. A curve should be fitted to the values 

obtained and teated for goodness of fit. A comparison of 

the three mentioned t echniques made by Wyndham and others 

(119), indicated that the criteria as proposed by istrand 

(14), and Tqlor et al. (111) did in fact underestimate an 

individual•e maximum capacity. 

All the above-mentioned techniques, however, require 

that individuals being tested should work at relatively 

strenuous loads, in order to reach their maximum. oxygen 

intake values. Tests for maximum oxygen intake are 



g. 

furthermore, not advisable for all people, eepecially in 

t h e case of older individuals or people with cardiorespi­

ratory diseases, as it might lead to overexertion during 

the test. Moreover, a high degree of co-operation and 

motivation ie required of subjec·ts to ensure that maximum 

values are in fact achieved. 

Indirect techniques , based on the oxygen intake/heart 

rate relationship, were ther efore introduced. istrand 

and Rhyming (16), Margaria (85), and Irma istrand (10) 

proposed nomograms for the estimation of maximum oxygen in­

take from measurement of heart rate alone, or from both 

hear t rate and oxygen intake at submaximal levels of work. 

Binkhorst and van Leeuwen (25) proposed a method based 

on di rect measurements of oxygen uptake on a bicycle ergo­

meter durj.ng a continuously increasing work load. Maximal 

effort and motivation of subjects are, however, neccesary 

if t h e above-mentioned test is to be performed. istrand 

and Sal tin. (17) proposed a similar type of test in which 

the subject is able to endure the work load for about two 

to eight minutes. Blood lactate values of 100 mg% were 

regarded as an indication that the maximum oxygen intake 

value had been reached. Maritz et al. (88) criticised 

the cr iteria used by the mentioned authors to decide whether 

or not the peak value had been reached. They proposed 

that heart rate and oxygen intake should be determined at, 

at least, three eubma.ximal work loads. These two para .. 

meters should then be plotted against each other and an 

extrapolation of the curve to a heart rate value of 180 

beats per minute will then give an estimation of the 

maximum oxygen intake of the individual. 



10. 

It was pointed out that this maximum heart rate value is 

applicable to healthy, young males a t a medium altitude of 

4,750 feet above sea level. 

Ieeeku.tz and others (77 ) used the respiratory quotient 

during work to predict maximum oxygen intake . A RQ value 

of 1.15 was taken as t. e level at which an individual had 

reached his maximum capacity. They stated that this 

method is independent of sex and age and gives a good 

approximation, generally better then 10 per cent, of the 

maximum oxygen uptake. 

An individual I s maximum oxygen intake value remains 

rel atively constant over long periods. Irma istrand and 

co-workers (12) showed that no chang~ in maximum capacity 

occurred over a four-year period in a group of subjects 

who r emained in a good state of physical fitness. Taylor 

et al. (111) indicated the ea.me trend in a group of 

students over a period of 14 months. 

The maximum oxygen intake of an individual, however, 

can decrease under certain circumstances. T~lor et al. 

(112) demonstrated that prol onged bedreat led to a decrease 

in aerobic work capacity. Respiratory and cardiovascular 

diseases markedly decrease an individual's maximum oxygen 

intake. Irma iatrand (10), in a study on workers of 

different age groups, showed that there was a general de­

crease in physical work capacity with an increase in age 

above 20 years. 

An increase in maximum oxygen intake of subjects 

during a training regime of approximately sixteen weeks 

was reported by Williams and colleagues (117). The 



11. 

average increase was found to be 7 per cent, whereas 

Robinson and Harmon (104 ) report ed increases of as much as 

17 to 18 per cent. The percentage increase in ma.ximum. 

oxygen intake due to training, as described by Knehr et al* 

(80) is in agreement with the finding of Williams and 

colleagues (117). 

EXERCISE AND METABOLISM 

The maintenance of cell functions, life and the per­

formanc e of work by living matter ie dependent upon the 

continuous supply of adequate a.mounts of oxygen to the 

tissues. Under aerobic conditions adequate amounts of 

oxygen are supplied to the ~issues by means of respiration. 

Energy is liberated under such circumstances by an in-vivo 

oxidation of various organic substances to water and carbon 

dioxide. There is, however, another energy-yielding 

mechani sm, known as glyoolyeis, which comes into operation 

under stress conditions. A glucose molecule can be split 

into two molecules of lactic acid in the complete absence 

of oxygen. Energy ie released during this process. This 

type of energy release is lmown as anaerobic metabolism • 

.Anaerobic metabolism occurs during the performance of 

almost all heavy tasks. 

4. ANAEROBIC METABOLISM 

This involves the supply of oxygen in the absence or 

partial absence of respiratory oxygen. 



12. 

(i) Oxygen debt 

The classical studies of Krogh and Lind.hard 

(82), and Hill and coleagues (66) indicated that 

there is a direct relationship between lactic 

acid production and the oxygen debt incurred 

during exercise. Subsequently, different authors 

ab.owed that the relationship between a contracted 

oxygen debt and lactic acid is a complex relation­

ship. Owles (95) showed that an oxygen debt can 

occur during exercise with no increase in lactic 

acid above resting values. This finding was 

confirmed by Margaria et al. (87), who found that 

oxygen debts of up to 4 litres can exist without 

any increase in blood lactic acido Studies by 

Asmussen (6), Christensen and H8gberg (38), and 

Lukin and Ralston (84) showed that the oxygen 

debt incurred during exercise is not equal to the 

oxygen deficit. 

(ii) Lactic acid 

Experiments done by Fletcher and Hopkins (55) 

showed that an iaolated muscle preparation can 

contract in the complete absence of oxygen and 

that lactic acid was formed in the muscle under 

suoh circumstances. If oxygen was then ad.minis-

tered the amount of lactic acid in the muscle 

decreased. They postulated that the occurrence 

of lactic acid in stimulated muscle is related 

to the availability of oxygen. 
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Hill and Lupton (66), Hill ~al. (65) and Jervell 

(78) related the oxygen debt to the occurrence of 

lactic acid in the blood. Hill et alo were of 

the opinion that lactic acid plays an important 

role in muscular contraction, being the "stimulant" 

for contraction. 

High concentrations of lactic acid in the 

blood was observed by many authors durinB and 

after exhaustive exercise (Margaria et al. (87), 

Bang (20), Robinson et al. (102), Friedeman et al. 

(58), iatrand (15), among others). The concen­

tration of blood lactate was taken as an index of 

exhaustion by istrand (14), whereas other authors 

interpretated it as an index of efficiency of 

oxygen transport to the working muscles (Holmgren 

(67), Holmgren and Str6m (69), Donald et al. (47), 

Carlson et al. (33) and Harris et al. (62)). 

(iii) Excess lactate 

Huckabee (72, 73) indicated that blood lactic 

acid concentration is not a reliable index of 

anaerobic metabolism. He showed that factors 

such as hyperventiliation, changes of blood pH 

and blood pyru.vate concentrations can lead to 

changes in blood lactate concentrations, while 

the same work loads are performed. 

Other authors also found that such conditions 

as alimentation (Friedeman. et al. (58), injection 

of adrenalin (Griffith et al. (60), glucose 
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injections (Bu.eding et al . (29), Bueding and 

Goldfarb ( 27)), and hyperventilation (Fenn et al. 

(54», can alter blood l a ctate concentrations. 

· Huckabee ( 73) pointed out that as lactate 

may be formed in the organism from pyru.vate acco -

ding to the f ormula:-

the amount of lactat e may increase or decrease 

with the amount of pyru.vate which is found as a 

normal metabolite in the bodJ'". He therefore 

developed a formula with which lactate formed in 

excess of that resulting from pyru.vate could be 

calculated as follows:-

where: XL denotes excess lactate, 

L denotes lactate concentrations, 

p denotes pyru.vate concentrations , 

0 denotes resting values and 

X denotes values during work. 

Huckabee demonstrated in a series of experi­

ments that excess lactate values are found at all 

levele of exercise and that there is a close 
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relationship between excess lactate and o~gen 

debt. When lactate was expressed aa "total 

exoeas lactate" he found that the value of oxygen 

debt and Olq'gen equivalent of total excess 

lactate were almost identical at~ time during 

recovery from light to heavy work. Under the 

aame circumst ances the values of total lactate 

were significantly different from the oJcygen debt 

figure•• 

The concept of Huckabee presuppoaes that 

there ie a uniform distribution of lactate 

throughout the total boey fluids. Eggleton and 

Evans (51), however, indicated that a concentration 

gradient of lactate exists between muscle and 

plasma during exercise. Decker and Roaenbaum 

(42) reported that lactate concentration• in cells 

and plasma are equivalent in the reating state. 

They did, however, demonstrate a higher concen­

tration of lactate in plasma as compared to that 

in cells under conditions where blood lactate 

levels were increased above resting values. 

Huckabee (71) found a concentration gradient be­

tween plalllll& and cells during rest and exercise, 

with lactate oODcentrationa dollinatin« in the 

pl-• . 

Barrie and colleagues (62) criticised the 

concept of •exo••• lactate" as they could not 

cleaon•trate a linear and indefinite increase in 

•uo••• lactate• relati~• to t1M. 



Thomas and others (113) substantiated the above 

findings by indicating that "excess lactate" is 
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a variable rather than a constant factor with 

respect to time. Ma.rgaria and co-workers (86) 

alao criticized Huckabee•s concept, as at lo 

levels of oxygen intake an oxygen debt m.ey- be 

present without a subsequent increase of lactate 

concentration. It should be pointed out, how­

ever, that Margaria•s observations were based on 

experiments done on venous blood, whereae Huckabee 

worked on arterial blood. Knuttgen (81) worked 

on blood from the hyperaemic fingertip and came 

to eimilar conclusions as Margaria et al. (86). 

Difference• in lactate content of blood, 

aampled simultaneously from veins, arteries and 

capillaries were reported by different authors 

(Barr and Himwioh (22), Eggleton and Evans (51), 

and Pernow and Wahren ( 98) ) • Grimby ( 61) 

reported that blood from the hyperaemic finger­

tip had a lactate content similar to that of 

arterial blood. 

5. RESTING VALUES OF LACTATE AND PYRUVATE 

Resting values of lactic acid, as determined by the 

method of Barker and Summerson (21), was found to be diffe­

rent by various authors. Values ranged from o.62 to 1.03 

mM per litre blood water according to reports in the litera­

ture by Goldsmith (59), Decker and Rosenbaum (42) and 

Huckabee (72)o 
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The same holds true for blood pyruvate. Values of 

from 0.045 to 0.142 mM per litre blood water was quoted by 

different authors as the resting value (Platt and Lu (99), 

Bueding et al. (31), Friedemann et al. (58), Goldsmith (59 ) 

and Huckabee (72)). The above-mentioned rather large 

variations are probably due to different blood aa.mpling 

techniques, ■ampling sites and resting state■• 

Friedemann et al. (58), in a study on laboratory 

workers, rshowed that blood ptruvate and lactate values 

fluctuate to a minor extent during light work. Their 

study, however, indicated a rise in concentrations after 

meals rich in carbohydrate, during muscular activity and 

anoxia. 

Furthermore, Bueding and Wortis (30) indicated that 

addition of perservativea to blood can alter significantly 

the concentration of the mentioned metabolites. 

It was also demonstrated that the lactate/py:ru.vate 

ratio was changed in shed blood, mainly due to glycolyais 

(Bueding and Wortis (30), Huckabee (71)). 

6. LACTATE AND PYRUVATE CONCENTRATIONS DORING WORK 

Light work induced no increase in blood lactate values 

in studies done by Jervell (78), Owles (95) and Bang (20), 

whereas moderate work elicted alight increases in blood 

lactate concentrations. With hard and very hard work, 

however, rapid increases in blood lactate result. 

Extremely high values have been found during maximum work 

by Bang (20), Asmussen et al. (9), and iatrand (14), among 

many other reports in the literature. 
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Bang (20), who studied the course of lactate concen­

trations during moderate work reported a "primary" rise in 

lactate which occured within the first five minutes of work. 

This was followed by a steady fall in lactate concentration 

during the work period. A "steady state" in lactic acid, 

as reported by. Hill Blld colleagues (66), was not demon­

atrated. Thia finding was substantiated by several authors, 

among whom were Irma istrand (10), Donald and others (47), 

Grimby (61), and Harris et al.. (62). On the other hand, 

Asmussen (7) and Huckabee (73) reported a steady rise of 

lactate during work relative to time. 

The level of work at which anaerobic metabolism com-

mences has been a controvereal point in the past. Oxygen 

intake values of 1.0, 1.8 and 2.1, and between 1.2 and 2.1 

litres per minute above resting oxygen intake values have 

been reported by Newmann and co-workers (93), Owlee (95), 

and Taylor (110}, respectively, as the level of work where 

anaerobic metabolism occurs. Ma.rgaria (87) related the 

lactic acid accumulation point to the individual's metabolic 

rate and reported that lactate started to accumulate at 

work loads requiring about 66 per cent of the maximum meta­

bolic rate. 

Wyndham et al. (121} reported that a level of 55 per 

cent of an individual's maximum capacity seems to be the 

ma.xinru.ro. point at which work can just be performed under 

aerobic conditions. 

Williams and others (117), however, showed recently 

that the point of anaerobic metabolism of highly trained 

individuals was at about 68 per cent of maximum capacity. 
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Furthermore, they pointed out that the onset of anaerobic 

metabolism wae dependent on the individual's state of 

training. In the untrained individual the relevent level 

was found to be about 40 per cent of aerobic capaeity, 

which could be changed through training to about 70 per 

cent of capacity. 

The onset of anaerobic metabolism is also influenced 

by environmental conditions. Williams and co-workers (115) 

demonstrated that lactate increased at lower levels of work 

in heat than in comfortable conditions. This observation 

was explained aa being due to more blood being shunted to 

the skin for heat dissipation pur1)oses and, therefore, 

less blood being available for the transport of oxygen to 

the active muscles. Earlier studies done by Dill and 

colleagues (43) and by Robinson et al. (101) indicated the 

same trends. 

7. CHANGES IN EXCESS LACTATE DUHING WORK 

Hucks.bee ( 73) reported that there was a linear increase 

in excess lactate throughout the entire period of exercise. 

This occured even at low work iI1tensities. These findings 

were opposed by Williama et al.(115), Wyndham et al. (121) 

and Knuttgen (81), · who worked on arterialized peripheral 

blood and found that at light and modera.te rates of work 

no "excess lactate" was formed. Cobb and Johnstone (39) 

found an insignificant or no increase of excess lactate in 

subjects working at an oxygen intake level of 2.0 litres 

per minuteo Harris and co-workers (62) showed that a 

plateau, or in some cases a peak, in excess lactate was 



reached during work, followed by a gradual decline durine 

the latter part of work. Similar observations were made 

by Carlson and Fernow (32), Carlson and others (33), 

Pernow and Wahren (98), Cobb and Johnstone (39) and Hood 

et al. (70) during studies on arterio-venous differences 

of "excess lactate". 

B. THE HEART RATE/LACTATE RELATIONSHIP 

It was observed that lactate starts to accumulate in 

blood when work of a certain intensity is performed. 

Wells and colleagues (114) related heart rate to lactic 

acid, and reported that for untrained men blood lactic acid 

increase if a work rate is performed which causes a heart 

rate response of between 120 to 140 beats per minute. 

Holmgr en and Str8m (69), in their study on well-trained 

cyclists, reported that lactate concentrations in blood 

rose when heart rates reached about 145 beats per minute. 

The corresponding values for untrained men were between 115 

and 120 beats per minu te. In a study performed on a 

bicycle ergometer while using one leg only, Carlson and 

Fernow (32) reported h eart rates of 90 - 110 beats per 

minute for increases of lactate above resting values. 

Th.mer (49), however, indicated that work with one leg at a 

specific work rate showed higher blood lactate valu es than 

while working with both legs, a factor which may have con­

tributed to low heart rate values as reported by Carlson 

and Fernow (32). Furthermore, Th.mer demonstrated that 

individual aerobic capacities were lower durine work with 

one leg than when using both legs. 
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Williams et al. (117) found, in agreement with the findings 

of Wells and others (114), that increases in lactic acid 

occured in well-trained individuals who per formed a rate of 

work which gave riae to heart rat es of 120 - 140 beats per 

minuteo It ehould be pointed out, however, that sxperi-

mente done by Williama et al. were performed at an altitude 

of 4,750 fee t above sea level. 

It is a well-lmown fact that maximum heart rate values 

are lower at altitude than at sea level, with the result 

that heart rate response for the same level of work at sea 

level might be higher than the said 120 - 140 beats per 

minute. 

PHYSICAL FITNESS 

Dill and others (45) showed that the lactic acid re­

sponse of unfit individuals to a certain work load 1• 

higher t han for fit individuals. It was shown by Robinson 

and Harmon (103 ) that a training regime lowered the lactate 

respons e of an individual to a certain work load. They 

also indicated that well-trained individuals could endure 

higher lactate values than untrained persons during maximal 

work. The studies of Holmgren and Str8m (69) demonatratsd 

that the blood lactate value was significantly lower for 

physically fit •ubjects at a given heart rate, then for un­

fit subjects. Comparieons done on groups of fi t and unfit 

sub jects eubatantiated the above findings (Cook and Hurst 

(40 ), Newmann et al. (93), and iatrand (14) ) . 
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10. PROLONGED WORK 

As far back as 1923, Hill and Lupton (66) stated that 

the oxygen requirements of the working muscles should be 

balanced by the oxygen intake if work is t o be performed 

for prolonged periods. In other words, aerobic processes 

should supply all the energy neccesary for muscular con­

traction during all phases of prolonged muscular work. 

Numerous studies have since been done on prolonged 

work, but most of the studies had a common shortcoming in 

that work was not done continuously for a whole normal 

shift of eight hours duration. 

Irma istran.d (10), f or instance, did an experiment 

during which subjects worked alternately on a bicycle 

ergometer and on a treadmill. The subjects had a rest 

period of 10 minutes after every hour of work , as well as 

a lunch break of one hour. Under the above circumstances 

she demonst rat ed that blood lactate was unchanged after 

seven hours of work at an oxygen intake of about 50 per 

cent of the individual's aerobic capacity. 

Wyndham et al. (121) reported that work at a limit of 

55 per cent of aerobic capacity could be sustained daily 

for prolonged periods. These findings were based on tests 

done on a bicycle ergometer over periods of about seven 

minutes. It is doubtful, however, if these results can be 

applied to endurance work lasting up to eight hours. 

According to their findings the accumulation of excess lac­

tate in the blood was the limiting factor fo r endurance 

work. This, however, is true for heavy exercise which 

can be endured only for short periods. 



Studies done by Bang (20), Cobb and Johnstone (39) and 

Donald et al. (47) indicated that there was an initial peak 

in blood lactate with a progressive decrease thereafter 

during prolonged constant work. Sampling of blood during 

this - "peak" period in lactate concentrations could have led 

to the high "excess l a ctate" values :found by Wyndham et a.l(> 

(121) during their experi ments at sub.maximal work loads. 

Thie may well led to an underes timation of the point at 

which individuals went into anaerobic metabolism ae in­

dicated by an increase in "excess J.actate". Williams 

et al. (116) pointed out that the subjects used in the 

study by Wyndham and others were not highly trained, which 

could also have contributed to the rather low figure cited. 

It waa pointed out earlier (117, 118) that the "excess lac­

tate" and lactate turn.point ie dependent, amongst other 

factors, on the state of training of the individual. 

Other factors such as age (14) and ambient temperature (115) 

may also influence the point where an individual will ehow 

an increase in lactate and "excess lactate" over pre­

exercise levels. 

Williams and colleagues (116) in a study on highly 

trained men ahowed that the optimum level of oxygen con­

sumption, expressed as a percentage of the maximum at which 

men could work without an increase in blood lactate, was 

67.8 per cent. The corresponding value for "excess lactate" 

was found to be 69.0 per cent. 

Michael and co-workers (89) indicated that a work rate 

equivalent to 35 per cent of aerobic capacity could be 

au.stained for periods of up to eight hours per dB¥ without 



increase• in blood lactateo Work at 75 per cent of the 

aerobic capacity caused slight increases in blood lactate 

values at the end of three houre of continuous work in a 

study done by Saltin and Stenberg (106). ietrand et al. 

(15) indicated that lactic acid in blood wae raised to 

above twice that of resting values during competitive 

skiing lasting about sight and a half hours. 

Different investigators of "prolonged" work, such as 

Grimby (61), Cobb and Johnstone (39), Irma istrand (14) 

and Irma istrand et al. (13), showed that blood lactate 

values were higher during the initial stages of exercise 

than those observed during the final stages of work, if 

work 1 ads were low enough to be sustained for prolonged 

periods . 
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CH.APTER 3 

:METHODOLOGY 

l. SELECTION AND TRAINING OF SUBJECTS 

Four healthy young Bantu males, recruited to the 

South African gold mining industry, were used as subjects. 

The physical characteristics of the subjects, at the end 

of a period of training, are presented in Table I. 

TABLE I 

SUBJECT WEIGHT, kg HEIGHT, cm SURFAC~ 
AREA, m 

DA. 60.35 163.4 1.65 

MA. 75.90 177.0 1.93 

ZE. 61.65 163.2 1.66 

FR. 57.20 169.3 1.66 

The subjects were in the age group 18 to 25 yearso 

The subjects were trained for a period of about two 

months before the main experiment commenced. The t raining 

. consisted of pedalling on a constant work load bicycle 

ergometer. They were required to pedal at a load pro-

ducing an oxygen intake of approximately 50 per cent of 

their maximum oxygen intakes for a period of four hours per 

day,for eix CU\fS per week. Heart rates were recorded, 

• Calculated according to Du Bois and Du Bois (48). 
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with an electrocardiograph to ·determine whether a "steady 

state" in heart rate was maintained during the whole period 

of training. In the afternoons the training consisted of 

pedalling at work loads requiring oxygen consunption values 

of approximately 80 per cent of their maximum oxygen in-

takes. They pedalled at this rate until exhaustion forced 

them to stop. Thia was then followed, after a half-an-hour 

period of rest, by a maximal effort for as l ong as possible. 

The outlined training programme was performed for at 

least two months prior to the experiment. All subjects were 

considered highly trained and in an optimum state of physical 

fitness before the main experiment commenced~ 

They worked on a bonus system during the actual experi­

ment; this was found to motivate them to a high degree, 

especially for endurance work which lasted in some in­

etances up to eight hours per d.ar• 

2. SELECTION OF WORK RATES 

The load at which the subjects could continue for a 

period longer than eight hours was taken as the lowest load. 

The loads were then increased at intervals of a thousand 

foot pounds per minute up to the level where work could be 

performed for about 20 minutes. Additional work loads were 

performed to establish a reliable endurance time/work load 

curve. The maximum oxygen intake values of the individual 

subjects were determined during the final stage of the 

experiment. 



3. TEST PROCEDURE 

The subjects came to the laboratory early in the 

morning in the post-prandia.1 state. They were rested in 

the supine position for at least two hours before obeer­

vations of resting values were made. The parameters 

measured were resting oxygen intake, heart rate, blood 

lactate and pyruvate values, as well as blood glucose. 
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The subjects were then required to work at a certain work 

rate on a constant work load bicycle ergometer. The rate 

of work performed was not disclosed in order to eliminate 

the psychological effect of the performance times achieved 

on previous days. 

The experimental runs lasted for a maximum period of 

eight hours, or until fatigue compelled the subjects to 

stop pedalling. Water was allowed ad libitum during the 

work period. Urine was passed, if neccesary, while busy 

performing pedalling. No allowance was made for subjects 

to defecate during the work period. 

Samples of expired air were collected over a period 

of five minutes for the resting observation and over three 

minutes during work at the second, fourth, sixth and eighth 

hour of each experimental run. In cases where the subjects 

could not work for the maximum period, a terminal sample of 

three minutes was taken immediately before the subject 

stopped work. 

Blood samples for lactic and pyruvic acid analysis 

were taken at intervals of two hours of work and a terminal 

sample was taken just before the subject was compelled to 

stop due to exhaustion. Blood for the determination of 



blood glucose concentration was taken concurrently with 

that for the determination of lactic and pyruvic acids. 
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Rectal temperatures were recorded at rest , after 15 

minutes of exercise and from then onwards at hourly inter­

y-als up to the terminal sample. 

Heart rates were recorded at rest, after 15 minutes 

of exercise and then hourly until the last sample before 

work was discontinued. 

A. Gae sampling 

Gas samples were collected utilizing the conven­

tional Douglas bag method. Corrugated rubber tubing with 

a wide bore (li inch diameter) was used to minimize resis­

tance. An Edwards mask, fitted with two Max Planck low 

resis t ance valves, was used. These valves were shown to 

be the most efficient functioning valve with a low resistance 

(119). The mask was put on to the subject's face one minute 

bef ore the gas sample was taken, in order to wash out all 

atmospheric air from the mask and the corrugated tubing. 

The expired air was collected in a hanging Douglas bag, 

which had previously been flushed with air. 

From the Douglas bag two aliquot samples of expired 

gas were collected in butyl rubber bags of 1.5-litre 

capacity. These gas samples were analysed for oxygen• 

nitrogen and carbon dioxide contents the volume of the 

remainder of the gas in the Douglas bag was measured by 

means of a Collins chain-compensated gasometer of 350-

litre capacity. To the volume, as measured by the spiro­

metert 3 litres were added to account for the samples taken 



for analysis. 

to s.T .P.D. 

The volume of expired air was corrected 

B. Collection of blood samples 

Blood was sampled according to the met hod of 

Huckabee (71). The t echniiue requires that the weight 

of the sampled blood be used for determination of the 

contents and not the volume. Bueding and Wortis (30), 

and Huckabee (71) indicated the glyoolysis occurs rapidly 

in shed blood; therefor e, the blood was allowed to flow 

directly into a receiving vessel. Deproteinization of 

blood was t hus practically immediately completed. 

Blood samples were taken in the following mannerz 
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the sub j ect 's hand was warmed for at least five minutes in 

a water bath at 49 ! 0.5°c befor e blood was taken. The 

fingertip was dried with a towel, greased with petroleum 

j elly, and a cut made with an automatic spring s tiletto. 

- I t was n eccesary to squeeze the fingertip to a slight 

extent in a distal direction to obtain enough blood for 

analysisQ The first drop of blood was discarded. All 

samples were taken well within a period of 10 seconds. 

(a ) Blood for lactic and pyruvic acid determinations 

Fifteen milliliter aliquot samples of a 10 per 

cen t (w/v) aqueous trichloroacetic acid solut ion was 

measured into glass weighing bottles by means of a 

burette. Evaporation of the liquid was prevented 

by sealing the lids of the bottles with s i l i cone 

grease. The bottle plus contents was weighed 



accurately to four decimal places. About 0.5 gram 

of blood was collected while the bottle was gently 

agitated to ensure complete deproteinization of 

blood. The vessel was closed immediately there-

aft er and weighed again to determine the amount of 

blood taken. The contents was then contrifuged at 

5 ,000 r.p.m. fo r 10 minutes and the supernatant set 

aside for analysi s . 

(b) Bl ood f or blood glucose determination 

Ten milliliters of a 3 per cent aqueous solution 

of trichloroacetic acid was measured into a glass 

weighing bottle, sealed with silicone grease and 

we i ghed accurately to four decimal places. About 

0.40 gram of blood was sampled in the same manner as 

described above, and re-weighed. The contents were 

then centrifuged for 10 minutes at 5,000 r.p.m. and 

the centrifugat e set aside for analysis. 

(c) Blood for percentage blood water 

Blood was col lected in pre-weighed glass cru­

cibles together with evecy sample taken for lactate 

and pyruvate analysis. The crucible containing the 

wet blood was weighed again. The blood was dr ied in 

an electric oven at 110°F till constant weight was 

obtained, re-weighed and the percentage bl ood water 

calculated as follows1-
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Weight of crucible empty•••••••••• = a 

Weight of crucible + blood (wet) •• = b 

Weight of crucible + blood (dry) •• = C 

% blood water · • 
b-c (weight loss) 

X 100 
b-a (wet blood weight) 

C. Heart rate 

Heart rat e was measured with a portable Sanborn 

electrocardiograph over a peri od of fifteen seconds. A 

rubber band was fitted around the subject's chest ·at the 
I 

level of the fifth intercostal space in order to ,keep the 
I 

/, 

electrodes in position. RA and LA cardiogral>lJ-ic leads, 

with RL as earth, were used. r 
,r 

n. Rectal temperature 

Rectal temperature measurements were made with a 

copper-constantan thermocouple mounted in a polythene 

catheter, and recorded on a Leeds and Northrup vernier 

potentiometer. The thermocouple was inserted to a depth 

of 4 inches into the rectum. 

E. Measurement of aerobic capacity 

The maximal oxygen intakes of the four sub jects 

were determined according to a method previously described 

by Wyndham et al. (119) • This technique involves the 

measurement of oxygen intake at increasing rates of work 

until no further increase in oxygen intake occurs with in­

crease in load. 



The level of work was increased by 1000 foot pounds per 

minute from an initial 4000 foot pounds per minute up to 

each individual's respective maximum effort. Oxygen in­

takes were measured from the 6th to the 9th minutes at 

submaximal levels of work, or from the 5th to the 7th 

minutes when the subject was unable to complete 9 minutes 
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of work. At levels of work associated with the individual's 

maximum oxygen intake the duration of work was usually only 

three minutes. At these levels of work expired air was 

therefore collected from the second to the third minute of 

work. At least three repeat observations on different days 

were made of heart rate and oxygen intake. at each level of 

work for each test subject. 

4. ANALYTICAL METHODS 

A. Gas analysis 

Expired air was analysed for oxygen, carbon 

dioxide and nitrogen content on a Beckman E2 paramagnetic 

oxygen analyser (97). Use was made of a mechanical 

suction pump to ensure a constant flow of gas through the 

instrument. -Gas to be analysed was dried over anhydrous 

magnesium perchlorate contained in a U-tube connected in 

series with the apparatus to its inlet side. A second 

U-tube, filled with dry Ascarite, a sodium hydrate asbestos 

absorbent, connected in series to the first U-tube was 

used for the determination of carbon dioxide content. 

The percentage CO 2 was calculated according to the 

following formula, 
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% oxygen with CO2 remove·d - % o2 per cent CO
2

= ________________ _ 

% oxygen with CO2 removed 

In order to keep errors to an absolute minimum, a 

technique of duplicate gas analysis by two observers was 

employed, as previously reported by Strydom et al. (108). 

B. Lactic acid 

The analysis of blood lactic acid content was 

carried out according t o the method of Barker and Summerson 

(21), as modified by Hullin and Noble (74), and Str6m (109). 

(a) Reagents 

i. 

ii. 

iii. 

iv. 

Phenol red indicator; 

About 1 gram of phenol red was dissolved in 

50 ml of absolute ethyl alcohol and filtered 

before use. 

Cupric sulphate; 

A 20 per cent aqueous solution was made up 

by dissolving 20 grams of cupric sulphate 

(eu.so4.5H20) in 100 ml of distilled water. 

Lithium hydroxide; 

Crystalline lithium hydroxide was first dried 

in an electric oven at 100°c until a constant 

weight was obtained, and then about 20 gram 

of the dried powder was dissolved in 100 mJ. 

of distilled water to obtain a saturated 

solution. 

Sulphuric acid; 

Analar grade concentrated sulphuric acid 

was used. 



Vo Ethyl alcohol ; 

vi . 

viio 

vii i . 

Commercial erade alcohol of 96~£ purity was 

used. 

Sodium hydroxide; 

A 2% aqueous solution was made up by dissol­

ving 2 gramH of sodium hydroxidP- in 100 ml 

of distilled water. 

Para-hy droxy-di12_henyl; 

About 1. 5 grams of para-hydrox_y - diphenyl was 

dissolved in 100 ml of an aqu eous 29~ solution 

of sodium hydroxide . The resultine solution 

was filtered through a sintered glass filter 

before use . 

Lac tate standard; 

Exactly 0.2133 gram of pure lithiu.m lactate 

(see below for preparat ion) was dissolved in 

100 ml distilled water in a one litre volu-
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metric flask . One milliliter of concentrated 

sulphuric acid ( Analar erade ) was added to 

thiso The volume was then made up to one 

litre with distllled water , and the solution 

was mixed thoroughlyo This was the □tock 

solution containine 0 . 2 me lactic acid per 

rnillilitero 

A work~ing stand.ard was prepared by dilutir.6 10 ml of 

the s toc k solu.tion to 200 ml with dj_stilled water in a 

volumetric flask . 'l'his solution contained 0 . 01 ~ lactic 

acid per m:Ll.Lili ter ( 10 ;ug/ml). 

Pure lithium lactate was prepar1-~d as follows : -
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An aqueous solution of 85% u.s.P. lactic acid was diluted 

with an equal volume of distilled water and a few drops of 

phenol red indicator were added. Saturated 20% lithium 

hydroxide was added, using a pipette, to a slight excess 

~a indicated by the phenol red indicator. The solution was 

then heated to boiling point and lithium was again added to 

a slight excesso The solution was then cooled at room 

temperature and filtered through a sintered glass filter. 

Four volumes of 96% ethyl alcohol were added and the mixture 

was cooled overnight in a refrigerator. The crystals of 

lithium lactate which had formed were collected by filtering 

the mixture through a Buchner funnel. The crystals remaining 

on the filter paper were washed thoroughly with 96% ethyl 

alcohol, and recrystallized with distilled water and dried 

in an electric oven at 100°c. Lithium lactate was pre-

ferred because of its anhydrous and non-hygroscopic 

propertiese 

(b ) Procedure 

Five milliliters of concentrated Analar grade sulphuric 

acid was pipetted into each of a series of ground glass 

stoppered teat tubes, the drainage time (15 seconds) being 

carefully controlled with the aid of a stopwatch. Two 

drops of a 20% (w/v) aqueous solution of cupric sulphate 

was added to each test tube and the contents of each test 

tube treated as follows:-

The test tube was placed in crushed ice and 1 ml of 

the supernatant fluid of the sample pipetted into it. The 

test tube was then quickly shaken to ensure that the 

deproteinized blood solution was well mixed with the 



sulphuric acid, and returned to the ice to prevent the 

contents from becoming too hot. The tube was stoppered 

and put into a water-bath at 60°0 (± 0.5°0) for exactly 30 

minutes, after which it was cooled in crushed ice for 4i 
minutes. Three drops of a 1.5% solution of para-hydroxy­

diphenyl in 2~ sodium hydroxide were then added and the 

contents of the tube carefully shaken once more to disperse 

the precipitated para-hydroxy-diphenyl in the concentrated 

sulphuric acid. The test tube was then transferred to a 

waterbath at 30°0 (± 0.5°0) for 20 minutes, during which 

time it was shaken twice. The test tube was then placed 

in rapidly boiling water for exactly 90 seconds, after 

which it was once more cooled in crushed ice for 3 minutes. 

The percentage transmittance of the violet coloured solution 

was then read on a Beckman ro spectrophotometer at a peak 

wavelength of 560 m;u• 

duplicate. 

Each blood sample was analysed in 

In addition a set of reagent blanks and standard 

solutions of known concentrations were prepared and treated 

exactly as described above. In the blanks l ml of a 10% 

(w/v) trichloroacetic acid solution was used and for the 

standards, l ml each of a 3 microgram per ml, a 5 microgram 

per ml and a 8 microg~am per ml lithium lactate solution 

was used. These standards were prepared by taking 0.3, 

0.5 and 0.8 ml of the working standard solution described 

earlier, respectively, and making the volumes up to one ml 

in each case with 10% trichloroacetic acid. 
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(c) Calculation 

The optical densities of the standards and unlmown 

sample solutions were determined by dividing the percentage 

transmittance of the solution into the mean percentage 

transmittance of the reagent blanks and taking the logarithm 

of th.e result. A standard curve was then constructed by 

plotting the optical densities of the standard solutions 

against their knovm lactate concentrations. This curve 

took the form of a straight line passing through the origin 

of the graph, and from it the lactate concentrations of the 

unknown solution could be read off. 

The lactate values obtained from the graph were then 

multiplied by the number of milliliters of trichloroacetic 

acid used in the- sampling bottles - in this case, 10 ml. 

The answer was the amount of lactate, expressed in micro­

grams, present in the sampling bottle. Since each 

sampling bottle contained a known weight of whole blood, 

and the percentage blood water present in the blood at the 

time of sampling had been determined, the weight of blood 

water present in each sampling bottle could be calculated 

by m:uitiplying the weight of blood by the percentage blood 

water. 

By dividing the total lactate determined for each 

sample by the weight of blood water in the sample, the 

number of milligrams lactate per litre blood water could 

be calculated. This value was then divided by 90 (the 

molecular weight of lactic acid) in order to express the 

final result as millimoles lactate per litre blood water. 



c. I?,yruvic acid 

The analysis of pyruvic acid was done according 

to the method of Frtedemann and Haugen ( 57), with modifi­

cations by Huckabee (71). 

(a) Reagents 

i. 2-4-Dinitro-phenyl-hydrazine reagent; 

Exactly 0.2 5 gram of the powdered substance 

was ground in a mortar and dissolved in 100 

ml concentrated hydrochloric acid in a 500 

iio 

ml volumetric flask. The volume was made 

up to the mark with distilled water and 

filtered through Whatman No. 40 filter paper. 

The solution was kept in a refrigerator. 

10% Trichloroacetic acid; 

One hundred grams of the crystals were dis­

solved in distilled water in a one litre 

volumetric flask and made up to the mark with 

distilled water. 

iii. Xylene; 

iv. 

Commercial grade xylene was filtered through 

multi-layered filter paper to remove all · 

traces of water. 

Distilled water; 

The necessary quantity was prepared with a 

de-ionizer. 

v. Sodium carbonate; 

38. 

An aqueous solution was prepared by dissolving 

90 grams of sodium carbonate in distilled water 

in a one litre volumetric flask. 
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viio 

The solution was left standing for complete 

dissipation of heat caused by the reaction 

with water, and then made up to the mark. 

Sodium hydroxide; 

A normal solution was prepared by dissolving 

20 grams of sodium hydroxide pellets with 

distilled water in a 500ml volumetric flask. 

It was made up to the mark after all generated 

heat was dissipated. 

Standard pyruvate; 

Exactly 0.1239 gram of sodium pyruvate was 

dissolved in 20 ml distilled water. This 
.. 

was the stock solution and was prepared once 

a week. 

A working solution of sodium pyruvate was made by 

transfering one ml of the stock solution to a one litre 

volumetric flask and the volume made up to the mark with 

distilled water. This working standard then had a con-

centration of 5 micrograms per milliliter, the impurities 

of the reagent being taken into consideration. 

(b) Procedure 

Reagent blanks were prepared by pipetting 3 ml of a 

10% trichloroacetic acid solution into two test tubes. 

The standard concentrations used in the analyses were 5, 

10 and 15 micrograms per 3 ml, respectively. These were 

made up by taking 1, 2 and 3 ml of the working standard 

solution and making it up to 3 ml with 10% trichloroacetic 

acid, respectively. 
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Three aliquots of one milliliter each of the super­

natant fluid previously set aside for analysis, were then 

pipetted into test tubes. All analysis of the contents 

of the test tubes, described, were done in duplicate as 

follows: 

Two milliliter aliquots of the 2-4-dinitro­

phenyl-hyQTazine solution were pipetted into each 

test tube. The teat tubes were allowed to stand 

for about 5 minutes, and then 4 ml xylene was 

added by means of a burette. Nitrogen gas was then 

bubbled through the contents of the test tube in 

a fume cupboard for exactly one minute, the gas 

flowing at a rate of 3 litres per minute. After 

the two immiscible fluids seperated, the bottom 

layer was removed by means of a Pasteur pipette 

and discarded. Five milliliters of the sodium 

carbonate solution was then added to the solution 

and nitrogen gas again bubbled through for one 

minute. The bottom layer was then transferred 

to a clean test tube utilizing the same Pasteur 

pipette which had been cleaned thoroughly with 

sodium carbonate solution. Four milliliters of 

xylene and 2 ml sodium carbonate solution were 

then added to the original test tube by means of 

burets and again bubbled through for one minute. 

The bottom layer was then completely extracted in­

to a second series of test tubes. From these test 

tubes 4 ml were pipetted into a centrifuge tube 

containing one ml 1 N sodium hydroxide. 

40. 
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The centrifuge tube was agitated by hand to ensure 

mixing of the two solutions and then centrifuged for 

three minutes at 5,000 r.p.m. The samples were read 

on a Beckman DU spectrophotometer against distilled 

water at a peak wavelength of 520 m;u• 

A calibration curve was fitted for the standards, 

utilizing the logarithm of the optical density and the 

known concentrations of pyruvate. The concentrations 

of the unknown samples were then read from this graph 

and related to the original sample weights. The 

results were expressed as millimoles pyruvate per 

litre of blood water. 

~. BLOOD GLUCOSE 

.Analysis of blood glucose was done according to the 

method of Hultman (75) as modified by Hyv~rinen and 

Nikkilli (76). 

(a) Reagents 

ii. 

3% Trichloroacetic acidJ 

Thirty grams of the crystals were dissolved in 

distilled water in a one litre volumetric flask 

and made up to the mark with distilled water. 

Cotour reagent; 

About 2 grams o·f thiourea was ·dissolved in 900 

ml reagent grade glacial acetic acid, and 100 

ml of o-toluidine was added and thoroughly 

mixed. The reagent was stored away from direct 

sunlight in a brown container. 
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iv. 

o.2% Benzoic acid solution; 

This was prepared by diluting 0.2 gram of 

benzoic acid to 100 ml in a volumetric flask 

with distilled water. 

Glucose standard; 

42, 

Exactly one gram of d-glucoee was dissolved in 

0.2% benzoic acid solution and made up to the 

mark in a one litre volumetric flask. This 

solution contained 100 mg glucose per 100 ml 

benzoic acid solution. 

(b) Procedure 

Reagent blanks were prepared by pipetting 0.5 ml of a 

3% trichloroacetic acid solution and 4 ml of the colour 

reagent into two test tubes. The glucose standard was 

prepared by pipetting 0.5 ml of the standard solution into 

duplicate test tubes containing 4 ml of colour reagent. 

For the determination of blood glucose 0.2 ml of whole 

blood was added to exactly 2 ml of 3% trichloroacetic acid 

and gently shaken. A£ter a few minutes standing it was 

centrifuged at 5,000 r.p.m. Exactly 0.5 ml of the centri­

fugate were then pipetted into duplicate test tubes con­

taining 4 ml of colour reagent and thoroughl.y mixed by 

gentle agitation. The test tubes were then put into 

boiling water for eight minutes and then allowed t o cool at 

room temperature. The developed blue-green colour of the 

samples were then read on a Beckman DU spectrophotometer 

against distilled water at a peak wavelength of 630 m;u• 
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(c) Calculation 

Blood glucose concentration in mg per 100 ml was cal­

culated according to the formula: 

Optical density unknown volume used 
X --------- X 100 

Optical density standard volume blood taken 

The volume of blood taken was obtained by dividing 

the weight of blood taken into the S.G. of blood, taken 

to be 1.06. The final form of the equation will then be: 

O.D. test 0.53 
X X 100 = X mg% 

o.D. standard weight blood taken 

s. THE BICYCLE ERGOMETER 

The bicycle ergometer employed in the present study 

was developed and built by the Electronics Division of the 

Chamber of Mines of South Africa Research Laboratories. 

The ergometer was specifically designed to maintain a 

constant work rate, irrespective of pedalling rate. It was 

established that a 10 per cent change in pedal speed 

resulted in an error of only 2 per cent in the work load 

performed. A detailed description of this ergometer has 

been given by Atkins and Nicholson (19). 

Despite the fact that the bicycle ergomet er is a 

constant work load instrument the pedal rate was maintained 

at 60 revolutions per minute; the pace of pedalling was 

indicated by a sound metronome. 



6. STATISTICAL ANALYSIS 

Statistical analysis of results was made by calcu­

lating confidence limits for the different values. 
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This involves an estimation of the value of a popu­

lation parameter from information contained in a sample 

drawn from that population. Where there are no changes 

in the population over time (and we assume that there are 

none), the population mean, or any other population 

parameter, may be regarded as a constant; the task of the 

investigation is to estimate its value. Any specific 

estimate is either true or false, and, therefore, proba­

bility considerations must enter into the estimating 

procedure, if we are to have any objective method for 

evaluating these estimates. 

These estimates are normally intervals rather than 

points. It is essential to evaluate these estimates in 

terms of probabilities, because there is no probability 

associated with a point for continuous distributions. 

Moreover, the degree of confidence that such an interval 

includes the true population mean is measurable, and is 

numerically equal to the percentage of such intervals, if 

many were to be computed by the same procedure, which may 

be expected to include the true mean. 

These intervals are called confidence intervals of 

limits (refem.ng to the upper and lower limits of such 

an interval). Three different degrees of confidence are 

commonly used in statistics, namely 90, 95 and 99 per cent. 

By convention 95% confidence limits are by far the most 

commonly used in statistical inference. 
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In the caee of 95% confidence limits used in this 

study, the probability that the true population mean falls 

within the limits is 95%, and the probability that it 

falls outside these limits is only 5%. 
If one refer to some of the figures it seems in some 

instances if the confidence limits do overlap, while a 

significant increase or decrease in the parameter was 

calculated. It should be pointed out that the 95% con­

fidence limits plotted are interval estimates of the mean 

value of the parameter. For instance, a high correlation 

exists between heart rates measured at different times and 

therefore much narrower limits could be obtained for the 

mean differences in heart rates (based on paired values) 

between different times. Consequently it was often 

possible to show that a significant mean difference exists 

between heart rates measured at different times, at the 

5% level of significance, although the 95% confidence 

limits, which were not based on the paired values, do 

overlapo 
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CHAPrER 4 

RESULTS 

A comparison was made of the physiological responses 

of men while they performed work, ranging from light to 

heavy rates of work, until they were compelled to stop work 

due to exhaustion. The values of oxygen intake, blood 

pyruvic acid, blood lactic acid and blood glucose were 

generally determined after two hours of work. This was 

then followed by observations made at the end of every two­

hour period during a period of eight hours of continuous 

work. Terminal observations were made just before the 

subject stopped work, due to exhaustion, and the tolerance 

time noted. Measurements of heart rate and rectal tempe-

rature were made after 15 minutes of work, and again at the 

end of each hour until work was terminated. The value of 

"excess lactate", derived from blood lactate and pyruvate 

concentrations, was calculated in all cases where these 

observations were obtained. 

1. MAXIMUM CAPACITY OF SUBJECTS 

At least three determinations of oxygen intake values 

were made at various work loads during the latter part of 

the experiment, in order to determine the maximum capacities 

of the subjects. At least three repeat experiments were 

done at every work load to ensure reliable values. The 

results obtained on the four subjects are presented in 

:Figure l. 
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The maximum capacities of three of the subj ects (DA, ZE and 

FR) were all about J litres per minute, and thus very 

similar . Subject MA, however, ha d a maximum ca pacity of 

3. 7':> litres per mj_nute. Thes e values e:x p.cessed in ml per 

kilogram body weight per minute, represent maximum capac i ty 

values of 47 . 0 , 49.4, 51.4 and 52.9 for subjects ZE, MA, 

DA and FR , respectively. 

2 . RELATIVE WORK LOAD 

In Figure 2 is presented the levels of oxygen consump­

tion at various work loads relative to time. The work loads 

varies from light to heavy work. A statistical comparison 

between the oxygen intake value after nine minutes of work 

(in some cases after two hours of work) and the terminal 

value , which was measured just before work was discontinued, 

showed that there was no siB11ificance. On these grounds, 

an average value of the o~ygen consumption values measured 

during the course of work could be used to calculate the 

relative work load performed. The individual's mean oxygen 

intake during work, as compared to his maximum capacity, was 

expressed as a percentage of his maximum capacity. I t was 

stated earlier that determinations of maximum capacit ie s 

were made only during the latter part of the experiment. 

Consequently, work loads at exact percentages, for inctance 

40 , 50 , 60 and 70 per cent of maximum capacity, could not 

be done. 

The work loads performed in this study and the calculated 

relative work loads are given for each individual in 

Table II . 
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TABLE II 

SUBJECT MA . SUBJECT J2!.• SUBJECT ZE, SUBJECT FR. -Q) 

+> 

~-! <+-i >.i <+-i >.i <+-i ?:> <+-i >.i 
O+> 0 +> 0+' O+> 

-ri ·ri ·rl -ri 
E-i '\il 0 rd ~o re! ~ C) re! ~ C) rd 
<f-➔ cd a, cd cd cd cd cd cd p:: Q) cd Pl 0 ro Pl 0 cd Pi 0 aJ Pl 0 

Pl cd H a, H cd H cd H mo Cl) 0 CJl 0 mo 
~~ 

a, (I) ,11 (I) cd (I) cd Q) 

~; > a > 
(I) I > ~1 > 

~r-i ·n ~i ·rl .,; ·n 
+> +> ~ ·r-i +> +> • a, ·n a, n,.,; a, a, cd •,-I cd 

+> ~j r-i ~i r-i ~i ri ~j r-i 
<+-i (I) Q) Q) Q) - p:: P=l p:: p:: 

(\J (\J (\J (\J 
0 0 0 0 

4000 +3706 
- 2.8~ 40% 

+43o7 
- 4.1% 40% 

4500 +47.6 
~ 2.1% 50% 

5000 1+40.~% .... 5.4 40% ft-44-~% ,.. 4.0 40% 
+48.4 
- 5o3% 50% 

+55.2 
~ 3.2% 55% 

5500 +53.l 
- 6.5% 55% 

6000 f+,53o3 +64.3 f+ 62 .1 
1o- 4.1% 50% - 8.1% 60% ~ 3.8% 60% 

6500 +50.2 
- 2.1% 50% 

+56.9 
,.. 2.6% 55% 

7000 +52.0 
- 4.3% 55% 

~60.4 
,.. 3.1% 60% 

+69.7 
- 2.5% 70% 

+68. 7, 
- 4 0 7"/o 70% 

8000 +60.8 
- 3.7% 60% 

+68 .. 8 
,.. o.8% 70% 

8500 +82.5 
- 2.3% 80% 

9000 +67.0 
- 4.1% 70% 

+86.2 
- 0.7% 90% 

+83.5 
t- 3.0% 80% 

1.0000 1+83.0 
.... 6.6% 80% 

1.0500 1+91.6 
,... 2.3% 90% 

11000 +82.2 
- 3.°" 80% 

1.2000 +87.0 
- 2o7% 90% 
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3. STATE OF TRAINING 

The "excess lactate" inflection point were determined 

for the four subjects. The relative• instead of absolute, 

work loads were used in order to determine the "inflection" . 
point. The results are present ed in Figure 3. This 

figure shows that the point at which excess lactate starts 

to increase is similar for three of the subjects (MA, DA and 

ZE), while that of the fourth subject indicated an in­

crease at about 61% of his maximum capacity. 

Williams et al. (121) considered the value of the in­

flection point as an indication of the state of training of 

an individual. Although subject FR followed an identical 

training regime before the commencement of the main experiment, 

the above findings presumably indicate that he was not as 

highly trained as the other three persons. Accordingly, 

the results obtained at different relative work loads for 

the three subjects MA, DA and ZE, are grouped together, 

while the results obtained for subject FR are dealt with 

separately . 

4. PROLONGED WORK 

Observations of changes in physiological parameters 

during the work period was made in order to determine 

whether any of the parameters were altered before work was 

discontinued due to exhaustion. A significant change in 

any particular parameter could throw more light on the 

problem of limiting factors in prolonged work. 



HUMAN SCIENCES LABORATORY 
MAXIMUM OXYGEN CAPACITY DETERMINATION 

4/10/1965 . 

COMPJ\N'Y" NO • ••••••••• • •••••••••• Date •........... · ..........•• 

WEIGHT . ........•..........•.... 

RESTING OBSERVATION:-
. 0 

Oral Temperature •• ..... .•• F Hear t Rate ........... /min . 

RATE OF W-ORK HE.ART RATE l 02 CONSUVJ.PTION 
lO min . l5 min . LITRES/MI N 

I 

6 Steps/min ....•• /½ min ... . .. I½ min 
•••••• /min •.•..• /min 

Mean .............. /min 

l2 Steps/min ..•.• . /½ min . ..•.. /½ min 
••.••• /min , ...... /min 

Mean 1l • ••• • ••• • •••• / min 

I 

. . .... I½ ... . .. /½ l8 Steps/min I mi n min 

I •... . • /min •..•.. /min 

I Mean .. . ........... /min 
I 

Steps/min 
I ; 1 . ...... I½ 24 I •••••• 2 min min 
I ••...• / min . .. ..• /min l 
I 

I Mean .... . .. . ...... /min 
I 

Steps/min 
I ...... I½ ...... I½ 24 I mi n mi n 
I 

(15 " Step) i .••••• _ /min • . ...• /min 
' 
I 

I Mean ....... -....... /min I -I 
30 Steps/min ! .. . ... I½ min ; .1. min ' • • • • • • 2 

(15" Step) i . ..... / min •...•• /min I 

I 

; Mean . . . . ... . ...... /min 
I 

MAXIMUM OXYGEN CAPACITY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . litres/min. 
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(a) Heart rate 

Figure 4 (a, b) illustrate the heart rate 

responses to work at various l evels of oxygen consumption. 

A statistical comparison be t ween the heart rate value 

after 15 minutes of work and the heart rate value before 

work was terminated, indicated that there was a significant 

increase at the 5% level of confidence during the course 

of work at all work rates. 

Heart rates were recorded in some instances after 9 

minutes of work •. A decrease in heart rate was observed 

between the 9th and the 15th minutes of exercise. Thia 

decrease in heart rate, although not significant, seems to 

indicate that a "steady state" in heart rate had not yet 

been reached after 9 minutes of work. 

(b) Oxygen intake 

The oxygen consumption values during prolonged 

wor k are given in Figure 5 (a, b). Statistical analysis 

of the oxygen intake values, obtained at the lower levels 

of work (60 per cent of maximum capacity and below), in­

dicated that there was a significant increase (5% level of 

confidence) in oxygen consumption values between the 2nd­

hour and the terminal observations. The increase at a 40 

per cent load was significant at the 10% level. A 

comparison between the oxygen intake value just before work 

was terminated and the previous value indicated no 

significant difference at the 5% level. 



51. 

(c) Rectal temperature 

Figure 6 (a, b) illustrate the responses of 

body temperature during prolonged work. It is evident 

that there is a gradual increase in body temperature during 

the course of work, even at the lowest levels of work. 

The mean increase in body temperature from the first-hour 

obervation to the termi nal observation was found to be 

significant at the 5% level for all work loads. There was, 

however, no marked increase in body temperature immediately 

before work was discontinued. 

( d) P.y:ruvic acid 

The levels of blood py:ruvic acid remained con­

stant at resting values or even at values below that during 

the course of work up to the point of exhaustion at sub-

maximal levels of work. At work loads demanding more than 

70 per cent of the individual's maximum capacity, there was 

a marked increase in blood pyruvic acid levels. 

presented in Figure 7 (a, b). 

Thia is 

(e) Lactic acid 

The bloo<i lactic acid response during prolonged 

work at various levels of work is presented in Figure 8 ( a, b) • 

An increase of this metabolite in blood was found at levels 

of work requiring more than 70 per cent of the individual's 

maximum capacity. In view of the general beli~f that 

accumulation of lactic acid is the limiting factor in 

endurance work, it is of special interest to note that no 
• 

abrupt changes in lactic acid concentration occured before 

work was terminated. 
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(f) Excess lactate 

Excess lactate showed the same pattern as blood 

lactic and pyruvic acids, as indicated in Figure 9 (a, b). 

Anaerobic metabolism occured at levels of work higher than 

70 per cent of maximum oxygen intake. No increase in 

excess lactate was not ed immediately before work was stopped 

due to exhaustion. 

(g) Blood glucose 

Blood glucose was the only parameter that showed 

a continuous change during the course of work at submaximal 

work rates, (Figure 10 (a, b)). The 40 per cent load, 

which was endured for a period longer thEi.n eight hours, 

caused blood glucose values to decrease steadily and reach 

a steady level after six hours of work. All work rates _ 

which were endured for periods shorter than eight hours, 

resulted in a continuous decrease in blood glucose values 

to a level which was about 25 mg% lower than the resting 

values. 

5. TOLERANCE TIMES 

Separate curves relating the exerci8e tolerance times 

at various levels of oxygen consumption to percentages of 

the maximum oxygen intake, were compiled from results 

obtained on each subject. From Figure 11 it is clear that 

two of the four men (DA and ZE) could pei"form continuous 

work for a period of eight hours at levels of oxygen con­

sumption up to 50 per cent of their aerobi.c capacities. 
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The other two subjects (MA and FR) could do eight hours of 

work at 46 and 43 per cent, respectively, of their aerobic 

capacities. Work at levels higher than 50 per cent of 

aerobic capacity led to decisive decreases in tolerance 

times for all subjects. 

From the above data a mean tolerance curve was drawn 

in relation to different percentages of the subject's 

aerobic capacities (Figure 11). According to the mean 

curve, a rate of work requiring less than 40 per cent of 

an individual's aerobic capacity can be performed 

continuously for a period of eight hours. Work at about 

70 per cent of the aerobic capacity, that is, the point 

where highly trained individuals go into anaerobic meta­

bolism, could be sustained on the average for 120 minutes. 
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CHAP.rER 5 

DISCUSSION 

The phenomenon known as fatf8ue is understood rather 

vaguely and different research workers have tried to define 

it without success. The purpose of this study, however, 

is not to define fatigue, but rather an attempt to demon­

strate the exact relative contributions of a number of 

physiological parameters to the manifestation of fatigue. 

With this end in view, the changes in different physiological 

parameters, relative to time, were followed up to the point 

of exhaustion. 

The capacity of an individual to perform exercise for 

a prolonged period is dependent, inter alia, on the effi­

ciency of the oxygen transport system and the amount of 

available energy stores in the body. 

There are large inter-individual differences in maximal 

capacity between subjects. The relative level of work 

performed by a subject is preferred to the specific work 

load, because the latter does not give an indication of the 

degree of stress imposed on the individual. The relative 

work load is the oxygen consumption required for a parti­

cular work load, expre~sed as a percentage of the indivi­

dual's maximum aerobic capacity. 

1. Oxygen intake 

The oxygen intake values at 40 per cent of aerobic 

capacity showed no significant changes during a period of 

eight hours of continuous work. 



At work loads, higher than 40 per cent of aerobic 

capacity, which could be endured for periods shorter than 

eight hours, the oxygen intake showed a significant pro-

gressive increase at the 95% confidence level. This in-

crease in oxygen intake was found to be linear throughout 
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the working period. .An increase in this parameter at sub-

maximal levels of work is not considered to be a limiting 

factor for prolonged work. I. istrand (10) interpreted 

an increase in oxygen consumption during work as being due to 

deterioration of muscular coordination, that is, more muscle 

groups are used because of fatigue towards the end of the 

work period. 

Michael et al. (89) stated that an eight-hour period 

of exercise could be completed without undue fatigue if 

oxygen consumption during work remained below 1.4 litres 

per minute. This conclusion was made following a study 

on three males who had maximum oxygen uptakes of about 4 

litres per minute. 

Passmore and Durnin (96) have suggested that during 

an extended working period the oxygen uptake should not 

exceed that equivalent to 5 kcal/minute, or approximately 

30% of the maximum uptake. This is considerably lower than 

the 55% and 50% of maximum oxygen uptake suggested by 

Wyndham et al. (121) and I. Rstrand (10), respectively. 

The present study indicated that an eight-hour period 

of exercise could be completed without undue fatigue, when­

ever work loads require not more than about 43% of maximum 

oxygen uptake. This work load is somewhat higher than 

the 35% of maximum oxygen uptake suggested by Michael 

et al. (89). 
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2. Heart rate 

The heart rate response during exercise is that of a 

continuous increase towards the point of exhaustion. The 

increase was found to be significant at the 5% level for 

all work loads, including the load that could be endured 

for more than eight hours (40 per cent of aerobic capacity). 

This finding is in agreement with the findings of Ekelund 

and Holmgren (54), who des cribed a continuous increase in 

heart rate during work that could be endured for about 60 

minutes. In their s tudy, heart rates increased from 148 

beats per minute after 10 minutes of work to 171 beats per 

minute after 60 minu tes work. In the present study, the 

increas.e in heart rate at the load that could be tolerated 

for about one hour at 80 per cent of aerobic capacity was 

from 150 (15 minutes) to 158 beats per minute. The high 

heart rates recorded at the end of the work period in the 

study of Ekelund and Holmgren presumably indicated that 

their subjects were not highly trained. 

Ekelund (52), in a study on a group of healthy male 

subjects pedalling a bicycle ergometer at about 63 per cent 

of aerobic capacity, found an increase in heart rate during 

the work period. He is of the opinion that the maintenence 

of stroke volume throughout the work period may be a limiting 

factor during prolonged exercise. The gradual increase in 

heart rate, as was found at all work loads in the present 

investigation, may be indicative of a decreased stroke volume. 

Measurements of cardiac output and stroke volume were, how­

ever, not made in this study. The validity of this hypo­

theses could thus not be examined. 
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The gradual increase in heart rate, in a study done 

by Saltin and Stenberg (106), was explained to be due to 

dehydration of subjects during exercise. Adolph (1) showed 

that a decreas·e of about 1.5 per cent in body weight caused 

by dehydration, involves an increased load on the c·ircu­

lation, which can be seen in an increase in the heart rate 

during work. This waa also confirmed by Berggren and 

Christensen (23). No dat a on weight loss during prolonged 

work were obt ained in the present study. The extent of 

dehydration at different work loads and the effect it may 

have had on the heart rate response during work could thus 

not be evaluated. 

I. · Rat rand ( 10) , in a study on young women walking on 

a treadmill at a rate of work requiring 50 per cent of their 

aerobic capacities, found that heart rates tended to de­

crease throughout an eight-hour work period, although the 

decrease was not significant. The average heart rate was 

found to be 110 beats per minute at the 50 per cent load. 

For older men, Rstrand et al. (13) observed that a heart 

rate of 105 beats per minute corresponded to the 50 per cent 

load. 

Th~ present study indicated that a heart rate of 105 

beats per minute after one hour of work and 120 beats per 

minute at the end of the shift corresponds to the "optimum" 

level of energy expenditure, which is in agreement with the 

findings of Michael et al. (89). 

Practically all energy generated in the body is derived 

from carbohyd~ate and fat metabolism. The dissimilation 

of fat requires more oxygen for each unit of energy compared 
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with the combustion of carbohydratesJ the difference being 

about 9.9 per cent (82). Christensen and Hansen {37), 

Ahlborg (3), and Havel et al. (63) demonstrated that the 

share of fat combustion in energy production ie greater 

towards the end of prolonged work, resulting in an increa se 

in heart rate. These findings could not be confirmed, 

because respiratory quotients were not determined in the 

present investigation. 

Michael et al. {89) stated that heart rate should re­

main below 120 beats per minute if work is to be performed 

for eight hours per day without undue fatigue. Christensen 

(36) put this figure at 130 beats per minute, provided that 

work is performed under "normal" climatic conditions. 

The present study indicated that well-trained indi­

viduals could perform work continuously for eight hours if 

the heart rate remained below 110 beats per minute. Heart 

rates of 120 and 130 beats per minute after 15 minutes of 

work resulted in tolerance times of 256 and 121 minutes, 

respectively, in the present investigation. 

Davies and Harris (41) claimed that the "pulse deficit 

index", that is, the number of beats by which the heart 

rate during the first minutes of work falls short of the 

count during the second four minutes of exercise, giv es a 

reliable evaluation of work output. They found t hat this 

"index" remained at zero at the lower levels of work while 

it increased steeply when work rates requiring an oxygen 

consumption of more than 1.8 - 2.0 litres per minute is 

performed. Although blood lactic acid concentrations were 

not determined in their study, they considered that an in-



crease in "pulse deficit" co-incided with the point where 

the individual went into anaer obic metabolism. 

Body temperature 
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It was shown by Christensen ( 34 ) and Nielsen (94 ) t hat 

the boccy- temperature during continuous work adjusts itself 

at a certain level which is proport ionate to the energy out-

put. Nielsen also showed t hat the boey temperature during 

work is independent of t he environmental climate within 

certain limits. The performance of work at different 

levels on the bicycle ergometer, in the present stuey, 

resulted in increased levels of boey temperature with 

increases in work load, which is in agreement with the 

findings of the abovementioned authors. 

There was a rapid increase in body temperature up to 

about 60 minutes of work, thereafter remaining at a certain 

level depending on the work rate. This finding is in 

agreement with that of Christensen (35). After this level 

of boey temperature had been r eached there was an insig­

nificant increase in body temperature until the point of 

exhaustion was reached at work loads requiring 60 per cent 

or less of the individual's a erobic capacity. The increase 

in body temperature was more or less continuous when work 

loads higher than this level were performed. 

I. istrand (10), in a s t udy on four subject s performing 

prolonged work, found that the "50 per cent l oad" resulted 
0 in a body temperature of 100.4 F. Michael et al. (89) 

stated that an eight-hour period of exercise could be com­

pleted without undue fatigue if the individual's rectal 
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temperature remained below J8.o0 c (l00.4°F). The present 

findings are, however, at variance with the mentioned 

fin dings as the average rectal temperature of the subjects 

was found to be 99.9°F at the 50 per cent load. At the 

40 per cent load there was a slight, linear increase from 

99.0°F to 99.7°F from the first to the eighth hour of work. 

The levels of body temperature reached in the present 

study, even at near-maximal rates of work, were not high 

enough to warrant its consideration as a limiting factor 

for work (120) .. 

4. Lactic acid 

Values of blood lactate showed no in9rease above resting 

levels during the performance of prolonged work at levels 

lower then 70 per cent of aerobic capacity. The values 

in fact decreased at the lower levels (40 to 60% of aerobic 

capacity) during the course of work. This findine is in 

accordance with I. Rstrand (10), who found a decrease from 

14 to 9 mg% in blood lactate values of subjects that per­

formed prolonged exe~cise from the start to the end of work. 

The present findines are, however, not in agreement 

with those of Fox et al. (56), Williams and co-workers (116) 

and Wyndham et al. (121), who stated that an increase in 

blood lactate content would be the limiting factor fo r pro­

longed work. Williams and co-worker::; (116) showed that a 

heart rat e response of 142 beats per minute after 60 minutes 

of work co-incided with increases in blood lactate. 



This finding is in accordance with that of the present study, 

because the 70 per cent load, at which an increase in blood 

lactate was observed, resulted in a heart rate response of 

+ 137.7 - 9.0 beats per minute after 60 minutes of work. The 

assumption made by Williama et al. that men can work at a 

heart rate of up to 140 beats per minute for prolonge.d 

periods, however, was not confirmed in the present study. 

This study indicated that work could be tolerated for about 

two hours at the point where lactic acid started to increase 

above resting values. The accumulation of lactic acid in 

the body thus does not seem to be the limiting factor for 

prolonged work at levels of work below 70 per cent of the 

individual's maximum capacity. 

Pyruvic acid 

The blood pyruvate concentration showed slight or no 

variations during the course of work at work loads requiring 

less than 70 per cent of the individual's aerobic capacity. 

At work levels above this limit there is a continuous in­

crease relative to time in conjunction with lactic acid 

values. The responses were similar to that of blood 

lactate with no accumulation towards the end of the work 

periodo 

Excess lactate 

This parameter behaved in a similar manner as blood 

lactate and pyru.vate values during prolonged worko Excess 

lactate remained at zero level throughout the entire work 

period· if the levels of work being performed required less 

than 70 per cent of the individual's aerobic capacity. 
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An increase in excess lactate, indicating the onset of 

anaerobic metabolism (32), occurred at work levels requiring 

70 per cent or more of the individual's aerobic capacities. 

Blood glucose 

The determined values of blood glucose showed a steady 

decrease below r esting levels relative to time, irrespec­

tive of the work load performed. This finding is in 

accordance with the findings of Ahlborg (5) and other re­

ports in the literature (79, 100, 107, 122). Edwards, 

Margaria and Dill (50) reported that for as long as exercise 

was continuous and the reserves of carbohydrate remained 

ample, blood sugar levels were :maintained near the resting 

level presumably through an increase in glycogenolysis to 

a rat e that was equal to the rate of carbohydrate oxidation. 

They found that four hours of hard work could be carried 

out before marked hypoglycaemia developed. Rodahl et al. 

(105), and Young and colleagues (122) maintained that the 

degree of exercise fatigue was dependent on the blood 

glucose content; this was substantiated by Ahlborg (2). 

Blood glucose values, in the present study, also decreased 

considerably during the course of exercise, and towards the 

end of the exercise period symptoms of fatigue were 

associated with symptoms of hypoglycaemia. The subjects 

complained of cramps in the legs, and in some instances 

suffered from incoherence and loss of steadiness. 

Complaints of headache and hunger were noted during the 

recovery period. 



In accordance with the findings of Ahlborg (2) a 

correlation was found between the duration of work and the 

blood glucose content. 

Furthermore, at the heavier work loads (more than 70 

per cent of aerobic _capacity), an increased blood sugar 
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concentration was not ed. Similar observations were obtained 

by Dill and coll eagues (44) in a study of subjects that were 

exhausted by wor k of 10 to 40 minutes duration. These 

authors attributed this increase in blood glucose to 

mobilizat ion of glycogen in ~oth liver and DD1e0le. 

8. Tolerance times 

The work tolerance curve illustrates that the level of 

work , and therefore oxygen consumption at which men could 

work f or prolonged periods up to eight hours, was equal to 

43 per cent of their aerobic capacities. Three of the four 

subjects could, however, maintain rates of work for that 

period at oxygen consumptions equivalent to 49-53 per cent 

of the maximum capacity. The mean curve indicateethat at 

50 per cent of the aerobic capacity, subjects in the present 

study could maintain the level of work for 432 minutes. 

This result thus confirms the findings of I. istrand (10) 

who demonstrated that both male and female subjects could 

work for seven hours at about 50 per cent of their respective 

aerobic capacities. The present study differs from that 

of istrand's in several important aspects. In the latter 

study test subjects worked for seven periods of 50 minutes 

with rest pauses of 10 minutes between work periods. 



The third work period was followed by a lunch break of one 

hour instead of the 10 minute rest period. All subjects 

worked alternately on a bicycle ergometer and a treadmill. 

In the present study the men worked continuously for eight 

hours or for as long as they could tolerate the work on a 

bicycle ergometer. Agreement between the two studies are 

the subjective symptoms shown by both groups of test 

subjects on completion of a seven-hour work period, namely 

muscle fatigue, aching mu.soles and a feeling of severe 

hunger. 
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On the basis of these findings it can be concluded that 

t he "50 per cent level" is not the recommended level of 

oxygen consumption for labourers working in heavy industry, 

mining, or other occupations where strenuous tasks are 

performed for long periods of either seven or eight hours 

daily. 

Recently, istrand (11) tested the hypothesis of the 

"50 per cent load" which was originally made by Brody (26). 

In a study on a group of individuals occupied in the 

building industry, a definite correlation was found between 

the aerobic work capacity as measured ir.. the laboratory and 

the occupational work load spontaneously chosen by the 

individual. The indications of the study were that a load 

of 40 per cent of aerobic capacity, rather then 50 per cent, 

as previously stated, would be a more reasonable limit for 

prolonged work. 

With regard · to the "optimum" level of energy expen­

diture at which labourers should work during an eight-hour 

ehift, d~ after day and week after week, the present 
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results agree more closely with the findings of Michael and 

co-workers (89). These authors found that the energy cost 

of work should not exceed 35 per cent of the maximum oxygen 

intake of men if the task was to be tolerated without undue 

fatigue for a period of eight hours. In the present study 

the subjects could work at a level of oxygen consumption 

equivalent to 43 cent of their aerobic capacities without 

developing fatigue . Michael et al. established their 

figure of 35 per cent on three men running on a treadmill, 

but observed a significantly lower value for the same 

individuals when pedalling a bicycle ergometer. Attention 

should be drawn, however, to the fact that the subjects used 

in the present study were specially trained on a bicycle 

ergometer, while the men in the study by Michael et al. 

received limited training, consisting of two 25-minute 

periods daily on the ergometer and treadmill. 

Maller (90) sets ·a limit on the basis of energy expen-

d.1ture. He stated that men could work at an energy expen-

diture rate of 4 kcal per minute for hours without developing 

fatigue, which he called the "endurance limit". Thie will 

amount to about 2000 kcal for an eight-hour shift. He 
I 

further indicated that if work were performed below the 

"endurance limit", pulse rate, after an initial increase to 

a steady state, would remain at a constant level proportio-

nal to the energy rate. Work above the "endurance limit" 

will result in a continuous increase of pulse rate during 

the course of the work period. Maller assumed that fatigue 

will develop sooner or later under such conditions. 
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Lehmann et ale (83) observed that "the maximum energetic 

output a normal man can afford in the long run, without any 

damage to his health or premature decrease of hi• strength, 

seems to be about 4,800 kcal per day" . Lehmann calcu-

l ated that 2,300 kcal are used for basal metabolism, leisure 

and personal activities, thus leaving 2 ,500 kcal for each 

working wcy-. Of this , 500 kcal should be subtracted as a 

safety factor, t he resultant a.mount of available energy for 

the working day being 2000 kcal. MCiller (92), during 1962, 

compared Lehmann•s criterion with the maximum capacity and 

observed that 2000 kcal per day corresponds to about 20 per 

cent of the maximum oxygen uptake for a man who is 20 to 30 

years old. 

Mttller (92) is of the opinion tha~ the individual's 

maximum capacity as an index of his ca~acity for prolonged 

work is unimportant. He feels that the increase in heart . 
rat e during work, the "1'eistungs Pulse Index" is a more 

reliable index of the individual's "occupational work 

capacity " e The Leistungs Pulse Index is the average in-

crease in heart rate for 0.12 litre per minute increase in 

oxygen intake. He f ound that the L.r.r. does not increase 

with age, concluding th4t a man's capacity for endurance 

work will not decrease with ageing. 

Passmore and Du:rnill (96) considered work at 5 kcal per 

minute as the upper lin4t at which an. individual can work 

without an increase in l he concentra _ion of lact ic acid in 

the blood. A similar }urpothesis wa postulated by Wyndham 

et al. (121), who defin~d the "optinnpn" level for energy 

expenditure as the highest level of xygen conl!JWilption at 



which no increase occurs in the concentration of "excess 

lactate" in the blood. 

67. 

The present f indings do not support these hypotheses. 

A loeical conclusion to be drawn from the statement of 

Passmore and Durnin is that blood lactate concentrations 

start to increase when men wor k at from 25 to 33 per cent 

of their aerobic capacities. The present results indicated 

a level of 68 per cent of the aerobic capacity. These 

values, however, pertai n to highly trained men; for un­

trained individuals i t was previously found to be at 46 

per cent (117). The finding in this study was that at a 

work load corresponding to 68 per cent of aerobic capacity, 

the point above which lactic acid accumulation occurs, the 

men's work tolerance was two hours. 

The present study, in agreement with others, reported 

in the literature (53, 106) indicates that circulatory and 

respiratory chBllges are not limiting factors for prol·onged 

exercise. 

Different authors reported recently that the per­

f ormance of prolonged work is limited by the available 

glycogen stores. Ber g s tr8m and associates (24) found a 

good correlation between work time and the initial muscle 

glycogen content. It was shown by Ahlberg et al. (4) that 

endurance times were significantly longer after a carbo­

hydrate rich diet compared to a mixed, normal diet or fat­

prote.in diet, in a group of subjects that performed work 

at a relative load of about 70 per cent of aerobic capacity. 

Another important observation in the above study was that 

muscle glycogen is synthesized much more quickly after a diet 



rich in carbohydrate than after a normal, mixed or fat­

protein diet. 

According to Ahlborg (3) the determination of muscle 

glycogen content by biopsy is a superior indication of a 

man's capacity for prolonged work. 

Practical conclusions 

The results of this study demonstrate that the "optimum" 

level of energy expenditure at which labourers should work 

during an eight hour shift, day after day and week after 

week, should not exceed about 40 per cent of their aerobic 

capacities. Heart rates during such work should not exceed 

110 beats per minute after 15 minutes of work. 

It is, however, realized that continuous work, such as 

wa s performed in this study, is rather unrealistic with 

regard to the work situation in the mines and heavy industry. 

The recuperation of individuals during rest periods may per­

mi t the performance of rates of work higher than specified 

f or a normal eight-hour shift without manifestations of 

fatigueo 

This inf'ormation., however, coul4 be useful in the 

selection of men who will be require4 to work very hard 

for limited periods, and also in sit~ations where men work 

for shifts shorter than the usual eight hours. 
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420 
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1,30 
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337 6500 3 180 
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300 
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S4 10000 3 T 
15 

28 10500 3 T 
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2 1 11000 5 T 
5 12000 3 T 

d 15000 3 T 

2i 14000 3 T 
2 15000 3 T 
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T TlwNl l,_ 1 wh••• 

HURT 
RATE 

IO I 
95 

915 
98 
91 
'Y7 
t3 
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111 
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'°' 106 
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10? 

'°' 110 
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109 
115 

11 9 
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1.51 
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IJO 
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ll!S 
!34 
1.43 
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TEMP . 

ftlM PA . "'4 U "'4 XL GLUCOSE 
INTAKE 
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99.4 1.23 0.090 

I 
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99.5 
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91.6 

100.5 
100.0 2.36 0.199 t .CJ5 I 0.333 68. 1 
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918.8 
99. 6 2.90 0.524 0.22, 6 e525 79.3 
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3.09 
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5 10000 ! T 180 
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X Hui:~ of ropeat oxper leents. 
T Ti:,. lnal va lue. 
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TEMP. 

_. PA ... u aM XL GLUCOSE INTAKE 
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99.S 0.8'1 0.115 o.as ..o.085 71 . 1 
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99.4 0.91 0.104 0.652 -o.042 66.7 
99.1 
99.5 0.97 0. 130 o.656 -0.438 61.:S 
99.'3 
99.5 1.04 0.1:53 0.841 -o.m 58.1 ,.,, O.IZ7 1.102 o.m, 
'1'1.6 
99.2 
99.7 I .s:s 0.130 0. 901 -0.22 1 70. 6 

100.0 
100.1 ,.so 0.137 0.845 -0.3 13 60.4 
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100. 1 1.32 0.10 0.157 -0.291 60.5 

"·' 100.3 '·'° 0.181 1.087 -o.482 53 .7 
98. 7 
99. 9 

100.2 1.42 8.10:S o.m -0.085 66.7 
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"·' 1.48 0.172 1.178 ..0.3 10 54-3 
99.9 

100. 6 ,.so o. 176 1.219 -0.350 5 1.2 
1.43 0 .14$ 1.552 0.184 

98.7 
100.0 
99.:S '·'° o.i.is 1.213 -o.34 1 61.9 
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101 .0 1.11 0.203 1.808 o. s14 52.0 

1.68 0.173 1.826 0.455 
n.e 

100.3 
100.,i 1.89 0ol4'.' 1.243 -o.r:r10 64. 1 
100.2 2.cn 0. 12J 1.090 -0.155 58.1 

1.93 o.224 3.106 0.S?I 
te.o 

100-4 
500.S 2. 12 0.261 -4.247 1.646 67.6 

2.24 0.289 5.083 2.728 
98.4 

101 . 0 2..22 0..342 7.241 3 . 449 77.3 
2.69 0.153 9. IBS ,.470 

~.o 
100.,0 2.57 o.337 10.647 7 .118 67.5 

2.82 
3.05 
:s.02 
3.07 
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RAT£ • TIME 

TIME 
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60 

120 
180 

C80+ 5000 s 240 
soo 
360 
420 
480 

15 
60 

120 
180 

'80 6000 3 240 
300 
360 
420 
480 

15 
60 

120 
386 6500 5 180 

240 
300 

360 
T 

9 
15 
60 

120 
322 1000 3 180 

240 
360 
T 
15 
60 

212 8000 3 120 
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T 

9 

15 
109 9000 3 60 

T 
50 IC000 3 15 

T 

9 

36 11000 3 15 
T 

17 1 .. '000 3 T 

5 13000 5 T 
4 14000 3 T 

J 15000 5 T 

21 16000 3 T 

X Nuaber of repeat •xFerl•e11ta. 
T Tennlnal velu•. 

HEART 
RATE 

107 
102 
103 
104 
102 
104 
102 
10:5 
108 
109 

109 
110 
107 
110 
114 
117 
117 
124 
123 
108 
109 
111 
110 
113 

114 
115 
116 
120 
115 
117 
120 
120 
126 
132 
138 
120 
1!0 
135 
132 

133 
135 
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137 
140 
139 
451 
153 
149 
158 ·~ 161. 
166 
168 
168 

85. 
Sl.8JECT1 MA AVERAGE VALUES. 

RECTAL OXYGEN 
TOIP. INTAKE 

aM PA di! LA 111M XL GLUCOSE 

e.46 0.099 0.807 o.807 
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99.6 1.41 0.11s 0.928 -0.014 67.3 
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99.5 1.48 0.096 0.160 o.~ 63.3 
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99.6 1.57 0.101 0.758 -0.115 59.1 
99.7 
9988 1.63 0.121 o.m -o.254 59.1 
98.6 
99.9 
99.9 I.M 0.084 o.689 0.012 71.8 
99.8 

100.t 1.a2 0.114 o.645 -0.266 65.9 
100.1 
100.3 1.76 0..111 0.742 -o.156 59.9 
100.6 
100.3 1.s2 0.156 1.003 ..o.oeo $6.1 

98.3 
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99.9 1.85 0.121 o.964 -o. 155 67.0 
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99.9 1.87 0.102 0.680 0.114 62.3 
99.8 
99.S 1.87 0.109 0.935 0.132 56.8 

100.0 1.95 0.123 o.863 0.052 54.8 
2.00 0.131 1.0,0 -0.080 

98.4 
100.0 
100.4 1.90 0.103 o.757 o.043 11.0 
100.4 
100.6 1.95 o.086 0.ll>2 0.195 58.0 
100. 6 
100.s 2.00 0.109 0.869 -0.020 55.3 
98.6 
99.6 
99.7 2.28 0.089 o.1s9 0.061 61.8 
99.7 
99.8 2.28 o.1C6 0.982 o. 117 57 .5 

2.,1 o.,~ 1.255 0.143 
98.7 

101.0 
10102 2.51 o. 140 1.209 o.1s9 69.0 
98.6 

100.6 2.75 0.111 2.531 1. 837 82.4 
3.06 0. 10a 3.737 2.139 

99.1 
101.6 3.VS 0.241 3.868 1.761 83.0 
99.6 3.26 0.329 6.481 3.753 70.4 

3.57 0.318 8.365 5.981 
3.75 0.445 10.179 4.727 
3.74 o.296 e.192 6.723 
3.75 



TABLE: VI 

Etll WOl?K 

TIIIIE RATE 
JC TIME 

9 
15 

60 

120 

180 

480+ 4000 3 240 

:soo 
360 

420 
480 

9 
15 
60 

120 

180 

480 5000 3 240 

300 

360 

420 
(80 

15 
60 

120 

J60 5500 3 180 
240 
300 

360 

T 

9 
15 

60 

120 

293 6000 :s 180 

240 

T 
9 

15 

60 

132 1000 :s 120 
T 

9 
15 

97 8000 ! 60 

T 
15 

56 8500 I T 
9 

15 
29 9000 s T 
4l 10000 ' T 

:Si 11000 _2 T 
2 12000 4 T 

X Nutiber of repeat oxpet"l••nt•. 
T Teralftal value. 

HEART 
RATE 

99 
93 
93 

9' 
97 
97 

100 

99 
104 
105 

109 
108 

109 

109 

I 16 
117 
121 

122 
124 

128 
108 
110 

114 
123 
130 
137 

138 
135 
119 
124 
127 
135 
1(1 

149 
141 
135 

13:S 
1'5 
156 
112 
153 
147 

167 
!74 
149 

160 
1'6 

117 
172 
172 
17( 

174 

86. 

SlSJECT: ZE AVERAGE VALUES• 

RECTAL OXYGEN 
TEMP. INTAKE 

dA PA fltA LA ~XL GLUCOSE 

i.oa 0.156 1.1,2 0.025 
98.0 
99.0 
99.2 1.08 0.193 1.134 -0.254 59.9 
99.3 
99.4 1.06 0.152 0.904 -0.198 61.8 
99.3 
99.6 1.10 0.130 0.818 -0.,~ 58.8 
99.7 
99.7 1.20 0.111 o.972 -<>.252 56.9 

1.34 0.151 1.135 o.o« 

98.:S 
99.6 

100.0 1.32 0.161 1.120 -0.002 65.7 
100.0 
100.1 I .,2 0.161 1.015 .-0.016 56.8 
100.2 
100.1 1.45 0.157 1.00'3 -0.111 51 ., 

100.1 

100.2 1.« 0.188 1.304 -0.013 44.0 
98.,5 

99o7 
100.0 1.49 0.1-43 1.129 -0.169 62.4 
100.4 
100.1 1.53 0.135 , .11a 0.076 58.8 
100.2 

100.:S 1.61 0.111 1.136 -o.421 52.I 

100.6 1.55 0.16:S I .2'2 0.000 52.2 
1.59 0.11, , ... ,9 0.157 

98.6 
100.1 

100.4 1.02 0.206 1.618 -0.029 60.:S 
100.4 
100.:S 1.93 0.2'5 1.922 o.oes 52.2 

100.:S 1.73 1.1(0 1.186 -a.0'41 '48.9 
1.97 o.252 2.252 o.350 

99.0 
100.S 
100.9 2.02 o.m 2.790 0.,512 55.6 
101 ... 2.04 0.198 1.934 O.:S II 61.4 

2.25 o.274 :s.125 0.914 

98.9 
101.0 
101.a 2.29 o.m 4.296 2.183 59.:S -
98.9 

100., 2.39 o.294 5.595 2.994 61.7 

2.55 0.393 7.'55 4.18'7 

99.4 
100.5 2.50 o.«e 12.0915 7.?e, 71.6 

i.eo C>.!95 10.109 6.872 
2.'5 
2.12 



TASl.E VI I liROLf'ED l>ATA. -. _HEART RATE (8::-h per •lni,tt) 

WORt< E 
IS(BJECT - 9 15 

RATE TIME 
60 120 100 240 300 360 420 480 

r•A. 5000 480+ 108 116 102 106 109 ltt 106 111 119 118 
0 • 480+ 105 112 102 - 96 9' 98 99 101 108 C 0. 
s ~ 480+ 109 100 105 I02 102 109 102 104 103 100 

Ii DA. 5000 480+ 106 28 9' 102 100 109 102 106 flO Ill 
480+ 98 9i 165 102 112 104 10:S 110 115 I 19 

~ 'o 480+ f/'I 93 89 91 90 9i 90 fJ'I • 105 
;:: - ZE. 4eo() 480+ 95 fJ'I 9i fJ'I 102 112 Iii 113 111 I II :Si 
~ .. 481+ ftl 86 89 93 fJ'I 9' 102 102 116 109 

480+ 102 9i - 91 15 94 t2 82 " 9' 
NA. 6500 401 - 104 105 111 102 109 118 109 112x 

0 . 395 - 101 112 110 114 109 - 119 1201< 
C Q. 

9 ~ 361 - 112 111 - 114 120 109 II he 

Ii DA. 6000 480 - 119 110 114 117 125 12' 127 IZS 124x 

480 - 103 101 102 110 Iii 115 117 114 125 

's! ~ 480 - 110 102 101 102 109 110 110 112 110 

;:: - ZE . 5000 480 102 IIG 106 II I 118 121 12' 12' 129 132 :s ~ 
~ .. 480 112 110 116 114 120 122 125 130 129 132 

400 113 104 104 103 109 109 113 111 113 119 

.ftA . 7000 339 118 114 115 122 122 128 130 142:K 
0 • 
,c 0. 29!5 117 114 118 117 118 122 135x 

9 " 332 124 I Ii 118 121 121 127 130 13-'x 
~ ; DA. i500 333 - 107 102 105 109 120 121 llelx 
i l 3-47 - 105 104 106 111 120 118 12hc 
~ 'o 324 - 109 '°' 118 110 121 121 130a 

;:: - ZE, 5500 437 106 112 111 122 ''° 130 130 13-4 136x ::1 18 -
~ .. 336 - 103 109 115 124 134 148 145x 

33i - Iii 109 II? 124 135 134 140,c 

MA, 8000 201 - 12' 132 131 132 136,c 

~ ct 190 - Ii? 131 13' - 132x 
9 ~ 244 - 118 127 139 131 131x 

Ii DA . 1000 240 118 107 117 127 123 12' 

284 120 111 111 111 118 128 127x 
~ 'o 270 115 109 I Ii 118 117 131 135x 

5§ ZE. 6000 332 114 122 121 127 134 135 140 t45x 

~ .. 301 120 118 IZS ·~ 13' .136 139x 
24i 124 132 13? i55 i71x 

Q • 
,c Q. 

g " 
~ • 
Ii 
~~ 
;:: -j f2 
~ .. 
0 . a a. 

..A " 

ii 
~ 'o 
§; 
~ .. 
0 • 
,c 0. 

9 " 

Ii 
\AJ .... 
> 0 

;:: -::1 i 
~ .. 

• 0 a. 
9~ . 
I~ 
~ 0 --... 8 j_ 
~ .. 

• Tar.IN! value •• at end Of efldu1•.-.,oe ti••• 

WORK OOURANCE 
SlllJECT 9 15 60 120 180 

RATE TIME 

MA. ,000 120 136 135 138 14i 
120 135 12, 13i 134 
~ 134 138 138 l-4<bt 

DA. 8000 125 - 131 138 132,r 
121 - 124 128 IUx 
122 - 124 124 12'7x 

ZE. '7000 12G 135 143 1'3 111 
155 13' 128 1'4 158 162,r 

120 145 129 129 Ile 
MA. 11000 40 156 152 15411 

36 Ii I 145 "2x 
32 141 15 1 15& 

DA. 10000 33 - 158 "7x 
35 - 13? 148x 
3' - 163 li6x 

ZE. 85()() 52 - 150 160x 
57 - 146 152,r 

58 - 150 168x 
MA . 12000 16 - - 15'x 

18 - - 15ix 
17 .. - 150,c 

DA. 10500 28 - 159 li7x 

27 - 160 lli2x 

28 - 157 li5x 

ZE. 9000 30 107 li2 l?O,c 

28 172 170 1?411 
29 "3 1'8 1?2x 

MA. 14000 4 li7x 
4 li&c 
4 1'311 

DA. 13000 5 172x 

4.S 11311 
4.5 170x 

ZE. 10000 4.5 17'x 
4.5 178x 
4.5 170x 

0, 
-.J 
e 



T Alk.11 _ VJ.!! GRClUPEO DATA • 8XYGEN __ ttrr_Ag (Litres ~r ■lnut•l 

SUBJECT 
lltRk ENOO';ANCE 

9 121 241 36e 481 
RATE TIME 

~~E MA. 5'N 481+ 1..55 1-38 1.47 1.57 1.62 r:l~~ 
481+ 1-39 ,.11 I.SO 1.60 1.76 0 H 

==~o 480+ 1.44 1.12 1.46 I .S:S 1.50 s::=~o 
o< O< 

~sq-~ DA. 5000 488+ 1.44 1.28 1.36 t.44 I .43 ~ t-~ 
~o 480+ 1.21 1-36 1.44 I.SI I.SI H+IO 

480+ 1.2,5 1.20 1-36 1.33 I .41 E-! 

i~~ 
<~• ZE. 4oot 480+ 1.11 1.12 I .16 1.1s 1.11 ~oi 488+ ,.oe 1.03 1.06 1.15 1.04 ~H 

480+ 1.09 ,.ea o.97 I .OI 1.15 

~~~ ldA. 6500 401 - ,.as ,.ea 1.84 l.93x ~l:z:4~ 08 
359 I.SI 1.85 ,.ae , .. 08 

H - 0 H 

~~ 361 - 1.90 I.SS , .. ~~o 
O< 

~l!"\~ 
DA. 6000 488 - .. - - 1.11 ~co~ 

--Hi 0 480 - 1.52 1.53 1.65 1.63 H+IO - 481 - 1.,2 1.67 1.67 1.66 E-! 
oe:iA • <A• 
-<~ ZE. 5000 4SO 1-32 1-32 t.46 - 1.45 H <~ 
:i O ~ 481 1-37 1.40 I .SO I .SO 1.49 ~~~ :l:H 

481 1.34 1.25 1.30 1.40 1-37 

~l:z:4~ MA. 7e-Otl 359 2M 1.96 1.99 2.()6x ~~~ 08 2S6 1.98 1.89 1.79 , .. 08 

~~ 
0 H 

332 1.98 1.86 2.QT 2.V,x ~~c.: 
DA. 650t 333 1.77 l.83x 

O<t 
:ii l!"\ Pi - - ~ O\P. 
> < 347 - 1.74 i.ae 1.6& > <( 

r+H 0 H+IC.: 

<A • 
324 - 1.73 1.62 I.B4x E-! 

ZE. 8500 437 1.45 1.57 1.61 l.55x <~• 
>-i< i - ~o~ ..x.O 336 - 1.52 I .66 l.66x P:.H ~H 

336 - I .49 1.35 I.SSx 

,,l:z:4~ MA. 8000 201 - 2.22 2.22:ac 

~~~ OE-! 190 .. 2.42 2.26x 
H 

~o 244 - 2.21 2-36:ac ~~c.: 

~~~ DA . 7000 24, 1.84 t.84 1.89 0<1 
rzlOP. 

284 1.67 1.11 1.91 , .. > ,-;<1 
Ktf 0 

270 1.67 1.84 1.87 , .. H+fC.: 
E-i E-! 

~~~ 
ZE. 6000 332 1.59 1.73 1.68 l.77x ~A• 

H <>< 
301 1.62 1.74 2.10 1.68:ac ~0<1 
246 1.57 1.98 2.17x H~ 

SUBJECT 

"'"· 
DA. 

ZE. 

MA. 

DA. 

ZE. 

MA. 

.DA. 

ZE. 

MA. 

DA. 

ZE. 

,c T•Nlnal yalu• as at •d of 9ftcluranc• ti••• 

WORK EHOURANCE 
9 121 361 

RATE TINE 

900f · 128 2.,55 2.6.! 
121 2.48 2.55 
87 2-39 2-36ic 

8000 125 - 2.15x 
121 - 2. 11,c 
122 - 2.12x 

7iOO 120 2.es 2.oe 
155 1.93 2.04 2.04x 
120 1.96 1.95 

IIOOQ 48 2.96 -
!6 3.29 2.97x 
32 2.94 3.19x 

IIOM 33 - 2.,64x 

35 - 2.3ox 
3' - 2.69x 

8500 . 52 - 2.36x 
57 - 2-36x 
58 - 2.4&c 

12000 16 .. 3.16:ac 
18 - 3.29x 
17 - 3.34x 

10500 28 - 2.88:ac 
'n - 2.76x 
28 - 2.85x 

9000 30 2.61 2.49x 
28 2.SI 2.49x 
29 2.52 2.S2ll 

1'000 4 3.77x 
4 3.8lx 
4 3.68x 

13000 5 3.08:ac 
4.S 3.23x 
4.S 3.03. 

10000 4.S 2.66x 
4.S 2.91x 
4.S 2.• 

CX> 
CX> 
• 



SUIJECT 
-,ORK OOUIUNCE 

15 IO 120 180 2tO 300 RAT( , .. 
.... 5000 481). 99.S 99.S "·' 99., 99.S 99.S 

!! -♦ .. , 99.1 99., - 99.S ,. .. 
, .. 9'7.2 97.1 "-' •-' ,, .. ... 

Ii DA. 5000 480+ 97.6 - 99.2 n.1 "-' tt.S 
480+ 97.S ... 99.4 99.4 99.4 tt.4 ~, 480+ 9'7.5 99.2 99.S 99.9 99.6 -►, ZE. 4000 480+ 98.0 99.2 99.5 99.S 99.7 99.4 i .. ..,. 98.0 98.9 99.2 99.4 ft,,! "·' 480+ 97.9 98.t tt.o 99.1 98.9 ... 

MA. '500 401 98+2 100.0 100.0 "·' 100.0 ICIO.O s • St5 98.S 100.S 100.S "·' "·' -s! 361 98.5 99.9 99.4 99.9 100.0 "·' Ii o,. 6000 480 98.S 99.7 99.2 100.1 - -
480 "·' .. · 99.8 "·' 99.s 99.3 

~ l; 480 98.0 99.S "·' 100.1 99.8 100.1 51 ZE. 5000 480 98.s "·' 99.9 100., 100.2 100.3 II!., 480 98.S 99.S 100.1 - 100.1 -
480 98.3 99.5 99.t 99.9 100.0 100.0 

MA. 7000 "' 98.1 99.8 100., 100., 100.S 100.& 

!! 215 98.S 100.3 100.4 100.4 100.5 100.ac 
332 98.4 100.0 100.4 100.2 100.6 100.3 

Ii o,. '500 m 98.0 100.1 100.3 - 100.S -
347 98.4 99.2 99.4 99.3 - -

~~ 324 98.4 99.2 99.6 99.4 99.3 99.2 ;::. ZE. 5501 437 98.S 99.9 100.2 100.2 100.3 100.6 j :J 
~ .. 33& 97.9 99.5 "-' - "-' 100.0 

336 98.7 99.S 100..2 100.S 100.3 100.0 ..... 8000 201 91.1 100.4 100.1 IOG.S 101.0. 
~ . 190 99.6 100.3 100.3 - •.s. s! 244 98.1 98.1 ta.I 98.6 100.0. 

Ii DA. 1000 240 97.o 100.3 100.S 100.2 100.2 
214 97.5 - 100.1 100.1 100.0 "·· ~, 270 98.3 100. 1 IOI +2 "·' 99.S 99.&c ;::I ZE. 6000 332 98.S 100.0 100.2 ~00.1 100.1 100.2 i .. 301 W.6 99.7 100.2 100.2 100.1 100.1. 
24' 99.5 100.7 100.t IOt.O 101.21c 

-

SI() ,ao 480 UJECl 
WAie 
R&Tt 

"·' ft.S 100.0 NA• to00 
tt.S "-' "-' ~j "-' ,, .. "·' ,,., tt.a tt.a Ii DA. 8'let 

"·' tt.7 tt.7 

"·' 99.S tt.a ~, 
tt.7 99.7 99.7 ► 1 ZE. 7000 

"·' 100.1 100.0 i .. 
"·' 99.4 99.4 

"·' 99.h eu. 11000 
toO.S 100.S. ~i tt.4, 

- - - Ii DA. 10000 
99.1 91.8 99.3 
tt.7 99.5 99.3 ~~ 

100.2 100.0 100.3 ► 1 ZE. 8500 
100.1 100., 100.0 i .. 
100.0 100.1 100.2 
I00.9x eu. 12000 

100.7,c jj 
99.91 Ii DA. 10500 
98.5,c 
tt.21c ~, 

100.3 100., 100.5,c ;:: - ZE. 9000 

i.~ 100.1. 
100.4• 

100.Sx 

EDIRANCE 
15 

TIME 

iao ... 
120 n.1 
f7 tt.S 

125 "·' 121 98.2 
122 9'7.5 
120 •• 7 
155 99.4 
120 98.8 

'° 99.7 
31 -
32 98.5 

" "-' 
35 "·' l4 98.8 
52 98.8 
57 99.9 
58 99.1 

" -
II -
17 -
28 -
27 98.8 
21 97.7 
30 -
21 -
29 99.4 

'° 
100.1 
101.2 
101.0 
100 .. 

"·' 99.7 
100.t 
100., 
100.S 
102.0., 
101.&i 
100.t., 
100.2, 
100.611 
100.51 
100.31 
100. &o 
100.7 
99.4. 

100.1. 
98.81 

f00.4lll 
100.0, 
99.91 

100.S, 
101.S, 
100.S, 

120 

101.3 
101.2 
IOI .I• 
100.3• 
100.4• 
100.211 
100.e 
101.3 
100., 

180 

I0l.4i 

CX> 
\D 
• 



·--- vnvur---:11 """' - r'TICUVII. At;IO ( .. per lltr• blood water) 

SUBJECT 
WORK ENDURANCE 

9 12G 248 SM 480 
RATE TIME 

MA. 5000 480+ 0.123 0.098 0.106 0.4)92 o.a.2 
~ Q. 

480+ 0.089 0.125 0.,068 0.104 0.123 ~ Q. 

3 c5 480+ o.OM 0.130 0.114 0.12' 0.111 _, c5 
:i,:: • DA. 5000 480+ o.084 0.074 0.110 0.105 e.1s1 ~ . 
~j 480+ t.119 o.oeo G.oai 0.181 .. ,., i:i 
~ 'o 480+ 0.120 0.111 0.085 0.062 0.117 ~ 'o 

;: ! st ZE. 4000 480+ ,.120 1.225 o.,ss 0.120 t.2'1 jl"-

II!+ I 
490. t.ll8 0.243 0.153 0.130 •• ,so l!i! ♦ t 

489+ 1.211 0.112 0.1,9 o.141 0.110 
MA. 6500 401 - 0.118 0.105 O.IM 0.123x 

~ 0.. 395 - 0.129 0.126 0.01, o.122x 0 . 
~ Q. 

9 " 
311 - t.135 o.'175 0.M2x 9 c5 

:i,:: • DA. iOOO 480 - . - - 0.2« ~ . 
I I 480 - o.064 0.111 0.10, 0.147 ii 
~ ~ 480 - 0.123 '·'" 0.155 0.120 ~'o 

5! ZE. 5000 480 0.131 0.216 0.135 0.200 0.253 §1 
l!i!u 480 0.136 '·'" 0.192 0.164 0.1,, l!i! ♦ I 

480 0.197 o.1so 0.15' o.1oe o.,so 

MA. 7000 339 0.142 0.121 0.100 o. 158,c 

0 • 295 0.128 0.083 0.078 0o0'74x 0 • 
"' a. s! 9lj 332 0.141 0.098 o.os, o.o96x 
I . DA. '500 333 - 0.153 o.093 o.059x l • 
ii 347 - 0,.0(¥1 0.102 0.091x ii 
~ 'o 324 - 0.109 0.1)80 o.124x ~ 'o 
;: lit ZE. S500 · 437 o., .. 0.156 0.13' o.163x 

;: lit 

j~ - :5~ 
~ .. "' - 0.150 0.168 0.219x ~ .. 

33' - 0.139 o.oe1 0.159x 
MA 0 8000 201 - 0.088 0.12Sx . 

~ a. 190 - 0.103 o.101x ~ Q. 

3 <1 U4 - 0.,07i 0.093x 
9 c5 

• 
l ,; OA. 7000 240 0.104 o.065 0.098 ~ IC 

ii 284 e.142 0.115 0.124 o.12'hc 
]I i 
~ ~ ~~ 270 0.104 0.122 0.082 0.103x 

;: 1lt 
ZE. 6000 332 0.lil 0.176 0.184 0.143x S§ j:i ig;; lit ♦ I 301 0.191 0.Nl 0.192 o.131x 

246 0.175 o.m 0-35& 

x Tera I,_ I ya lu• aa a\ •nd Of •ftdMraNe u .. • 

UJECT 
WORK ENOORANCE 

t 120 360 
RATE TIME 

MA. 9000 120 0.130 0.138 
120 t.131 0.112 
~ 0.l'I o.109x 

DA. 8000 125 - ,.15ex 
121 - o.a30x 
122 - t.l 13x 

ZE. 7000 120 t.21i 0.335 
155 0.211 0.205 0.1991,: 

120 0.257 •.21, 
au.. lltOO 40 0.164 0.249x 

36 0.13s 0.205x 
32 0.261 0.278K 

04. 10000 33 - 0.308x 
35 - o.2'0x 
3-4 - o.mx 

ZE. 8500 52 - o.2'tx 
57 - 9.280x 
58 - 0.3-42x ,,... 12000 16 - 0.314x 
18 - Q.31!x 
17 - 0.3i0x 

DA. 10500 28 - 0.23:bt 
27 - 0.263x 
28 - Oo344x 

ZE. 9000 30 0.341 o.«& 
28 o.«s o.452x 
29 o.594 o.«3x 

MA. 14000 4 o.445x 
4 -
4 -

DA. 15000 5 0 0 274x 
4.5 o.mx 
4.S o.352x 

ZE. 10000 4.S o.211x 

4.S 0.390a 
4.5 0.51& 

\.0 
0 
• 



0 • 
<[ 0. 
9 ~ 
:i,: • 
a: I( 

ii 
~~ 
;: -j~ 
~ .. 
0 • 
cl Q.. 
..J ~ 

Ii 
~'o 
... lit 
j~ 
~ .. 
0 • 
< a. 
9 ~ 
~ . 
i I 
w ... 
> 0 

... -:5~ 
~ .. 
0 • 
C 0. 
9 <! 
~ . 
ii 
~ 'o 
... -j$ 
~ .. 

TABLE XI 

SU3JECT 

MA. 

DA. 

ZE. 

MA. 

DA. 

ZE. 

MA. 

DA. 

ZE. 

NA. 

DA. 

,E. 

WORK 
RATE 

5000 

5000 

4000 

i500 

iooo 

5000 

7000 

6500 

5500 

8000 

7000 

&GOG 

GR<llFED DATA - LACl"IC ACIQ (IIM ~r litre blood water) 

ENDURANCE 
TIME 

480+ 
480+ 
480+ 
480+ 
480+ 
490+ 
480+ 

480+ 
480+ 
401 

3915 
361 
480 
480 
481 
480 
480 

480 
339 
295 
332 
333 
347 
324 
437 

536 
336 
201 
190 
244 
240 
284 

-no 
332 
301 
246 

9 

e.e11 
e.113 
o.896 
0.984 
o.665 
o.763 
o.e,o 
1.200 

'"-475 

1.709 
1-300 
1~91 
0.895 
t-864 
1.391 

0.949 
0.897 
o.m 
1.103 
I.SSC 
!~325 

120 

0.924 
0.861 
0.998 
0.671 
o.594 
0.122 
1.321 
1.425 

()__"-~1 
0.901 
0.889 
,.1e1 

o.776 
1.825 
I .147 
1.288 
o.9e1 
0.,95 
0.941 
0.829 
,.103 
t.743 
0.588 
0.995 
t.096 
l"-WI 
o.770 
o.869 
0.738 
0.571 
0.936 
,.on 
1.260 
1.465 
2.128 

240 

G.907 
o.&o1 
0.166 
0.114 
o.574 
o.746 
o.859 
1.093 

0"-719 
o.664 
o.a12 
0.565 

G.919 
o.704 
,.159 
1.151 

Q.914 

o.1a9 
o.m 
o.69S 
0.867 
1.678 
0.598 
1.250 
1.311 

0.193 
o.948x 
I. IIBx 
o.879ll 
o.744 
1.067 
0.912 
1.009 
1.604 
3~1~1l 

360 

o.7C5 
o.m 
o.n4 
o.w 
o.788 
0.599 
0.910 
o.890 
0.653 
o.7S4 
o.Mo 
l.211x 

1.003 
o.'31 
,.010 
e.987 
o"-~ ,.oaox 
0o'197x 
o.738ic 
o.695x 
0.Hh 
l.040x 
,.019 ,.,!Ox 
l.~7x 

1.ootx 
o.8'5x 
1.328:. 

l.044x 

480 

0.978 
o.609 
Q.733 
o.868 
,.oos 
o.m 
1.092 

o.967 
O.MB 
o.f!74x 
0.8Slx 

'·"' 1.915 
1.738 
1.200 

~"-m 

l.242x 

0 • 
<[ 0. 
g ~ 
:i,: • 
a: )( 
i :I 
~ 'o 
;: -j~ 
~♦ I 

0 • 
C a, 

9 " 
~ . 
i ! 
~ 'o 

§1 
~ .. 
~ Q. 
9 ~ 
i!l1 • 
i I 
~ 'o 
;: lilt 

:5~ 
LAI 
0: ♦ I 

. 
0 0.. 

9 " • 
! i 
:JI ... 
~ 0 

;: I 
~ -
~ .. 

x TeNtlnal value •• at end of e11~ra11N U■e. 

SWJECT 

NA. 

DA. 

ZE. 

NA. 

DA. 

ZE. 

IIIA+ 

DA. 

ZE. 

"'"· 
DA. 

ZE. 

WORK 
RATE 

9000 

8000 

7000 

11000 

10000 

8500 

12000 

loe5GO 

9000 

14000 

13000 

10000 

EN)URANCE 
TIME 

120 

120 

f!7 

125 
121 
122 

120 

15.5 
120 

40 
36 
32 
33 
35 

34 
52 
57 
58 

16 
18 
17 
28 
'r1 
28 
so 
28 
29 
4 

4 
4 

5 
4.5 
4.S 
4.5 
4.5 
4.~ 

9 

1.045 
1.276 
1.445 

2.450 
1.847 
2"-150 
1.764 
4.080 
s.367 

5.929 
B.949 
B.087 

I0.179x 

i.i84x 
e.221ic 

11 049,b 

8.884x 
I0.821x 
10.i~x 

120 

o.e:s9 
1.281 
l.488x 
1.082,c 

l.331x 
l.086x 
3.i7i 
2. lf!7 

~~ .. 
4.333x 
3.086x 
4.203x 
5.4T1x 
3.053. 
5.o72x 
,.10,x 
4.3ib 
5"-710x 
6.90lx 
5.97ix 
6.S65x 
7.2S2x 
4.932x 
i.S33x 

12.731x 
I0.255x 
12.fflx 

240 

I .934x 

\..0 
t,-.J 
• 



-~ ft •• ~- DATA • · EXCESS LACTATE (IM per lltre blood •ter) 

~CT 
\10RI( EIDIWICE 

9 120 248 MO 480 
RATE TINE 

NA. ~ 480+ 1.132 ·-- t.Ol6 -o.OM -0.212 
0 • .. 0.251 -0.ffl -e.ooa .... -e.,se, !i !l 480♦ -0.245 t.131 ... -0.IM -e.o47 

Ii DA. SD 418+ t.S22 t.15' ..... ... 157 ... 235 Ii 
~ .. 461♦ -0.241 1.011 ...... -0.-2 ..... 

-♦ -e.1a -e.SM .. -"'3 1.124 ... 221 ~-S! ZE. , ... 481♦ t.lM '·"' -0.cMl t.227 -e.389 SI i., 480♦ t.071 -0.592 -e.rn -o.,n -0.561 t!+t 

411+ ... 155 ... 211 -e.375 -t.Ct ..... 
•• "°' 411 - ,.1e '-"' t.159 '·°''• 

~i 3915 - t.152 t.357 t.S28 .... ~j 561 - ... ,zs .... .... 
Ii DA. ... 411 - - - - ,.m Ii - - t.227 •.ess .... ... 
J'e - - I.Ill .... -O.S73 t.11a ~ ~ 

►- IE. MN .. -0.tOI -t.,576 t.183 ..0.521 ... 272 ►-j~ :1 I 
Vi! ♦ I 480 ,.1ae '-"' -t.256 -8.213 1.137 i., 

480 ... 154 •• ,22 ..... t.S92 0.196 
N. '7tOO 539 1.112 0.348 1.12, 0.1211c 

0 o 2115 0.198 o.283 1.291 ... ,. i . !! 332 -e.549 0.194 t.l?t .... _, l 
I i DAc iSCII 333 - ... ,cs '·'" t.214x ii :a • 147 - . .... ... .,, .... , .. 
~ .. 324 - -e-415 ... ,se -ertsx ~ ~ 

.: -- SI :1 a ZE. SHI 457 - -e.oee 1.459 -t.OIB ...... 
:tt., 336 - -e.,aa -e.1r, -e.745x w., 

336 - -e.240 ... ,13 -0.5Mir 
MA. 8tOO 211 - t.o56 -t.173• 

111 -o.171 1.215. • 0 • - ~l !! 244 - 0.199 l.22tx • 
Ii DA. 7tOI 240 o.1se t.012 -e.w, xj 

284 ... 111 ..0.131 • •• ..e.175 • I ... 
~ .. 27t -t.017 ..... 3 t.o,5 ... 1581l ~ 0 

.: - --i.~ 
ZE. '"' 332 t.Z5 1 ... 176 ..o.2115 e.246a SI 

311 t.268 -e.669 -0.375 ~.368x f ♦ t 
246 -o.m 0....£§9 t.92'7x 

sm.JECT 

MA. 

DA. 

ZE. 

MA. 

DA. 

ZE. 

MA. 

DA • 

ZE • 

MA. 

DA. 

ZE • 

x T.,_IM I ,_ 111• aa at .- of __,. ..... u ... 

VIRK Ell)URANCE 

' RAT£ TIME 
121 2,0 ... 120 t.S28 o.oa 

120 1.195 -t.262 ., ... ,115 t.'720ir 
IIOO 125 - t.155a 

121 - -O.M• 
122 - t.stlx 

'7IOO 120 t.15' t."3 
155 0.072 1.507 I.SIi• 
120 -t.117 t.517 

11080 " l.85t 2.'81x 
36 3.3'2 1.531• 
32 2.196 1.27111 

IIOIO 33 - 2.57Sx 
35 - 1.11a. 
S4 - 2.-S. 

8511 52 - 3.95h 
57 - l .902x 
58 - s.131. 

12000 Ii - 4 .072x 
18 - s.110. 
17 - s.,16x 

ll50t 28 - ,.11s. 
'rt - 2.817• 
28 - 3.592x 

9tOO 3t 3.14' s.1Mll 
28 5.511 ,.286x 
29 3.922 8.875• 

14800 ' ,.mx 
' -
' -

13800 5 4.525x ,., 5.5191c 
,.s e.212x 

10000 4.S 6.119-
4.5 7.Bl!lh 
4.,5 6.717x 

\D 
I\) 

• 



TABLE XII I tfWlllPED DATA - Bl.000 GLUCOSE (ag pw 1• ■ I) 

SUBJECT 
WAI( EIQJRMCE 

121 m - '81 
RAT£ TIME 

tu. 5IOt .... il.S as., "·' 51.S 
s • ... ?t.S 65.S 57.S 64.S ~, 481+ '9.4 il.S 58.S 62.S 

Ii °"· SIGt 411+ "-' 61.7 56.S ss., .... 61.6 61.S ,2.1 '5.t 
~1. ..... 71.9 69.7 61.7 M.S 
.: ! ZEe 4111 ..... 55.S 51.4 52.1 56.i 

i+1 ... 6.1.4 '5.t '2.t 55.9 ... .... 69..:8 '2..2 se.s .. ,.. 65M 411 69.4 I? .. 59.4 54.k 

s • 195 ·.-'9.7 51.4 5ee5 55 .. 

,i 561 '2 .. 62.S 52.fk 

ii l)A. ... - - - - 48.,4 - 76.1 69.4 65.7 59o4 ~, - 61.,2 56.7 59.2 52.S 

SI ZE. 500I 481 57.S 54.S 49.S 29 .. 

1+1 - 61.,2 5'.7 51.S 49.S 
481 73.1 59.1 55..8 ss., 

Mk, 7Nt 159 ?8.S 57.7 54.lx 

~ . 295 74.2 '5.4 71.SX 

~i 5!2 5t.9 50.S 59.tx 
i • DA. 6511 m 65.,2 &6.S 56.,S. 
11 347 - 16.0 -
~'ti 524 71.0 '3.0 61.91c 
;:: ~ 5508 4:57 68.1 61.S 55.1 52.2x ·~ ZE. 
~ .. m 61.t 52a6 46.tx 

SSi 59.2 62.S 54---'-it 
MA. .. 211 "·1 M.4x 

~ . .,. 56.9 ss.ac 
31 2U - 5'.41c 

Ii DA. 7tO& 2At 10., 74.t 
284 82.S 73.4 "·· ~ .. 271 67.9 '6.2 12.lx 

s1 ZE. 6IQI U2 57.4 54.S ••• 
!+1 SOI ,2.9 55.7 -

m 61.1 51...!w 

! . c! 
Ii ~, 
.: -~It 
1+1 

I . ... ! 
¥ • 

Ii 
J ' 
.: -i.~ 

]i 
Ii 
~ '5 
.: -i.~ 

• T.,,.,., •••• .. at ..i or ....... u~. 

UJECT VIM EIQJRANCE 
121 241 

RAT£ TINE 

.. ,. . ... •• ,2.a 
121 65.S 
ff7 7t.'7x 

DA.- ION 125 72.ik 
121 82.-
122 5t.41c 

ZE. 7000 t2t 51.t 
155 57.S 61.41c 

•• 58 .. 
MA • IION 41 81.81c 

56 81.4• 
S2 85.ac 

DA • . .... ss 1, •• 
55 1, ••• 
34 74.2x 

ZE. 8511 52 76,.4,c 

51 48 .. 

58 5t.9x 
MA. 12GM II 73.7x 

II H.7x 
17 '70.&t 

DA. IISOI 28 77.tx 
'Z1 ?8.SX 
28 10.1. 

ZE. 900I> 3G '77.Sx 
28 ,1.2x 
2t 71.Git 

\D 
vJ 
• 



TABI.£ XIV TABLE XV TABLE XVI 

SU8JECT FR. OXYGEN lt:T. KE (Litres per al11.1h) SUBJECT FR. EXCESS LACTATE (IM JHtr lltre blood water) 5'.6JECT FR. BLOOO GWCOSE (ag per 100 al) 

RELATIVE WORK END. 
9 120 240 361 480 

WORK LOAD RATE TIMF. 
RELATIVE WORK END. 

' 120 248 36' WORK LOAD RATE TIME 
480 

RELATIVE WORK END. 
360 480 WORK LOAD RATE TIME 

121 240 

! 4" of 44>00 481 1.19 1.31 1.38 IA 1.46 ! 4H of 4000 481 -1.ee2 -1.438 -1.452 ... 215 -1.67' ! <IH of 4000 481 68.7 5".4 51.9 45.8 
Maxlll.l11 480 I .19 1.28 - 1.40 1.42 Maxi-,111 481 1 .123 -o.1oe -4.172 -0.213 -G.19:5 Maxl.-i11 .aao 73.1 Si.3 66.1 62.4 
Capacity 481 I. 19 1.42 1.22 1.16 1.32 Capacity 480 1.182 -e.118 1-1.316 ... 444 -1.512 Ca~cltJ 481 69.9 61.4 63.S S2.9 

! 50J of 4500 330 - 1.41 1.52 I..S2x !m of 450G 331 - -1.167 -1.415 -4.217• + 5H of 4500 35t 64.6 51.6 51.& 
Nut.,. 331 - 1.48 1.47 1.481c Maxlau11 33t - .... 279 -1.334 -l.557x Maxi.,,. 331 11.2 s,., 61.6x 
Capacity 3eO - 1.,45 1.« l.49x Capacity 30G - 1.191 ... ,at -o.275x Cap•clty 3IO 65.4 52.1 41.2x 

! 55• of 5000 241 1.48 - 1.78 ! ss• of 5000 241 0.241 - ,.,a, ! S5l Of 5000 248 - 61.2 
Maxi.- 248 I.« - 1.68 Maxl!Ntl 240 0.069 - I.S47 Maxlaum 240 - 37.5 
capacity 248 1.36 1.60 1.67 capacity 248 0.243 -C.341 1.813 C.root \ y 24t 61.9 57.,3 

! 6ft Of 6008 121 1.74 1.94 :. of 6000 121 ,.m -t.359x ! 60l of 6QOO 121 71.9x 
Maxl-..111 lat 1.iS I .a7 Maxlauti 121 0.346 0.23h Maxi .... 120 6.5.2x 
Capacity liO 1.64 1.82 2.13x Capacity 160 o.726 -o.oee ... ,55,c Capeolty 160 ss.2 58.lx 

! 70" Of 7oot 117 I .91 2.,sx ! 7H of 700& 107 l,.44G 2.1aax ! ffl Of ?GOO 107 &3.3a 
Maxia,111 67 2.oc l.97x Max laa111 67 0.591 t.661x lilaxl11U111 67 76.4x 
Capacity 76 1.86 2.23x Cap.city 76 -e.,ee 2.089x Capacity 76 63.3x 

! ao,: of 9000 18 - 2.4& ! ~ Of 9000 18 S.439 ll.695x ! eo" or ~ 18 75.5 
Maxl111.1• 27 2.60 2.61x Maxl111ut1 27 6.879 5.357x Maxi-,. 'Z7 62.9 
Capacity 29 2.SI 2.62x Capacity 29 7.093 5 .452x Capeclty 29 64.1 

! 90" Of IOOC)f 5.S 2.Tlx 
Mulau• 5 2,.81x x T,,..1nel value as at end of endu~ance tlse. x T•Nllnal value aa at end of endurance ti••• 
Capacity 5 2.89x 

! 100" of I 1000 4 3.00x 
Maxlai• 3 2.98x 
Capeolty 3 3.llx 

x TerMinel value aa at end of endurance ti••• 



TA9LE XVI I 

RELATIVE WIRK 

wtRK L8AD RATE 

! CGi Of 4Mt 
Max,.,. 
Capaoay 

! 511 Of 450t 
Maxi-..• 
Capaolty 

! 551 of 5eOO 
Maxlll4M 
Capaolty 

! ~ or iM 
Maxlsu■ 

Capacity 

! 7H Of 7t4e 
Maxt ■ua 

Cap1clty 

! 901 of 9000 .... , .. 
Capacity 

0 
SUBJiCT FR. RECTAL TEMPERATURE ( F) 

ElllO. 
15 60 12t 181 241 

TINE 

48G 98.9 99.3 99.5 99.9 , ... o 
481 96.4 99.S IOQ.I IM.2 IN.a 
481 97.4 98.8 99.S - 99.S 

33t 98.S IH.2 itt.t 99.9 99.2 
331 99.3 99.9 lti.4 , .... IN.4 
30t '7.9 99.6 lot.I 99.6 , ... , 
249 ... - - lot.6 Ult.7 
24t 99.0 99.3 97.9 99.2 -
241 98.4 IN.7 1 ... 6 , ... 7 101.3 

120 ... , IH.7 IN.7 
12t 98.S IOG.6 111.2 
l&I - 99.7 100.0 100.2x 

117 98.3 lN.2 , ... 4. 
67 ss., IQ .6• 
76 97.7 99.S 100.5• 

18 - 100.hc 

'l7 99.3 100-4• 
29 98.S 99.6x 

x TltNlln&I value u at end of en~ranoe ti••• 

3et 360 420 481 

99.7 99.S 99.S 99.9 
IN.8 180.6 - .. ,.o 
99.S 100.t 99.4 99.9 

97.6 97.4. 

100.2 IGO.ix 
99.6,c 

TABLE XVII I SUBJECT FR. HEART RATE (Beata per ~inute) 

RELATIVE wtRI( ENO. 
9 15 6t 241 WGRK LOAD RATE TIME 

121 let 3eO 

! 401 of 4000 480 186 124 116 119 12:3 129 129 

,~ .. ,-"' 481 "' 121 131 131 131 143 143 
Capacity 48G 112 Ill 116 121 122 131 123 

!~ of 4SOG 330 - l'l? 13-4 138 139 149 143 
Maxi_,. 33& - 137 126 129 134 142 141 
Capacity 3ot - 125 134 143 143 ISi 152x 

! 551 of 5000 24e 125 145 150 134 158 167 
!llax 1•1111 241 122 136 142 144 152 158 
Capacity 240 119 155 134 134 150 158 

! 6" of 604)0 121 136 138 141 149 

Maxlau• 120 137 152 156 161 
Capacity 160 131 137 14t 147 IS&t 

! 70I of 7000 107 153 158 156 1681c 

Maxl11U■ 67 15-0 155 163• 
Capacity 76 151 148 159 172,c 

! 80. Of 9000 18 184 - la&x 
Maxi au• 'l7 176 172 176. 
Capacity 2t 184 173 170. 

! 101 Of 10000 5.5 178x 
Ma,cl- $ 183x 
Capacl\y 5 181x 

! 1001 of toot 4 182x 
Maxi_,. 3 189,c 

Capacity 3 179,c 

• Ter11 Ina I value •• at end of endlrance LI ■a• 

361 420 

138 132 

149 149 

130 131 

142,c 

145x 

480 

141 

153 

142 

I..D 
\.11 
• 



TAIU XIX TAIi.£ JCll 

UJECT FR. UCTIC ACID (IM pet' 11\re blood •t ... l UJECT ~. l'flUYIC ACIO C• per 11\,-e bleod wa\.,.) 

IIEUTtVE WRK EJl>URANCE t ,. 241 "' 
,. 

weRK IMO RATE TIME 
RELATIVE WIRK ENDURANCE 
IIIOM LOAD RATE TIN£ t 12t 24G "' -

: - of ..... 488 ··- .. ,,, t.nt 1.239 1.259 : - Of 4000 - t.144 •• ,ss t.129 .., .. 1.211 .... ,_ 411 1.-111 ,.111 ,.m 1.72' 1.11S ... ,_ - ,.12, o.,,, t.175 ,.,,a t.206 
C.,,.olty w 1.zs9 ,.m 1.876 1.915 o., .. Capeolty - ,.112 o.ot7 '·'" 0.120 0.121 

:. Of 4500 "' - t.685 1.242 I.MSx : - of '511 331 - ,.104 1.212 t.21~ 
rtwclwe 331 - t.881 1.837 t.61b .... ,_,. 330 - 0.112 ••• ,s 1.11s. 
Capacity ~ - 1.939 1.454 l.359x . Capaol\y SIO - o.m 0.2tl 1.201a 

! 55ll of !W 241 1.462 - , .. ! 551 Of 5tOO 241 ,.118 - 1.217 
Maxi..,. 241 1.199 - 2.313 ... ,_ 241 t.135 - 1.21a 
CapaoHy 241 I.SM 1.215 1.111 Capacity 241 0.122 1.145 1.185 

! 6"' of "" 121 1.9'4 1.5361c ! 6°" of 60QO 120 t.229 o.,a,. 
Caeul111111 120 1.785 1.295. .... ,.,. 120 0.112 0.164,c 
Capaol\y lfit 1.831 1.897 l.19Gx Capacity 160 1.111 e.o,s 0.121. 

•· 

! 711 of 71N 117 S.NS ~ .• 257,c ! ffl of 7too 117 t.187 o.25t. 
Mul811111 67 2-'47 3.74&,c Naxl~• 67 1.218 0.2,. 
Capaolty 76 s.689 4.736,c Capaolt:, 76 t.315 0.294. 

! 901 of 9tOO 18 5.619 13.585• ! ao,l of 9QOt II t.598 0.3181( 
Maxfau■ 2'7 5.ffl 18.398K Mui-.,• 2'7 t.331 o.363x 
Capeolty 29 4.536 8.16h Capacity 29 0,.330 0.331• 

x T•rttln.1 value•• at end of •n~r•~ ti••• x Terminal value as at end of •n~ranc• ti••• 
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Fig . 4a Heart r a te r elative to time a t various levels of a er obic capacity. 
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