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ABSTRACT 

Work physiology is the study of physiological parameters of the 

body during work. Two of these physiological pnram0tcrs are 

commonly m~asurcd to c:isscs!:; the cost o( work : oxy<._Jcn consumption 

and heart rate. 

In 1979 a theoretical model was developed to estimate some 

ergonomic parameters from age , height and weight . While this 

model predicted anthropometric , biomechanical and work physiology 

parameters , the present research was concerned only with the 

section of the model predicting work physiology parameters of 

oxygen consumpt i on and heart rate from age and weight . 

In this study oxygen consumption and heart rate values were 

obtained from measurement of seven subjects working on an 

ergometcr. These values were then used to test three of the 

equations in the predictive model. Two of the e quations were 

found to be unreliable as predictors of oxygen consumption and 

heart rate for this sample , while one of the equations was found 

to be reliable . Further research with a larger sample is 

necessary before any firm conclusions about this section of the 

mode l may be made. 
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CHAPTER 1 

Int roductio n 

" Manu a l Jabour , some times und e r adverse e nvironmental condi tions , 

stilJ exists in all coun tries , and will probably r e main an 

essential part of the society . Furthermore , individuals 

continue to find satisfaction a nd enjoyment in thei r leisure 

time through sports or other t ypes of muscular activity . . In 

a very broad sense , physical pe rfor mance or fitness is determined 

by the individual ' s capac ity for energy output (aerobic and 

anaerobic processes and oxygen transport) , neuromuscular 

function (muscl e strength , co- ordination and techn ique ) , joint 

mobility a nd psychologica l facto r s (e . g. mot i vation and tactics) 

These factors play a more or less domina ting rol e depending 

upon the nature of the pe r formance " (Astrand a nd Rodahl , 1977 , 7). 

So interest in the physical capacity of individuals to perform , 

whether at work o r l e isure , has increased in spite of a correspond ing 

increase in automation in the work place . Indeed Davis ( 197 7) 

doubts that automation will continue at the exponential level 

predicted . 

Davis (1 977) ident ified three stages of t echnological progress ; 

Primary ( simp l e ) , Secondary (complex , non human e nergy) and 

Te rtiary (fully automatic ) , a nd state d t hat during its formative 

years ergonomics had concerned itse lf with looking at Secondary 

systems . However the need to investigate primary technology is 

now perceived to be of increasing importance because of the 
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possibility of an initial rise in manual worker availability 

following the turn of the next century, followed by a rapid 

fall. The rationale for the pe rceived need for the redesign and 

improved knowledge of primary technology is that as energy 

suppli e s diminish there will be a n e e d to return to bioJogicaJ 

e ne rg y , 0 ut with the pr es0.nt l e v e ls of popul a tion the r e i s 

insufficie nt land to support any large increase s in horses or 

catt~ as alte rnative en e rgy sources. If, therefore, manual 

labour and othe r physical activities are to become the focus of 

future concentration it is necessary that we 

know as much as possible about work, the physical cost of work, 

the measure me nt of that cost , and how work can be efficient 

within the ph ysical limits of the individual. 

The objective '.) f this research report is to test some theoretical 

models d e ve loped to d e t e rmine physical performance , base d on 

he a rt r a te and oxygen consumption, against dire ct measures of 

thes e parameters . 

1 • 1 Body Work and Energy 

The physi ol.~g y of muscuflar work and exercise is basically a 

matter c ~ ~ransforming bound energy into mechanical energy . 

Many similarities exist between the "human engine " and the 

combustion engine constructed by human beings. In the combustion 

engine peteroleum and air are introduced into the cylinder. 

The spark from the spark plug initiates the explosive combustion 

of the gas mixture. Chemical energy is transformed into kinetic 

energy and heat. 
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The expansion of the gas forces the piston to move , and a system 

of mechanical devices can transfer this motion to the wheels . 

The motor is cooled by fluid or air to prevent overheating . The 

waste products are expelled with the exhaust . As this motor can 

work on l y in the prcscnco of oxygon , its function is aerobic . 

Whe n the petrol tank is empty , the engine can no longe r continue 

to run , since the operation of the combustion engine is depe nden t 

upon a continuous supply of fuel. In a motorcar , the starter 

motor provides the energy for the first movements of the 

pistons . This energy comes from the oattery which accumulates 

electrical energy : the starter can thus work in the absence of 

oxygen , or anaerobically . The stored e n ergy of the battery is 

quite limited however , so the battery must be frequently 

recharged . 

" Living organisms , like machines , conform to the law of the 

conservation of energy, and must pay for a l l their activities in 

the currency of metabolism (Baldwin , 1967). In the human 

machine , the mu sc l e fibers ( s ic) arc the pjstons. When fuel is 

available and a spark is introduce d to start the breaking down 

of the fuel , part of the energy which is thus liberated can 

cause movement of the piston s. Heat and various waste products 

are produced " (Astrand and Rodahl , 1977, 12) . 

The energy needs of individuals are satisfied by food which the 

individual consumes during the course of a day . If the health 

and activity of individuals are to be maintaine d then a certain 

minimum amount of food must be consumed per day . 



- 4 -

However, the probl e m aris e s of how to measure the amount of food 

consumed and what proportion of this food is converted into 

energy and us e d as such in the human e ngine . 

1 • 2 Llir cc t Meas ure s of En e rgy Expe nditur e 

Obviously die tary studie s can be made of individual subjects and 

this has been att empte d in the past. The energy expenditure of 

a variety of occupations was stated after analysing the diets 

consumed by individuals of know employment (Voit et al, 1955). 

This me thod is ope n to the the oretical objection that it assumes 

that the di e ts consume d pr ov id e exactly enough energy with no 

surplus or defici e nc y (Passmore and Durnin 1955). It provides 

no direct yardstick or r equirement. Indeed, especially in 

developing countrie s large numbe rs of people certainly have an 

insufficiency of food for he alth and activity, whereas the high 

incidenc e of obe sity in We ste rn countries shows that many 

consume r e gularl y an e xce s s of food over their physical requirements. 

There is a real difficulty in converting the results of dietary 

surveys into tables of food requirements. Further, dietary 

surveys are always difficult and expensive to carry out. This 

particularly applies to individual surveys which provide so much 

more information than the less precise family surveys (Passmore 

and Durnin, 1955). 
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1 • 3 Indirect Measures of Energy Expenditure 

Alternatively, the use of rates of oxygen consumption as the 

basis for measuring e nergy expenditure has become wide ly used. 

'This mc•t h od or mc,:isuring the mcit.1bo 1jc cos t or work, ,,1onq wi t h 

heart rate , is known as indire ct calorime try and has been 

increasingly used in field conditions, to a large part due to 

the d eve lopme nt of apparatus which may now be used in field 

conditions, ·vh ereas it was once impracticable to do this because 

of the cumbersome nature of the apparatus designed for studies 

in l abora tory conditions. 

Indire ct calorimetry enab l es the e n e rgy expende d to be determine 

whil e a definite activity is undertake n for a limited period of 

time, usually meas ur ed in minutes. In th e past indirect 

calorimetry and data collected using this method ha ve met with . 

only limited success , mainly due to the practical difficulties 

of determining oxyge n consumption in fi e ld s e ttings. The 

apparatus that was used in earlier atte mpts to establish energy 

expenditure at work was the Douglas Bag, the siz e of which made 

stud i es under field conditions very difficult and led to 

imprecis e data collection. The Dougla s Bag wa s more suited to 

static exercise, or treadmill running in the laboratory. 

However in the 1940's a light portable respirometer was developed 

at the Max-Planc-Institut fur Arbeitsphysiologie in Germany. 

The portable respirometer has several attributes in its favour 

over the Douglas Bag for experiments under field conditions. It 

is light, we ighs less than four kilograms; 



- 6 -

it can be worn on the back like a haversack ; it measures the 

volume of expired air directly while simultaneously diverting a 

small fraction of the expired air (0.3 - 6%) into a rubber 

bladder for late r analysis (Passmore and Durnin , 1955) . 

Pas s mo re· ,1 nd Du,-nin (1 'ViS ) st:1tc' th,1t fir st m,1ior t0st o f t lw 

portable r esp irome t er wa s a survey of workers in German industry 

during World War two. e bservat ions we r e made of individuals 

only at work in the factories and the mines , but assumptions 

were made for e nergy expenditure outside working time and the 

results were e xpande d and expressed in t erms of daily energy 

requirements . Subsequent observations we r e carr ied out in 

Britain and from the se , tables of e nergy expenditure for given 

occupations and activiti e s have been compiled . 

It is inte r esting to note that even though the portable respirometer , 

and various modifications , has been in use for approximately 

forty years a t the time of writing, there is still a dependence 

on laboratory work wi th the Dougla s Bag. Whi le it may be 

assure d that the portable r esp irome t er would be technically 

superior a~d ~or e accurate tha n the Douglas Bag , Astrand and 

Rodahl ( 1 9-17 ) disagree . "The classical method for the dete rmination 

of oxygen uptake , the Douglas Bag method , rests on a very secure 

foundation . It is theoretically sound , and it is well tested 

under a wi<le variety of circumstances . In all its r elat i ve 

simplicity , it is unsurpassable in accuracy " (p. 339). 

Exampl es of the continued use of the Douglas na g may be seen in 

the work of Vokac et al (1975), Bergh et al (1976) , Goldsmith et 

al (1978) and Datta et al (1978). On the other hand Aunola et 

al (1978), Soule et al (1978), Saha et a l (1979) and Verma et al 
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(1979) used a portable r espirometer to collect expired air for 

analysis to determine e nergy expenditure in their experiments . 

It is felt that the measurement of oxygen consumption in order 

to csti miltc ;:i n indjvjJu,11 ' s c' nergy <'XPL' nuj turc c;:i n give rise to 

imprecision. An opinion is (Passmore and Durnin, 1955) that 

larger errors are like ly to arise from a failure to determine 

corectly the length of time spent in any activity rather than in 

any assessment of the metabolic cost of that activity. An 

exampl e of this is that if a man walks to and from his work 

eve ry day, it is essential to know how long he spends on the 

journey. Wh e n compared with his other activities the exact 

energy cost of the walking may be comparatively unimportant. 

Further, one measurement of such an activity is only strictly 

applicable to the walking while the measurement is being made. 

An accurate value for an individual's walking, in general, 

ne cessitates several estimations under a variety of environomental 

conditions (Passmor e and Durnin, 1955). 

For this reason one must seriously consider the implications of 

the use of oxygen consumption from which to measure individuals' 

energy expenditure . If, however, the alternative is direct 

calorimetry through a study of individuals' diets, then the 

measurement of oxygen consumption is preferable for research 

purposes . However it must be stressed thatno single tool exi sts 

than can measure the effects of different kinds of loads on an 

individual (Davis et al, 1969), which leads to a second physiological 

variable that must be examined: heart rate. 
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Hear rate is used to measure energy expenditure indirectly for a 

variety of reasons. It is less intricate and time consuming 

than the measurement of oxygen consumption, the use of which has 

been felt to retard progress in the determination of energy 

expenditure rtt wor k (T.c hL1nc, 19 57). Furth C' r, oxyge n consumption 

a lone is not a r e liable indicator of energy expenditure (Maxfiela 

and Brouha, 19 63). There is a linear relationship between heart 

rate and oxygen consumption (Astrand and Rodahl, 1977), and it 

is felt wise to me asure both heart rate and oxygen consumption 

since oxygen consumption alone would not indicate changes in 

temperature and humidity in the work e nvironment (Davis et al, 

1969) . Finally, heart rate has been shown to be sufficiently 

accurate within the range of most industrial jobs (Ricci, 1967). 

However in his research the central concern is the cost of work 

and the capabilities and limitations of individuals. 
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CHAPTER 2 

The Cost of Work and Its Estimation 

The physiological cost of wo r k is the energy that the individual 

e xpe nds whil e performing the work. lt may b e seen as the 

absolute cost of work, expressed as the cost, or as the relative 

cost of work compared to the individual's maximum capacity. In 

other words the cost of work may be expressed either as the 

absolute cost in litre s of oxygen per minute , or in kilocalari e s 

or in watts; or it may be expressed as a percentage of the 

individual's potential (maximum) capacity or workload. Because 

of this, the treatment of the estimation of the cost of work 

must be concerned with Aerobic and Anaerobic processe s, i.e. 

oxygen consumption during submaximal and maximal exercise and 

the individual's maximal oxygen consumption. 

2.1 Ae robic Processes 

"For each lite r (sic) of 0~ consume d, about 20 kilojoul es (of 

energy) will be delivered; hence, the higher the oxygen uptake, 

tre higher the energy output. The oxygen uptake during exercise 

may be measured with an accuracy of !0.04 liter min-, (Vo~ 

liter min -, ) ("As tr and and Rodahl, 197 7, 2 9 3) . Oxygen consumption 

is measured using a Douglas Bag or a portable respirometer which 

collects expired air during exercise or work over a specific 

period of time. The amount of air in the r espirometer is 

me asur e d and a typical recording of oxyg e n consumptj_on may be 

seen in Figure 2.1. MASSEY UNIVERSITY 
LIBRARY 
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The oxygen consumption increases during the first two minutes of 

e xercis e to a steady state (in this case 2.5 litres min -1) 

where oxygen consumption is equal to the demand for oxygen by 

the body tissue s. 

Figure 2 : 1 Ox y ge n Consumrt ion Dt.;r i1 , ':l ~-Jv r l\.. 

3 End of work 

' 
" Oxygen debt " 

Rest 0 .25 

0 2 3 4 5 6 7 8 9 
m,n 

Source : Astrand and Rodahl, 1977, P. 296 . 

At the t e rmina tion of th e e xercis e , the ox yg e n con s umption 

gra dually decreas e s , r e turning to its r e sting l e ve l (in this 

case 0.25 litres min -1). The oxygen debt is described as the 

total oxygen consumption minus the resting oxygen consumption 

(Astrand and Rodahl, 1977, 313i and is always present after 

exercise . Part of the oxygen debt may be alactacid, in that it 

is not involved with lactic acid , or lactacid where it is 

involved due to a build up of lactic acid in body tissues (which 

will be explained when anaerobic processes are referred to) . 
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The length to time for oxygen consumption to increase to 2 . 5 

litres per minut e in Figure 2 :1 is du e to the sluggish adjustment 

of respiration and circulation (the oxygen transporting syste ms) 

to the pace of the e xe rcis e . The st eady state (2.5 litres min -1 

in Figure 2 :1) corresponds to a work situution where the oxygC'n 

consumption i s equa l to the d e mand for oxyg e n by the body 

tissues so the r e is no lactic acid accumulation . 

In many type s of muscular work/exercise , the oxyge n consumption 

is linearly positively related to work load . In other words an 

increase in work loa d will r esult in a corresponding increase in 

oxygen consumption . The maximal oxygen consumption (maximal 

aerobic power ) is the highest oxygen consumption attainable 

during physica J. work while brea thing air at sea l eve l. The work 

time i s between two and six minute s , depending on the work load . 

2 . 2 Anaerobic Processes 

"During light work, the required e nergy ma y be produce d almost 

exclusively by aerobic processe~ . ., but during more s e vere 

work , anaerobic processes are brought into play as well . 

Anaerobic e nergy - yeilding metabolic processes play an increasingly 

greater role as the severity of the work load increases" 

(Astrand and Rodahl, 1977, 308). 

Whe n the individual is performing at a l evel where his metabolic 

processes are anaerobic then there is a deficit of oxyg e n to the 

muscles a nd resulting production of lactic acid in the blood to 



- 12 -

the muscles . Astrand and Rodahl (1977) outline the oxygen 

deficit and l actic acid production as follows: 

1. During light exercise , the oxygen store in the muscle plus 

the oxygen suppli d as the respiration and the circulation 

dd iiu t to the wo rk will completely cove r the oxygen need. 

Most of the ordinary daily occupations belong to this 

cate gory of work . 

2 . During exercise of moderate inte nsity, a naerobic processes 

contribute to the energy output at the beginning of the 

exerc ise until the aerobic oxidation can take over and 

compl e t e l y cover the e ne rgy d e mand . Any produce d lactic acid 

diffus e s into th e blood and can be traced in teh venous blood 

draining the muscle and , eventuall y , the arterial blood if 

the quantity of lactic acid produced is high enough . 

As th e work proceeds , the blood lactate concentration falls 

again to the r e sting level and the work can be continued for 

hour s (Ba ng, 1936 ). 

3 . During heavier exerci se, the · lactic acid production and , 

therefore , the rise in blood lactate concentration are higher 

and remain high throughout the work period . The length of 

time which the work load will be endured will, to some 

extent , depend on the subj e ct's motivation. 
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4. During very seve~exercise, there is a continously growing 

oxygen deficit and a n increase in the lactate content of the 

blood because of the predominantly anaerobic metabolism. The 

work cannot be continued for more than a few minutes, as a 

rul e , because the subject 's mu scl e s can no long ~r function 

( A~ t~und and Hod a hl,1977, 308 ). 

Generally at the commencement of work and during heavy work 

there is a discrepancy between the demand and availability of 

e nergy by aerob ic processes. Because of this the e nergy must be 

contributed anaerobically which results in the production in the 

body of lactic acid . The heav i er the work compare d to the 

indi v idual's maximum aerobic power, the larger is the oxygen 

d e ficit and the more important is the anaerobic energy yield . 

2 . 3 Me asuring the Cost of Work 

The physical cost of work ma y b e assessed either by me asuring 

the oxygen consumption (Vo~) during the work itse lf or by 

indirectly estimating the oxygen consumption from the hear t rate 

(pulse) recorded during the work. This indirect caloiimetry 

(Passmore and Durnin, 1955) has been an established method of 

measuring the energy cost of many activities for some time now. 
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2. 4 Oxygen Consumption, vo 2 

Traditionally, the Douglas Bag has been used to collect expired 

air in laboratory settings but b e cause of its bulk it is 

inappropriat e for use in fi e ld s e ttings. However highly 

portable respirometers have been developed which allow for the 

collection of expired air under field condtions. Also very 

quick methods of analysing the oxygen and carbon dioxide content 

of the air samples have been developed. Oxygen consumption (Vo2 ) 

is expressed either as: 

(a) Litres per minute (L min -1), or 

(b) Cubic e ntrime tres per minute per kilogram of body 

weight (cm kg min -1). 

However oxygen consumption expressed either as (a) or (b1i does 

not explain the cost of work completely unless it is expressed 

as a percentage of maximum oxygen consumption (Vo~ max). 

Maximum oxygen consumption can be determined by direct measurement 

of the individual performing the work, but this is not necessary. 

However it may also be estimated on the basis of data obtained 

from submaximal tests or from regressions of data from the 

variables which influence maximum oxygen consumption. Dehn and 

Bruce (1972) (in Roozbazar et al, 1979) present a formula for 

estimating maximum oxygen consumption that is related to age and 

weight, where: 
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Voz max = 56.592 0.389 A 

Where Vo<- max = maximum oxygen consumption (cm kg -1 min -1 ) ' 
and 

A = age in years . 

This is on e of the equations under study in this r esea rch report 

and will be elaborated in the final section of the chapter where 

the section of the Roozbazer et al (1979) model is presented. 

Shephard et al (1976) present an equation for estimating maximum 

oxygen consumption which is more complex than the above, where: 

Vo~ max = 42.5 + 16.6 (Vo 4 ) - 0.12 (W) -0.12 (H) - 0.24 (A). 

Where Voz = oxygen cost in litres per minute on a step test, 

W =bodyweight in kilograms, 

H recovery hear t rate in beats per minute, and 

A age in years. 

Maximum oxyge n consumption (Voi max) increases with age. 

Beyond twenty years it declines gradually 

(Astrand and Rodahl, 1977). One of the factors in the decline 

of maximum oxygen consumption beyond twenty years of age is seen 

as the decrease in the maximal heart rate , which lessens the 

functional range of the oxygen transporting system. 

The percentage of maximum oxygen consumption that is the maximum 

work load that should not be exceeded in order to avoid injury 

or possibly even death is 50% of Vo~ max. Within the above 

maximum an Acceptance Work Load (AWL) can be expressed as that 

level of physical activity which can be sustained by an individual 

in an eight hour working day in a physiologically steady state 
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and which will not cause fatigue or discomfort (Saha et al, 

1979). An alternative term for Acceptable Work Load, possibly 

in more general use , is Relative Load (RL) which is the percenta~~ 

of maximum oxygen consumption spent while performing a task 

(Saha c t al, 1979 ). Anot h 0 r term i s Endur~nco T,imit (Mull or , 

1 9 5 3 ) . The concept of relative load has been researched and 

found to be of importance in those occupations which involve 

heavy muscular work (Caplan and Lindsay, 1946; Mackworth, 1950; 

Saha et al, 1979) , and manual labour where the environmental 

temperature is high (Saha, 1978). 

Le hmann e t al (1950) assumed that the Acceptable Work Load 

(AWL) should not exceed 20 % RL (Saha e t al, 1979). However it 

is f e lt that this has been incorrectly stated in Saha et al 's 

(1979) ar ticl e . If Acceptable Work Load (AWL) is synonymous 

with Relative Load (RL) then one cannot be expressed as a 

percentage of the othe r. Also the Acceptable Work Load which 

results from this as a percentage of maximum oxygen consumption 

is extremely low. For example, if RL = 50 % vo 2 max, then AWL 

20 % (50 % Voi max): 10 % Vo max. In plain language, if Relative 

Load is 50 % of maximum oxygen consumption, and if the Acceptable 

Work Load is equal to or less than 20 % of Relative Load, then 

the Acceptable Work Load is less than or equal to 20% of 50% of 

maximum oxygen consumption. It is felt that this was not what 

was intended by Saha et al (1979), but that the Acceptable Work 

Load (AWL) should not exceed 20% of maximum oxygen consumption 

(Voz max). Later research findings recommended that the 

Relat ive Load should be 33 % of the individual's maximum oxygen 

consumption (Lehmann, 1962; Michael et al, 1961; Bink, 1962; 

Saha, 1969; Bonjer, 1968). A limit of 50% of maximum oxygen 
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consumption as Relative Load or Acceptable Work Load was 

postulated (Astrand and Rhming, 1954-55; P.O. Astrand, 1956, 

1960; I. Astrand, 1960; Morris and Chevalier, 1961; Whyndham 

et al , 1963; Christenson, 1963 ) but this 50% limit was considered 

to b<' t o o hiqh for ,1 s tt' :ady state if t- h c work l:ast s for Lh< ' 

whole day (Astrand and Rodahl, 1977). Workers have been found 

to exert about 40% of maximum oxygen consumption if left to 

themselve s and this has been considered to be a reasonable limit 

of Relative Load (Astrand, 1967). So an Acceptable Workload, or 

Relative Load, would be between 33% and 40% of maximum oxygen 

consumption (Saha, et al, 1979). 

Fordham e t al (1978) attempte d to find the cost of work in 

me dica l nursing and used the calculation 

vo 2 at work 

X 1 00 
vo 2 max predicted 

to e s timate the average relative oxygen consumption. Oxygen 

consumption a t work was neasured using the Miser Respirome ter and 

the oxygen content of the9xpired air samples was analysed 

using a modified paramagnetic analyser. "Predicted maximum 

oxygen consumption was calculated by extrapolation of the 

regression line of oxygen consumption on heart rate to the 

predicted maximum heart rate" (p. 334). They found that the 

average relative work load (of nursing) was well within the 30% 

recommended limit (Bonjer, 1968). 

Goldsmith et al (1978) attempted to find the cost of work on a 

v e hicle assembly line and used the same calculations to be 



- 1 8 -

found in Fordham et al (1978), above , to estimate the average 

r e lative oxygen uptake . Measurement of oxygen consumption at 

work and precicted maximum oxygen consumption was also ide ntical 

to that in the Fordham et al (1 978 ) study. Goldsmith et al 

( 1 <)78) c l ;1ss i r i l'Cl work on i1 V< ' h i c l <' ;1~;~;1,mhl y l i n C' ,1 ~, light 

industrial work in that the average r e lative work load of their 

subjects ranged from 18 % - 33 %, the mean being 24% (!4.3 %) . 

Only two of their subjects exceeded 30 % relative work load. 

Oxygen consumption hs been measured using analysis of expired 

air collected in a Gasomete r or Douglas Bag while subjects have 

been walking and running on a road surface (~oule et al, 1978; 

Bergh et al, 197 6), a treadmill (Saha et al, 1979; Davies and 

Thompson, 1979; Be rgh et al , 1976), and riding a bicycle 

ergometer (Saha, 1978; Be rgh et al , 1976). However, it has been 

shown (Bergh et al, 1976 that estimates of maximum oxygen 

consumption will differ depending on which activity is performed 

while meas ureme nt of oxygen consumption takes place . These 

differences are : 

(a) Oxyge n consumption in maximal armwork is lower than in 

maximal leg work. 

(b) For most subjects, oxygen consumption during maximal 

uphill running is higher than in maximal cycling. 
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(c) But when comparing combined arm and leg exercise to leg 

bicycling, a 5-10% higher maximum oxygen consumption 

was found during combined arm and leg exercises. Bergh 

et al (1976) report that others have found maximum 

oxyge n consumption to be the same in these two type s of 

exercises and that the discrepancy in these results is 

able to be explained by the amount of armwork relative 

to the total work which varied from 20% - 35%. 

Once the subj e ct's oxygen consumption has been measured it can 

be compared to the subject's maximum oxygen consumption to 

asce rtain the "cost" of the activity and this comparison will 

also indicate whether or not the subject is working within the 

limits of Relative Load. 

2.5 Heart Rate (HR) 

The rate of oxygen consumption (Vo~) to measure energy expenditure 

is wide ly us e d but is conside r e d by some researchers (Leblanc, 

1957; Durnin and Edwards, 1955; Muller, 1953) to be too 

intricate and time consuming and to have little advantage over 

mere measurement of ventilation as a predictor of energy 

expenditure. Other researchers (Brouha, Smith De Lanne and 

Maxfield, 1961; Brouha and Maxfield, 1962; Brouha, Maxfield, 

Smith and Stopps, 1963) report that oxygen consumption is not a 

reliable indicator of strain induced by a warm working environment. 
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All these researchers have shown that the use of exercise and 

r ecovery pulse rat e r e fl e ct e ne rgy e xpe nditur e or strain more 

satisfactorily than oxygen consumption. 

Heart rate is e xpressed in beats per minute . Th e Ma ximum Hea rt 

Rate (HR max) achieved in maximal work or e xercise for an 

individual has a linea r relation to the age of that individual 

and may be expressed in the following equation from Bar-Or and 

Buskirk (1974) which forms part of the s e ction of the Roozbazar 

et al (1979) model which is the central concern of the present 

research: 

H.R. Max = 209 .2 0 .74 A 

Wher e HR max = maximum h eart rate in beats per minute 

(HR max b min -1) 

And A = Age in years 

As with maximum oxygen consumption , ma ximum he art rate also 

decreses with age. However maximum heart rate has a higher 

ne gative corre lation with ag e than does ma ximum oxyge n consumption 

(Roozbazar et al , 1979). 

Astrand and Rodahl (1977) present a simple formula for the 

target heart rate for the termination of submaximal exercise 

testings, as the target rate will be close to the subjects' 

maximum . heart rates. It is: 

Target H.R. = 220 A 

Where A = age in years. 



- 21 -

" The basis for this target heart rate is the fact that the 

maximal hea rt rate declines with age and that mean va lues ar e in 

the orde r of 220 minus the subj e ct's age in years . Considering 

the wid e scatter in maximal heart rate s reported in the literature 

it is quit e mc .::ininylcss to be too sophisticut1.;d in t he c hoicl' or 

the targe t heart rate . the Scandinavi a n norms are quite simpl e 

to r e me mber , and they have passed the test of time . At prese nt 

the r e is hardly any b e tte r alternative ava il able for the choice 

of a submaximal end poin t. (An analysis of the blooi lactate 

conc entration after the end of the exercise wil l give a hint of 

wh e the r the subj e ct was working close to his or her maximum or 

not , that is wh e the r or not the anae robic e ne rg y yield was 

significant) . (Astrand and Rodahl, 1977, 354) . 

Goldsmit h e t al (1 978) es timated maximum hea rt rate based on 

e l e ctrocardiograph readings during the last two minute s of work, 

as we ll as measuring oxygen consumption and minute ventilation 

with a Douglas Bag . (Minute ventilation is the mass move me nt of 

gas in and out of the lungs . More pr e cisely , it is the volume 

of a ir e xhaled per minute , because the amount of air inhaled is 

usuall y greated than the amount e xhaled . Howeve r the va lue of 

minute ventilation is depe ndent upon a knowledge of oxyg e n 

consumption) . 

" Reg r e ssion lines of oxygen consumption and heart rate were 

calculated for each individual and extrapolated to the predicted 

maximum heart rate " (Goldsmith et al , 1978, 317 ). The researchers 

found that , "the levels of heart rates during work . 
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indicated that work was of a moderate intensity, but the 

r e sult s sugges t tha t [or about 15 % of the work e rs the work load 

could be classified as heavy. ttTh e increment in heart rates 

above resting levels are higher than those described by Brouha 

( 1960) for optima l work" (Gold s mi.th l t a l, 1978, 322 ). llowcv c r 

Gold s mith c t a l (1978) used s l eeping heart rate s as a base 

instead of r e sting he art rates at work so the increment is bound 

to be higher than it should be. 

Fordham e t al (1978) calculated maximum heart rate in an 

identical manne r to Goldsmith et al (1978). They found that 

nursing was in th e cate ogry of ligh industrial work. They found 

that the mean he art rate s for all their subjects were lower than 

the r e comme nd e d maximum l e vels for eight hours of work. 

Furthe r , the y found that the l e vels fo rhe art rate of the nurses 

were comparable with those of housewives with youny children and 

of unive rsit y stude nt s . 

Le blanc (1957) found that when subjects walke d a distance of one 

mile at speeds of between 3.1 and 4.5 miles per hour, a plateau 

of heart rate was soon reached as the demand for increased blood 

flow was satisfied by the heart. When the exercise ceased there 

waa rapid return to the pre-exercise pulse rate. When the 

subjects ran one mile at speed6 of between 5.1 and 9.5 miles per 

hour their pulse rates continued to increase and there was a 

delayed return to the pre-exercise pulse rate level. 

Leblanc's (1957) subjects then ran at 5.5 miles per hour over 

distances varying from one quarter of a mile to two and one half 

miles. 
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It was found that the greater the distance run, the greater the 

incre ase in ~ul sc rat e a nd the long e r the time for its return to 

pre-exercise levels. Le blanc (1957) concluded that the work and 

recove ry puls e rates r ef lect the intensity and the duration of 

the exercise . 

Maxfield a nd Brouha (1 963 ) refer to th e Cardiac Cost of exercise 

or work and describe it as the measureme nt of the area under the 

curve obtained by plotting hear t rate per minute for each minute 

during work and recovery. 

So: ( a) Total Cardiac Cost above Zero= Cardiac Work Cost+ 

Cardiac Recovery Cost . 

Wh e r e Cardiac Work Cost= hear t rat e during work, and 

Cardiac Recovery Cost = hear t rate during recovery . 

(b) Total Cardiac Cost above resting l eve l 

= Total Cardiac Cost above Zero - Cardiac Rest Cost 

Wher e Cardiac Rest Cost= Average resting heart rate x minutes 

of work a nd r e covery . 

Total Cardiac Cost is seen to have advantages over steady state 

or maximal heart rates in that it takes into account the 

duration of the working time and any cardiac ''debt" which may 

have been incurred whil e working and which is repaid during 

recovery. In explaining their preference for total cost above 

zero rather than total cost above resting, the authors conclude 

that the total cost above zero measures all the strain experienced 

by the subject and eliminates the difficulties present in 

determining the "true '' resting heart rate. 
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2.6 Oxygen Consumption (Vo2) and heart Rate Heart Rate (HR ) 

While researche rs cite d in the previous sections , above , have 

us e d one method to measure the effects of work , the r e ar e some 

fo r whom t he us e of il s ingl e instrumcnl to mcc1s urc th e load s o n 

individuals is inappropriate , for example Davis e t al ( 1969 ) and 

Goldsmith e t al (1978) . Both research s tudies c ite d above 

measured heart rate using continuous E . C . G., Goldsmith e t al 

(1978) measured oxygen consumption and minute ventilation using 

a Douglas Bag whil e Davis e t al ( 1969) me asure d minute ventilation 

only from which they calculate d measures of oxyge n consumption . 

Goldsmith e t al (1 978 ) arrived at Average Re lative Work Loads, 

discussed p r eviousl y , a nd found that the ir subj e cts ' ARWL ' s 

rang e d from 18 % to 33% . These a uthors had us ed regression s of 

oxygen consumption on heart rate for each subject , e xtrapolated 

these to the predicted ma.xin1um heart rate to obtain maximum 

ox ygen consumption. 

Davis et al (1969) considered that it was wise to me asure both 

h eart rate and oxygen consumption , since oxyge n consumption 

alone could not show changes in temperatur e and humidity in the 

work e nvironment and they considered that any decrea sed operator 

capacity would be lost if heart rate were omitted . 
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2 .7 The Model Under Study 

In 1979 Roozbazar, Bosker and Richerson (1979) develope d a 

theoretical model to es timate some e rgonomic parameters from 

age , he ight ,rnd we ight. Whi l l' Uwi r modL~l prc d i ct c,a .1nthoropo

metric , bio chemcial and work physiology parameters this 

research is concerned only with the section of the model 

predicting work physiology parameters of oxygen consumption and 

heart rate from age and weight. 

Th e following de scription of the section of the model und e r 

investigation is tak e n from Roozbazr et al (1979), pp 50- 51. 

"Maximum oxyg e n consumption is the most accepted index of 

physical fitness . It is a characteristic that is mostly 

independe nt of emotional and env ironmental variables . It is 

aff e ct e d by age , the d e gree of training , s e x , altitude , and a 

few other variables . Th e following equation developed by Dehn 

and Bruce (1972) r e lates the age with the maximum oxyge n 

consumption. 

observations. 

It is obtained from 17 studies covering about 700 

Vo< max = 56.592 - 0.398A (I) 

Where Vo 2 max = maximum oxygen consumption 

cm' kg -1 min 1 . 

A = age , y . 
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Maximal heart rate achieved in maximal work or exercise for a 

given individual is linearly related to age . The following 

equation is obtained from the literature for 1931 men and women 

(Bar-or and Buskirk, 1974): 

Ill< max = 2 0 l) • 2 0.74 f\ (II) 

Wh ere HR max= maximum heart rate, beats min -1. 

A = Age , y." (Roozbazaretal, 1979) 

Objective 

The objective of this r e port is to check the validity of this 

approach in the laboratory against a standard of direct measurement. 

The values of vo 2 max and HR max in equations (I) and (II) can 

be compared with values obtained in the laboratory using 

submaximal test, in ord e r to test the validity of equations (I) 

and (II). 

Similarly equation: 

HR 56 .02 + 66.84 (III) 
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from Roozbazar et al ' s (1979) model can be t ested using HR 

values predicted by Roozbazar e t al (1979) as 

compared with those obtained by direct measurement. 

Fin c1l l y , a furtlwr c lwc k on th e l<ooz h ,1z,1 r c t. ,1l ( 1 <)79 ) v.:1lu cs of 

Vo~ max can be mad e , using e quation (I II ), by s ubstituting in 

III the sugges t ed value of 0.35 Voz max as obtained from the 

Roozbazar et al (1 979) equation (I) and the experiment . 
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CHAP'l'ER 3 

Description of the Experiment 

Because the intention of this r e search was to validate the 

equations proposed in the Roozbazar et al (1979) research, it was 

necessar y that data be collec t e d from subjects participating in 

t e sts of submaximal aerobic power . Generally three me thods of 

rronuci ng st,1nnc1rd ,.-,ork 1 onds have bee n 0pp 1 ied in 1 aboratory 

s e tting s : running on a treadmill , working on a bicycle e rgomete r and 

using a step t es t. The major criter ia of choice of these three 

methods are : the work should involve large muscle groups; and the 

measureme nt of the oxygen consumption should be started when the 

work has lasted a few minut e s, to allow the oxygen consumption to 

reach its maximum . Preferably several submaximal work tests should 

be performed in experiments extended over several days. Ideally, a 

definite plateau should be reached when relating oxygen consumption 

to work load (Astrand and Rodahl , 1977, 334 ). 

3 • 1 Choice of Te st Equipme nt 

There is, however , some disagreement about whether the three types 

of work - treadmill running, ergometer cycling or step test -

give the same maximal oxygen consumption . some studies (see Table 

3 :1) state that maximum oxyge n consumption values for treadmill 

running (uphill and horizontal) are on ave rage 5 to 8 p e rcent 

higher than for cycling , and about 3 percent higher than the step 

test. An explanation for this disparity is not readily available 

at present : there should be nodiff ~rence between maximal oxygen 

consumption when running uphill or riding a bicycle ergometer , nor 

should there be a difference between maximum oxygen consumption on 

uphill running and the step test. 

In this research the chosen instrument upon which to measure the 

cost of work was a Repco Cycle Ergometer. An ergometer was 

preferred for the submaximal tests to be carried out for a variety 

of reasons . It was less expensive than a treadmill (but much more 

so than a step), portable and needed no electricity . 
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'I'l\l3LE 3 : 1 

Mean values for maximal oxygen uptake attained in various types of 
exercise, compiled from the literature. Maximal oxygen uptake 
recorded during uphill running is termed 100 percent. 

Type of exercise 

Running , uphill (e;; 3' incline) 

Running, horizontal 

Bicycling, upright 
(60 rpm) 

Bicycling, sup ine 
Bicycling , upright , 

one leg 
Arm cranking 
Arm and leg (with 
10-20% of the total 
load on the arms) 
Step test 

1%,, max, in 
percent 

100 

95-100 

92- 96 

82-85 
65-70 

65-75 
100 

97 

Some pertinent references 

Chap. 9 ; Hermansen , Ekblom, and 
Salfin, 1970 ; Hermansen and 
Saltin. 1969; Kamon and Pandolf, 
1972 
Hermansen and Saltin , 1969 ; 
Kasch et al. , 1976 
Chap. 9; Glassford et al. , 1965; 
Hermansen, Ekblom , and 
Saltin , 1970; Hermansen and 
Saltin , 1969 ; Kaman and Pandolf , 
1972; McKay and Ban ister, 1976 
Chap. 9 
Davies and Sargent , 1974 

Chap . 9 
ChjlP - 9 

Kasch et al. , 1966 ; Shepard et al. , 1968 

source : Astrand and Rodahl . 1977 . Page 335 . 
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Most important, the ch~st remains quite immobil e which .a llows 

electrodes for heart rate monitors to register good soundings. 

Also , according to Astrand and Rodahl (1977), the energy output or 

oxygen consumption can be predicted with greater accuracy than for 

any other type of exe rcis e . Within limits , the mechanical efficiency 

is independant of body we ight , which may b e an advantaqc in studies 

which require repeated e xaminations over th e yea rs, but the work 

load can be s e l e cted simply according to the subjects gross body 

weight (for example , 1 or 2 watts per kilogram) ( p . 337 ) 

3 . 2 Experimental Trials 

Th e duration of a trial on the ergometer was six minute s . The load 

for each trial was set at two watts per kilogram of subjects ' body 

weight , the subj e cts be ing we ighe d before e ach trial. The intention 

was that eac h s ubj ect ' s hear t rate should be at least 140 b e ats per 

minute for subjects under f ifty years of ag e . 

The trials we r e carri e d out for each subject at the same time of 

day to avoid variations in diurnal rhythms . For example , Subject 

always performed at approximately 3 . 30 pm , Subject 3 at 3 . 00 pm and 

Subj e ct 7 at 2.30 pm . Also subj e cts participated in trials not 

less than : one hour following a light meal; three hours following a 

heavy mea l , and one hour following cigarette smoking . 

3 . 3 The Subj e cts 

The subjects for the experiment were seven adult caucasian males, 

ranging in age from thrity two years to forty nine years. Their 

particulars are shown in table 3 :i. 
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Table 3 : 2 Experimental Subjects Age and Weight 

Subject Ag e We ight 

49 95 kg 

2 35 76 kg 

3 45 85 kg 

4 1 4 82 kg 

5 40 5 7 kg 

6 32 85 kg 

7 34 85 kg 

It had originall y be e n inte nd e d to us e t e n subjects to complete 

four trials each on the er gomete r , giving a total of for ty 3ets of 

Heart Rate and Oxygen consumption figures . However time constraints 

at the e nd of the academic yea r meant that only seven subjects were 

able to participate. Subj ects 2 and 3 each complete d five trials 

whil e Subjects 1 , 4, 5 , 6 and 7 each compl e t e d six tri a ls , giving a 

total of forty trials. 

3 .4 Me thod 

3 . 4 . 1 Each subject ' s particulars were note d , i . e . age and we ight . 

3 . 4.2 Maximum Oxyge n Consumption and Maximum h ear t rate we r e 

ca lcul ated from the equations presented in the Roozbazar e t 

a l (197 9 ) mod e l. 

Vo~ max= 56 . 592 - 0.398 A (Dehn & Bruce). 

HR max = 209 . 2 - 0.74 A (Bar-Or & Buskirk) . 

Maximum Heart Rate was also calculated using Astrand & 

Rodahl ' s (1977) equation based on Scandinavian data . 

HR max= 220 - A (Astrand and Rodahl) . 

This information is presented in Table 3 :i. The formulae 

used to arrive at the predicted litres of oxygen consumed 

and h e art rate per minute are shown , using Subject 1 as an 

example . 
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Tabl e 3 :~ Vo~ max and HR max values calculate d from equations by 

De hn a nd Bruce , Bar-Or a nd Buskirk , a nd Astra nd and Rod a hl 

i Ay Wkg D & B ( 1 min 1 ) B-O & B (b min - 1 ) A & R (b min 

4 9 Cj 5 3 . 52 1 7 J 1 7 1 

2 35 76 3 . 24 1 83 185 

3 45 85 3 . 29 176 175 

4 3 4 82 3 . 53 184 186 

5 40 57 2.32 180 180 

6 32 85 3 .73 1 85 188 

7 3 4 85 3 .66 184 186 

Key : i = Subject 
Ay = Ag e in Yea rs 

Wkg = Weig ht in Kilogr ams 
D&B = De hn a nd Bruce 

l min -1 = Litres of oxygen consumed per minute . 
B-O+B = Bar-Or and Buski rk 

b min -1 = He art bea t s per minute 
!\ & l{ = /\ strand a nd Hodc1hl 

Subj e ct 1, as ca n be s ee n from Table 3 : 2, was 49 years of age and 

we ighe d 95 kilog rams . So for Equati on I (De hn a nd Bruce ) the 

Subj e ct's predicted maximum oxygen consumption was as follows: 

Voi max = 
= 
= 

= 
= 

Wher e : A 
3 k -'1 . -1 cm g min 

3 . -cm min 1 
l min -1 

56 .5 92 - 0.398A 
56 .592 - 0.398 (49) 
56 .5 92 -319.502 
37.09 cm

3 
kg -:l min -1 

37.09 cm 
3
min -1 x 95 kg 

3523. 55cm min -1 
3. 5 2 l min - 1 

= 

= 

age in years 

cubic c e ntimetres of oxyge n per kilogram of 
bodywe ight per minute. 
cubic centimetres of oxyge n per minute. 
litre s of oxyge n per minute. 

-1 ) 
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For Equation II (Bar-Or and Buskirk) 

HR = 209 .2 0.74A 
max = 209.2 - 0.74 (49) 

= 209.2 - 36 .26 
= 172.94 
= 173 beats min -1 

Wh e r e : A = 
11 <~ <1 ts Mi n - 1 = 

For Astrand and 
HR = max 

Where A 
Beats Min 

= 
= 

= 
= 

/\g c in y~ars 
II c <1 r r. h c' a t s r JC, r rn i nu t c . 

Rodahl~ equation , 
220 - A 
220 - 49 
171 b eats min 

Ag e in years 
Heart beats per minute. 

( I I ) 

(Astrand and Rodahl) 

The use of the Astrand a nd Rodahl ( 1977) e quation was made as a 

comparison measure . As can be s een from Tabl e 3 : 2 and the above 

formulae for Subj e ct 1, this simple e quation yields a predicted 

maximum hea rt rate that is of roughly comparable value to the 

Bar-Or and Buskirk equation for predicting maximum heart rate. 

3 . 4 . 3 . 

Each subject the n completed his series of trials. Following each 

trial (the subj e cts' maximum oxygen consumption was predicted 

from Astrand's (1960) standarised data for use with the ergometer . 

Again the use of predicted Vo~ max from Astrand (1960) was made 

as a comparison measure . Using Astrand ' s (1960) data maximum 

oxygen consumption was predicted from actual heart rate in each 

trial. For Subject 1, trial 1, actual heart rate was 124 beats 

per minut e at 150 watts load. The 150 watts load was selected 

for this subject initially because of his age (49) and possible 

level of unfitness: although the subject had been a keen rugby 

player as a young man he had not actively participated in serious 

sport for about twent~years. The experimenter felt that the load 

for the first trial should not be excessive in case injury or 

heart problems resulted from it. For subject 1, age 49, weight 

95kg, heart rate 124 beats per minute predicted Vo~ max was as 

follows: 
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Voi max at 124 b min = 36ml kg min 

= 36ml min X 95 

= 3420 ml min -1 3.420 lmin -1 

Where b min -1 = heart beats per minute 

ml kg min = millitres of oxygen per kilogram per 

1 min = litres of oxygen per minute. 

Howe ver on trials two to s ix the load was set at 200 watts and 

pre dicte d Vo z max with a h e art rate of 140 b e ats per minute for 

trial two became: 

Vo~ max at 140 b min 

Where b min 

ml kg -1 min 

1 min 

= 

= 

38 ml kg min -1 

38 ml min 1 X 95 
-3610 ml min 1 

-3 . 6 1 1 min 1 

hea rt beats per minut e 

mil litre s of oxyge n per kilogram of 
body we ight per minute . 

litres of oxy g e n per minute . 

minute. 

Pre dicte d VoL Max using the Astrand (1960) formula are presented 

for all subjects in all trials in Table 3 :¼, where a comparison may 

b e made with predicted vo 2 max from the Dehn and Bruce e quation, 

Vo<..-'max = 56.592 - 0.3 9 8A. It may be s ee n from Tabl e 3:,r that 

diff e r e nce s exis t be twee n the values calculated from a g e and 

weig ht (Dehn and Bruce) and value s calculated f rom actual heart 

rat e , age , we ight and work load. Why such differences e xist will 

not be explored here but such a discrepancy could well form the 

basis for further res e arch. It is interesting to note however 

that when the HR max values from Dehn and Bruce, and Astrand and 

Rodahl, in Table 3:3 are compared the difference between values is 

not as obvious as that in Table 3 :,;. . 
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Table 3 :4 Predicted Vo~ max from the Dehn and Bruce equation 

and Astrand's standardised data . 

l Voz max D & B Voz max , Astrand 

2 3 

3 . 52 3 . 4 3 . 6 3. 6 

2 3. 2 4 2.8 2 . 9 2 . 9 

3 3 . 2 9 3 . 3 3 . 9 3 . 9 

4 3 . 53 5 3 .6 3 . 4 

5 2 . 3 2 3 . 4 3 • 1 3. 3 

6 3 . 73 3 . 1 3 . 8 3.6 

7 3 . 66 4. 5 3. 9 4. 9 

All figures are in litres of oxygen per minute . 

i = subject 

D & B = Dehn and Bruce 

3 . 4 . 4 

'l'rii:ll s 

4 5 

3.6 3 .6 

2 . 8 2 . 9 

3 . 6 3 .8 

4 . 3 3 . 9 

3 . 3 2 .8 

3 . 7 3 . 4 

3.9 4. 1 

6 

3 . 6 

3 . 7 

3 . 1 

3 . 3 

3 . 9 

During each six minut e trial the following procedure was followed : 

(a) For the first minute the subject pedal e d at a load 50 

watts l e ss than that set for each subject . By the e nd of 

the first minute each subject attained the set load and 

continued at this rate for the next five minutes . The 

rationale for this procedure was to avoid possible strain 

if each subject began too quickly. 

(b) At the end of three minutes the noseclip was attached to 

the subject while he maintained the set cycling rate. At 

three and one half minutes the subj ect took the rubber 

mouthpiece of the oxygen gathering apparatus into his 

mcuth and breathed through this . The valve on the 

apparatus was open so that exhaled air was not collected 

at this point. 
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The mouthpiec e was not k ept in the subjects' mouths for 

the whol e of the six minute trial because it had been 

noted in pre-trial tests that its presence for the whol e 

six minutes created discomfor t and an excess of saliva 

which was not easily swallowed. 

( c ) /\£ tcr four min utcs t h e vu 1 v o. on th o. oxyg c n g<1 t lH' ring 

apparatus was closed. Oxygen was then inhaled through the 

left hand inlet and expire d air was exhaled through the 

right hand outlet to the Douglas Bay. This procedure 

continued for the next two minutes . The ergometer and 

oxygen gathering apparatus may be seen in the series of 

photographs over the page . 

(d) At four minutes, 30 seconds the subject's heart rate wa s 

recorded from a Ralta portable he art rate monitor. This 

monitor produced a constant reading of heart rate per 

minute so r c udings we r e r e pe at e d at four minute s , 40 

seconds ; 4.50; 5 minutes; 5 minutes 30 seconds ; 5 .40; 5 . 50 

and 6 minutes. The total valve of the readings was then 

divided by the number of read ing s and the quotient was the 

average heart rate in the fifth and sixth minutes of the 

trial. 

(e) At six minutes the trial was halted. 

(f) The volume of e xpir e d air coll e cte d in a Douglas Baj 

during the last t wo minutes of the tria l was then measured 

This was done by passing the contents of the bag through 

the gas meter. The gas meter r e corde d the quantity of 

expired air in the bag in cubic inches which was then 

converted into litres. This was done by dividing the 

quantity, given in cubic inches, by 122.0478. The 

quotient represents the oxyge n consumed in litres per 

minute. 

3.5 Constraints on The Experiment 

The forty trials in the experiment were not completed in a 

laboratory , but in the experimenter's office. Desks were cleared 

out of the way and the ergometer was placed in the centre of the 

space between filing cabinets and the outside wal l. 



- 37 -

Photogra ph 1: Th e Re pco Cycl e Ergome t e r . 

Photog ra ph 2 : Ergome t e r and apparatus for coll e ction of 
e xpire d air . 
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Photograph 3 : Apparatus for coll e ction of e xpired air and 
substitute Douglas Bag . 

Photograph 4 : Subject about to insert mouthpiece for collection 
of expired air . 
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The ergometer was sited facing the wall adjo ining this office and 

the ne xt . 

The mouthpiece and valves for oxyge n gathe ring we r e attached to 

the bookcas e on the wall. A swivel clamp allowed the apparatus to 

be adjust e d to each subject ' s he ight wh e n s ea t e d on the c rgome t c r . 

Th e Douglas Bay which was e spe ciall y mad e for this e xpe riment 

split in a pr e -tri a l test. Th e Bag was made of thick plastic and 

the seams were heat-sealed . However one of the seams parted in a 

pre-t rial test and was repaired . Another seam parted during the 

first experimental trial which resulted in the aborting of that 

trial and th e discarding of the Douglas Bag. A heavy duty garden 

rubbish bag ( plastic) was substituted for th e custom-made bag and 

this became the "Douglas Bag ". Th e rubbish bag (cost about 

$0.50) was more reliabl e than the Douglas Bag (cost about 

$60 . 00) , but the us e of the rubbish bag may cast doubt upon 

actual Vo l, va lues . 

'rhe ga s me t e r us e d in the e xpe rime nt r e quir e d that the inl e t hos e 

to the " Douglas Bag " be disconnected from the mouthpiece and 

valve apparatus and then inser ted manually into the inlet of the 

gas me t e r . Th e bag was the n roll e d up which forc e d the expired 

air in the bag through the me ter. Although the greates t care was 

take n it c a nnot be guaranteed that non e of the e xpire d air 

escaped during the tra ns fe r. 

So it may be seen that experimental conditions were not ideal and 

with the above constraints in mind the results of the e xperiment 

will be presented . 
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Cll/\PTER 4 

RESULTS 

Actual values for Oxygen Consumption and Heart Rate are presented 

in Table 4 : 1. 

Table 4:1 . Oxygen Consumption and Heart Rate va l ues for seven 

sub j octs ovc'r tlw o xporimC'nt<1l tri<1 l s . 

Subjects 

2 3 4 5 6 7 

A 49 A 35 

w 95 kg w 76kg 

Trials Vo2 HR Vo2 1-IR 

1 . 8 1 124 2 . 36 14 8 

2 2.52 14 0 1 . 9 4 146 

3 2 . 76 140 1 . 9 7 146 

4 2 .62 1 4 1 2. 49 176 

5 2 . 72 14 3 2 . 03 147 

6 2 . 57 1 4 1 

Vo 2 in litros pe r minute . 

HR in beats per minute . 

A 45 

w 85kg 

Vo2 
HR 

1 . 5 137 

1 . 5 1 137 

1 . 7 1 138 

1 . 7 6 144 

1 . 6 3 139 

A 34 A 40 A 32 A 34 

w 82kg w 57kg w 85kg w 85kg 

Vo 
2 HR Vo2 

HR Vo2 HR Vo2 HR 

2 . 56 14 3 1 . 3 1 1 3 1 1 . 9 1 144 2 . 66 156 

2 . 56 154 1 . 9 6 138 1 . 9 1 12 9 2 . 46 148 

2 . 59 157 2. 0 1 1 3 3 1 . 7 1 139 2 . 39 130 

2.26 139 2 . 06 133 1 . 7 2 1 3 1 2 .4 9 148 

2 .4 9 148 2 . 0 1 14 5 1 . 8 9 138 1 . 5 144 

2 . 56 1 5 1 2 .0 2 139 2. 1 5 1 4 1 2 .4 6 14 8 

Subjects 2 a nd 3 completed only fi ve trial s each, the remainder complete d 

six trials eac h giving a total number of forty trials. 

rhe above va l ues f or Oxygen Consumption and Heart Rate for the subjects 

in the e xpe rimental trials are shown in Figure 4:1 . As is evident from 

the figu re , t he scatter of the data is not great . At an oxyge n consumption 

)f 1 .8 litres per minute the r e are pulse rates of 124 and 144. 
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A pulse rilte o[ 139 beilts per minute represents a n oxygen consumption 

of 1.6 litres per minute for one subject and 2.3 litres per minute 

for another. 

These actual data we re us ed to t e st the predictive value of the 

three e quations und e r inve stigation in this research r eport, i. e . 

Vo 2max = 56 . 592 - 0.398A ( I ) 

HR = 209.2 0.74A (II) 
max 

HR = 56 .02 + 66.84 Vo 2 8.4 Vo 2 
2 (III) -

4. 1 Oxyg e n Con sumption (Vo2) 

In orde r to t es t the value of Dehn and Bruce's equation 

Vo 2max = 56 . 592 - 0 . 398 A 

as a predictor of maximum oxygen consumption , the vo 2 max for each 

subject based on the above e quation was compared with Vo 2 max 

values obtaine d from Astrand's (1969) standard data for work tests 

with a c ycl e e rgome t e r. In effect , what was bei ng compare d was one 

predictive measur e based on age , with one bas e d on actual heart 

rate recorded during th e last two minute s of e ach six minute trial . 

The data for the comparison in Tabl e 4:2 are th e same as those 

presented in Table 3:3. At-distribution was us e d to enable the 

predictive value of Equation I to be ascertained. 
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'l' a bl c 4 : 2 . Values for compar i s on of Predict e d Vo2 max fro m 

Equation I and Astrand ' s standarised d ata 

Vo2max Vo2max ( Astrand) ~ x 
-

l n X s 

(I) 'l'ri a ] s 

2 3 4 5 6 

3.52 3 . 42 3 . 6 1 3 . 6 1 3 . 6 1 3. 61 3 . 61 21. 4 7 6 3 .58 0.08 

2 3 . 24 2. 81 2 . 89 2 . 89 2 . 81 2 .8 9 1 4. 29 5 2.86 0.04 

3 3 . 29 3 . 32 3. 95 3 . 9 1 3 . 5 7 3.83 18. 58 5 3.72 0.27 

4 3.53 5 . 08 3 . 61 3 .44 4 . 35 3 .8 5 3 .6 9 24.02 6 4 0. 61 

5 2. 3 2 3 . 42 3 . 07 3 . 3 1 3 . 3 1 2 .78 3 . 07 18. 96 6 3. 1 6 0.23 

6 3 . 7 3 3 . 1 0 3 . 83 3 . 5 7 3 . 74 3 . 40 3. 3 2 20. 96 6 3 .4 9 0.27 

7 3 . 66 4 . 5 1 3 . 9 1 4. 9 1 3 . 9 1 4.08 3 . 9 1 25 . 23 6 4 . 2 1 0 . 42 

Key : 1 = Su bject 
Vo2max(I) = Pre dicte d Vo2max from Equation I 
Vo2max(Astrand) = Predicted Vo2msx from standard data . 
,ix = Total predicted Vo 2max for sujbects . 
n = Number of t rials per subject . 
x = Mea n value of predicted Vo2 max per subject . 
s = Standard deviat ion. 

From the data in the abov e tablet score s we r e obtaine d for each 

subject in order to t est the hypot hesis that Equation I 

is a reliabl e predictor of maximum oxygen consumption. 

Subj e ct 1 

H: vo 2max (I) = Vo
2

max (Astrand) 

CX= 0 . 05 , df = n-1 = 5 .R;t ? 2.57 

Let v o 2max ( I ) = M, v o 2max ( Astrand) =~ 



t 

0 s 00 

So SE 

t = 

M;4 

SE 

= 0.08 , 

= 0 . 08 

yr-

n 

3 . 52 - 3.58 

0 . 033 
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where SE s 

= 6 ' 

= 0 . 033 

= - 1 . 82 

So if R = 2 . 57 and t = -1 . 82 the n the hypothesis may be 

accepted and Equation I is a reliabl e predictor of maximum 

oxyge n consumption for Subj ec t 1 . 

Subj e ct 2 

H: M = }{, 

o( = 0 . 0 5 , df = 4 ' R: t 

t = M -,A,- whe r e SE = s 

SE 

0 
0 0 s = 0 . 04 , 

So SE = 0 . 04 

5 

t = 3.29 - 2 . 86 

0 . 02 

1\/n 

n = 5 

= 0.02 

= 0. 43 

0 . 0 2 

~ 2.78 

= 2 1 • 5 

R = 2 . 78, t = 17, r e j e ct the hypothesis for Subj e ct 2 . 
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Sub j e ct 3 

H: M =~ 

c:A = 0 . 05 , df = 4 , R: t 1" 2.78 

SE = 0.27 = 0 . 1 1 2 

vs 
t = 3.29 - 3 . 72 = -0.43 = -3 . 8 

0 . 1 1 2 0 . 1 1 2 

At CX. = 0.0 5 , the region of rejection is 2 . 78 so with t = - 3.8 
the hypothesis is r ejected . However at ~ = 0.01 the region of 
r e jection is 4 . 6 and so the hypothesis may be accepted at the 
0. 0 1 l evel . 

Subject 4 

H: M =fa 
oJ.. = 0 . 05 , df = 5 , 

SE = 0 . 61 = 0 . 25 

~ 

t = 3.53 - 4 = 

0 . 25 

The hypothesis is accepted 

of Voi max for Subject 4 . 

Subject 5 

H: M = ~ 

oJ.. = 0.05, df = 5 , 

SE = 0 . 23 = 0 . 094 

~ 

t = 2 . 32 - 3 . 1 6 

0.094 

'l'hc hypothes is is r e j ected 

R: t ~ 2 . 57 

-0.47 = - 1.88 

0 . 25 

Equation I is a r e liable predictor 

R t ~ 2 . 57 

= -0 . 84 = -8 . 9 

0 . 094 

Eor Subject 5 . 



Sub j ect 6 

H: M = fa 
cl- = 0 . 05 , df = 

SE = 0 . 27 = 

~ 
L7\ - J .4 9 

0 . 1 1 

- 46 -

5 , R : t 

0. 1 1 

= 0.24 

0 • 1 1 

7 2 . 57 

- 2 . 2 

The hypothesis is accepted for subject 6. 

Sub j ect 7 

II : M =~ 

d. = 0 . 05 , df = 5 , R t 7 2 . 57 

SE = 0.42 = 0 . 17 

~ 

t = 3 . 66 - 4 . 21 = -0 . 55 

0 . 1 7 0 . 1 ·1 

= - 3 . 24 

At d. = 0.05 the r eg ion of rej e ction is 2 . 57 so with t = -3 . 24 

the hypothesis is r ejec t e d . However at e,( = 0.01 the region 

of rejection is 4 . 03 so the hypothesis may be accepte d at the 0 . 01 

level . 

A summary of the above information from the seven subjects, in 

Table 4 : 3 , indicates that Equation I was a reliable indicator 

of vo 2 max for Subjects 1, 4 and 6 , was adequate for Subjects 

3 and 7 , but was definitely not for Subjects 2 and 5 . 



Tabl e 4 : 3 

l 

2 

3 

4 

5 

6 

7 

0.05 

2 . 57 

2 . 78 

2.78 

2 . 57 

2 . 57 

2.57 

2 . 57 

R 
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Summary table of t ests of pred ictive value of 

Equation I for seven s ubj e cts . 

0 • 0 1 

4.0 3 

4. 6 

4 . 6 

4.0 3 

4.0 3 

4 . 03 

4 . 03 

t 

1 . 8 2 

1 7 

3 . 8 

1 • 8 8 

8.9 

2.2 

3 . 24 

Reject or 
Accept 

acc ept at 0 . 0 5 

reject 

accept at 0 . 01 

accept at 0 . 05 

re j e ct 

acce pt at 0 . 05 

accept at 0.0 1 

(I) is a r e liable 
predictor? 

Yes 

No 

Ma y be 

Yes 

No 

Yes 

Maybe 

However as the hypothes is was accepted 

fJr five out of s even subject s ( 7 1%) , Equation I may be seen as 

a reasonably r e liable predictor of Maximum Oxyge n Consumption 

f o r this sample of adult, white , mal e subjects. 

However in order to confirm this tentative co nclusion it was 

necessary t o submit the exper imental results to a one wa y 

analysis of variance in order to evaluate the homoge ne ity of the 

subjects . Statistically the o n e way analysis of variance was 

used for t e sting the h ypothesis that the seven subjects in 

the e xperiment do not differ significantly with respect to their 

mean values of oxygen consumpti on . 

Tabl e 4 : 4 provides sununary data from which the one way analysis 

of var iance may be computed . 
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Table 4 : 4 Actual values of Vo2 (x) and x 2 

Trials Subject 

2 

3 

4 

5 

6 

ifx 
1x2 

2 3 4 5 6 7 

2 2 2 2 2 2 2 X X X X X X X X X X X X X X 

1. 81 3. 28 2 . 36 5 . 57 1. 50 2.25 2.56 6.55 1. 31 1. 72 1. 91 3 .65 2.66 7 . 08 

2 . 52 6 . 35 1. 94 3.76 1. 51 2.28 2 . 56 6.55 1. 96 3.84 1. 91 3.65 2 . 46 6 . 05 

2 . 76 7 . 62 1. 97 3.88 1. 71 2.92 2.59 6 . 71 2.01 4 . 04 1. 71 2 . 92 2 . 39 5.71 

2.62 6 . 86 2 . 24 5. 02 1. 76 3 . 10 2 .26 5 . 11 2. 06 4.24 1. 72 2 . 96 2.49 6.20 

2 . 72 7 . 40 2 .03 4 . 12 1.63 2 . 66 2 . 49 6 . 20 2. 01 4.04 1.89 3 . 57 2.50 6 . 25 

2.57 6 . 60 2.56 6 . 55 2.02 4.08 2 . 15 4.62 2.46 6.05 
15.00 10 . 54 8. 11 15.02 11 . 37 11 . 29 14. 96 

22 . 35 22 . 35 13 . 21 37.68 21 . 96 21 . 37 37 . 34 

H Ml = M2 = M3 > M7 . 

Simple analysis of variance: n1 = 6 I n2 = 5 ' n3 = 5 ' 

n 
4 ~n 7 = 6 

d--. = 0 . 05 , df = 6 , 3 3 , R : F ~ 2 . 4 2 

°'= 0. 0 1 , df = 6 , 3 3 , R: F 1- 3 .47 

The null hypothesis is that there is no significant difference 

between the means of the Vo 2 values of the seven subjects . 

1 • 

2 . 

3 . 

ii.x 

f~ 

T2 

N 

2 = 

Tj2 

nj 

= 

192 . 02 

= 190 . 56 

86 . 29 2 = 744 5 . 96 = 186 . 1 5 

40 40 
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4. = i Tj2 T2 = 190 . 56 18 6 .1 5 = 4.41 

nj N 

= 4 . 4 1 = 0 . 74 

6 

5 . ss ~1.x 2 1·r. 2 1<)2 . 02 -llJ0.56 1 . 4 (1 = £ J = = 
w 

nj 

MS = 1 . 4 6 = 0 . 044 
w 

33 

F = MSb = 0 . 74 = 16.82 

MS w 
0.044 

As F = 16 . 82 is well beyond the region of rejection both at the 

0.05 And 0 .Ul l evels the null hypothes is must be reject ed . The 

tentative conclusion that Equation I may be seen as a r e asonably 

r e liable indicator of Vo? max for this sampl e must be withdrawn. 
"' 

No such conclusion may be made on the basis of data collected 

from the seven subjects in this experiment . 

Equation (I) may predict Vo~ max values for five of the seven 

subjcts reasonably reliably at the 0 . 05 and 0 . 01 levels when the 

predicted and actual values were compared on an individual basis . 

Howeve r no generdlisation may be made from individual comparison 

to a comparison involving all of the subjects i n the sample . 

4.2 Heart Rate (H.R . ) 

In order to test the value of Bar-Or and Buskirk ' s equation 

HR max = 209.2 0 . 74 A 

as a predictor of maximum hea rt rate , the II R max for each subject 
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5 

6 

7 

n=7 
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based on the above equation was compared with HR max values 

obtained from Astrand and Rodahl's (1977) equation , 

HR max = 220 - A. 

These values also appear in Table 3:2. 

/\ Pcc1rson Correlation Coefficient was computed to cstim<1tc the 

strength of the relationship between the values of HR max 

calculated from Equation II and the Astrand and Rodahl formula . 

Table 4 : 5 HR max values calculated from Equation II and Astrand 

and Rodahl . 

HR (II) HR (/\o,R) 

max max 2 2 
X y X y xy 

173 171 29929 29241 29583 

183 185 33489 34225 33855 

176 175 30976 30625 30800 

184 186 33856 34596 34224 

180 180 32400 32400 32400 

185 188 34225 35344 34780 

184 186 33856 34596 34224 

,1x=1265 £,=1271 ax2
=228731 

2 1,y =231027 £xy=229866 

Key: i = Subjects 

HR (II) = Predicted HR from Equation II 
max max 

HR (A&R) = Predicted HR from Astrand and Rodahl. max max 
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Astrand and Rodahl formula 

r sp 

1ss ssy 
X 

where SP 

ss 
X 

ss y 
. 2 

= j,y 

N 

(i,x)2 

N 

N 

Inserting the values of x and yin each of these formulae , 

0 
00 r 

SP 

ss 

ss 

= 

= 178.15 

= 127 . 43 
X 

= 249 . 72 
y 

sp = 178 . 15 

t,Jss ssy 1y 31321.319 
X 

= 178 .1 5 

178.386 71 

= 0.999 

A value of r = 0.99 indicates a very close association between 

values calculated from Equation II by Bar- Or and Buskirk , 

HR max 
= 209 . 2 - 0.74A , 

and the formula proposed by Astrand and Rodahl , 

HR max 
= 220 - A. 

Therefore Equation II may be seen as a reliable predictor of 

Maximum Heart Rate for this sample . 
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On the other hand , because the re is such a close relation s hi p 

betwe n t he two fo rmu lae e ither one could be used with confidence 

t o predict HR max 
Perhaps , because of its r e l ative simplicity , 

the Astrand and Rodahl fo rmula may be the more l og ica l choice . 

4 . J l ' r t ·dicl.vcl l l <·n r t. H,1r <• from Vo2 Mnx 

In order to test the value of Roozbazar's ( 1974b) e quation , 

HR = 56.02 + 66 . 84 Vo 2 
2 - 8.4 Vo 2 

as a predictor of heart rate , the val ues of 0 . 35 Vo 2 max 

were su b stituted into the equation for Vo 2 values. The values 

of 0 . 35 Vo
2 

max is sugges t ed in Roozbazar et al (1979) as that 

percentage , i . e . 35% , of maxima l e nergy expenditure that can be 

allowed as the limit for eight hours of continuous work (p . 52) . 

Heart Rate was calculate d using the above equation with Vo 2 being 

0 . 35 vo 2 max derived from Equation I. 

These Heart Rate va lues are fou nd i n Table 4:6. 

Heart Rate was then calculated using the above equation but thi s 

time Vo
2 

was 0.35 Vo
2 

max derived from Astrand ' s (1 960) formula 

based on actual Heart Rate during each trial. 

The Heart Rate va lues are found i n Table 4 : 7. 

A compar i son of these Heart r ate values may be seen in table 4:8 . 

At first glance there appears to be some similarity be twee n the 

two sets of HR values for Subjects 1, 3 , 4 and 6 . The va l ues in 

HR (I) are l a rge r than HR (AST) for Subject 2 , and smaller for 

subjects 5 and 7 . 



Tabl e 4:6. 

l 

3 . 52 

2 3.24 

3 3 . 29 

4 3 .53 

5 2.32 

6 3 .7 3 

7 3 .66 

Key: l 
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Predicte d He art Rates from Equation III using 

values of Vo2 = 0.35 Vo2 Max 

66.84 Vo 2 

1 . 2 3 82. 21 

1 . 1 3 75.53 

1 . 1 5 76.87 

1 . 2 6 84.22 

0. 8 1 54 . 1 4 

1 . 3 1 87 . 5 6 

1 . 2 8 85.56 

= subjects 

2 -8.4 Vo 2 

1 2. 71 

10.73 

1 1 . 1 1 

1 3. 3 4 

5. 51 

14.42 

1 3 . 7 6 

+56.02 

12 5 . 525 

120.823 

121.777 

126.902 

104.65 

129. 1 7 

1 2 7 . 8 1 

vo 2max = vo 2 max from Equation I 

HR 

126 

1 2 1 

122 

127 

105 

129 

128 

HR = Predicted heart Rat e in be ats per minute . 
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Table 4:7 Predicted Heart Rates from Astrand ' s ( 1 960) 

Formula Using Values of Vo2 = 0.3 5 Vo2 max 

1. T Vo2max Vo2 
(b) (c) (a) HR i T vo2max Vo2 

(b) ( C) (a) (HR) 

3. 42 1 . 20 80 . 21 12. 10 124 . 13 124 5 1 3 .42 1. 20 80 . 21 12 . 10 124 . 13 124 

2 3 .61 1. 26 84.22 13 . 34 126 . 9 127 2 3 . 07 1 . 07 71 . 52 9 .62 117. 92 11 8 

3 3 . 61 1. 26 84 . 22 13 . 34 126 . 9 127 3 3. 31 1 . 16 77 . 53 11. 3 122 . 25 122 

4 3. 61 1. 26 84.22 13.34 126.9 127 4 3.31 1. 16 77 . 53 11. 3 122 . 25 122 

5 3 .61 1. 26 84 . 22 13 . 34 126. 9 127 5 2 . 78 0 . 97 64 . 83 7 . 9 112 . 95 11 3 

6 3. 61 1. 26 84 . 22 13. 34 126 . 9 127 6 3. 07 1 . 16 77 . 53 11. 3 122. 25 122 

2 2 . 81 0. 98 65 . 50 8.07 113. 46 113 6 1 3 . 10 1 . 09 72 . 86 9 . 98 118. 9 119 

2 2 .89 1. 01 67. 51 8 . 57 114. 96 11 5 2 3.83 1. 34 89 . 57 15 . 08 130 . 5 131 

3 2 . 89 1. 01 67 . 51 8 . 57 114 . 96 11 5 3 3. 57 1. 25 83 . 55 13. 13 126 . 45 126 

4 2 . 81 0.98 65 . 5 8 . 97 113. 46 11 3 4 3.74 1. 31 87 . 56 14 . 42 129 . 17 129 

5 2 .89 . 1. 01 67.51 8 . 57 114. 96 11 5 5 3 .40 1 . 20 80 . 21 12. 10 124 . 13 124 

6 3. 32 1 . 16 77 . 53 11. 3 122.25 122 
3 3 . 32 1. 16 77 . 53 11. 3 122.25 122 

2 3. 95 1. 38 92 . 24 15 . 0 132.26 132 7 1 4.51 1. 58 105 . 61 20.97 140 . 66 141 

3 3.91 1. 37 91. 57 15 . 77 131 . 82 132 2 3 . 91 1. 37 91 . 57 15 . 77 131 . 82 132 

4 3 . 57 1. 25 83 . 55 13 . 13 126.45 126 3 4. 91 1. 72 11 4. 9624 . 85 146.1 3 146 

5 3.83 1. 34 89.57 15 . 08 130 . 5 131 4 3. 91 1. 37 91. 57 15 . 77 131 . 82 132 

5 4 . 08 1 . 43 95 . 58 17 . 18 134 . 42 134 
4 1 5. 08 1. 78 118. 98 26 . 61 148 .38 148 6 3. 91 1 . 37 91 . 57 15 . 77 131. 82 132 

2 3 . 61 1. 26 84 . 22 13 . 34 126 . 9 127 

3 3. 44 1. 20 80 . 21 12. 10 124. 13 124 

4 4 . 35 1. 52 101 . 6 19.41 138 . 21 138 

5 3.85 1. 35 90.23 15 .31 130 . 95 131 

6 3.69 1. 30 86.9 14. 2 128 . 72 129 

Key : i = subjects (a) = 56 . 02 +66 . 84 Vo2 8 . 4 2 - Vo 2 
T = triclls (HR) = Predicted HR in beats p e r 

vo
2
max = vo

2
max from Astrand minute . 

( 1960) 
( b) = 66 . 84 Vo 2 

( C) 8 . 4 2 = - Vo2 



'l'abl e 4 : 8 

1. T HR (I) 

126 

2 126 

3 126 

4 126 

5 126 

6 126 

2 121 

2 121 

3 121 

4 121 

5 121 

3 122 

2 122 

3 122 

4 122 

5 122 

4 127 

2 127 

3 127 

4 127 

5 127 

6 127 

- S5 -

Table showing Heart Rate Values for Equation III with 

Vo2 = 0.35 Vo2 max derived from Equation I and 

Astrand (1960) . 

HR (AST) 1. T HR (I) HR (AST) 
------- --

124 5 105 124 

127 2 105 118 

127 3 105 122 

127 4 105 122 

127 5 105 113 

127 6 105 122 

113 6 129 119 

11 5 2 129 1 31 

11 5 3 129 126 

11 3 4 129 129 

1 15 5 129 124 

f; 129 122 
122 

132 7 128 141 

132 2 128 132 

126 3 128 146 

131 4 128 132 

5 128 134 
148 

6 128 132 
127 

124 

138 

131 

129 
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Both sets of values are s hown in Figre 4 : 2 which illustrates the 

cluster wh e r ein both sets of values are to be found and e xtre mes 

of difference between the values . 

However in order that n more in-depth comr1arison could be made 

it was d eemed necessary to compare HR va lues from Equation III 

using Vo 2 = 0.35 vo 2 max from Equation I, and Vo
2 

= 0.35 vo
2 

max 

from the inte rsection of the regression of actual HR and 

pre dicted HR from Equation II for e ach subject . max 

Regression s of HR against vo2 were computed for each subject 

from the r esults in Table 4 : 1 and Table 4:4. The r e gressions 

are presented below and the working may be found in Appe ndix 1 . 
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Subject 1 : HR = 89 . 58 + 19 .43 Vo
2 

Subject 2 : HR = 134 . 24 + 6 . 1 5 Vo
2 

Subject 3 : HR = 10 7 . 09 + 1 9. 7 Vo
2 

Subject 4: HR = 55 . 7 + 3 7. 1 3 Vo
2 

Subject 5 : HR = 118.74 + 9 . 4 Vo
2 

Subject 6 : HR = 92 .4 + 23 . 2 Vo
2 

Subje ct 7 : HR = -3 5 . 1 + 72.6 Vo 2 

By substituting values for HR max from Equation JI into HR in the 
regressions the subjects ' Vo

2 
max was obtained . 

Subject 1 : 173 = 89.58 + 1 9 . 4 3 Vo
2

, Vo 2 
max = 4.29 

Subject 2 : 18 3 =134.24 + 6 . 1 5 Vo
2

, Vo 2 max = 7 . 92 

Subject 3 : 176 =107 . 09 + 1 9 . 7 Vo
2

, Vo2 max = 3 . 59 

Subject 4: 184 = 5 5 . 7 + 37 . 13 Vo
2

, Vo
2 

max = 3 . 46 

Subje ct 5 : 180 =118 . 74 + 9 . 4 Vo
2

, Vo
2 

max = 6.52 

Subje ct 6 : 18 5 = 9 2 .4 + 23 . 2 Vo2 , Vo
2 

ma x = 4.42 

Subj e ct 7 : 184 = -3 5 . 1 + 72 . 6 Vo
2

, Vo
2 

max = 3 . 02 
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The next step was to calculate 0.35 vo2 max f rom the above values 

and s ubstitute this set of vo
2 

into Equation III . The results of 

this calculat i on are s h own in Table 4 : 9 . 

TABLE 4 : 9 

i 

4.29 

2 7 . 92 

3 3 . 59 

4 3.46 

5 6 . 52 

6 4 . 42 

7 3.02 

Predicte d IIU from Equation III with Vo2 = 0 . 35 Vo2Max 

derived from HR max . 

0 . 35 Vo 2 max HR 

1 . 5 0 

2.78 

1 . 26 

1 . 2 1 

2.28 

1 . 5 5 

1 . 0 6 

2 = 5 6 . 02 +66 . 84 vo2 - 8 . 4 vo2 

137 ( 1 26) 

177 ( 1 2 1 ) 

127 ( 1 2 2) 

125 ( 127) 

165 { 1 0 5 ) 

139 ( 129) 

1 1 7 ( 1 2 8) 

When these values are compared with those for HR= 0 . 3 5 Vo 2 from 

Equation I { the figures in parent_heses in Table 4 : 9) there appears 

to be less coincidence of values than in the comparison in Table 

4 : 8 . Again Subjects 2 and 5 showe d widely different values of HR 

from the two procedures . 

The mean of the va lues of HR {AST) {from Table 4:8) wa s calculated 

and these mean values were compared with HR va l ues from Vo 2 = 

0 . 35 vo
2

max from Equatio n I a nd f rom actual HR in Table 4 : 9 . 

The three sets of va lues appear i n Table 4:1 0 . 
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Table 4:10 H.R . from Equation III with Vo2 = 0.35 Vo2 max 

obtained from Equation I , Astrand (1960) and Actual HR . 

HR= 56.02 + 66 . 84 Vo 2 - 8.4 2 Vo
2 

1. HR(I) HR (AST) HR (DER) 

126 126 137 

2 1 2 1 1 1 4 177 

3 12 2 129 127 

4 127 133 125 

5 105 120 165 

6 129 12 5 139 

7 128 136 1 1 7 

Key : HR(I0 where Vo 2 = 0 . 3 S Vo
2 

max = 56 . 59 2 - 0 . 398A . 

IIR (Ast) = mean value of HR DERIVED FROM Astrand ( 1960) 

HR (DER) = HR derived from r egress ions. 

A Pearson Corre lation Coefficient was computed to estimate the 

strength of the relation between the values of HR in Table 4 :1 0 . 

The first relationship to be estimated was between HR (I) and 

HR (AST). 

Let X = HR ( I ) 

y = HR (AST) 

r = SP Where SP = 1xy - (£x) ({iy) 

I{ ssx ss N y 

ss = ix2 - ({,x)2 
X 

N 

ss = i Y2 - (.{y)2 
y 

N 
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From the values in Table 4 : 1 0 , 

:fi'x = 858 iY = 883 

&x 2 105580 = ;.{y2 = 11 1723 

{.fx) 2 = 736164 (£ y )2 = 779689 

£xy = 1084 32 

SP = 201 . 43 

ss = 413 . 72 
X 

ss = 338 . 86 
y 

r = 201.43 = 0 . 54 

/V(41 3 . 72) (3 38 . 86) 

The second relationship to be es timated was between HR (I) and 

HR (DER) . 

Let X = HR (I) 

Y = HR (DER) 

From the values in Tabl e 4: 1 0, 

ix = 8 58 lY = 987 

~x 
2 

105580 J;y2 142087 = = 

{£x)2 = 736164 (i;'y) 2= 974169 

fix y = 120280 

SP = 698 

ss = 413 . 72 
X 

ss 
y 

= 2920 

r = 698 = 0 . 64 

/4(413.72) (2920) 
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The third relationship to be estimated was between HR (AST) 

and HR (DER) . 

Let X = HR (AST) 

Y = HR (DER) 

From the values in Table 4 : 10 , 

jx 
jfx2 

( :fy) 2 

SP 

ss 
X 

ss y 

r = 

= 

= 

= 

= 883 

= 1 1 1723 

= 779689 

£xy = 123535 

-968 

338 . 86 

2920 

-'::168 

(338.86) (2920) 

g_y = '::187 

~y 
2 142087 = 

(£ )2 ,Y = 974169 

= - 0.97 

So the strength of the relation between the three sets of 

HR values are : 

HR ( I ) and HR (AST) - r = 0. 54 , rhl = 1 . 3 2 
r 

HR ( I ) and HR (DER) - r = 0.64 , r / ~ = 1 . 5 7 

HR (AST) and HR (DER)-r = -0.97 , r / d' =-2.38 r 

A correlation coefficient of r = 0.54 between HR (I) and 

HR (AST) was no surprise , given a casual glance at those values 

in Table 4 :1 0 . A coefficient of r = 0 . 6 4 between HR (I) and 

HR (DER) was surpr ising given the disparity between values 

for Subjects 2 and 5 . However on the basis of these two 

coefficients
1 

Equat i on III with 0 . 35 vo 2 max substituted for 

Vo
2

, whether from Equation I , or from Astrand ' s (1960) data or 

from ca l culation of vo
2 

max from regression of actual Heart Rate 

and values , may be seen as a reasonably reliable predictor of Heart 
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Rate for this sampl e . But because of the reservations e xpressed 

in 4.1 about the appropriateness of the use of Equation I as a 

predictor of vo 2 max for this sample , any support for Equation III 

using vo
2 

0. 35 vo2 f rom Equation I must be guarde d . 

A correlation coeff icie nt of r = -0 . 97 be twee n IIR (AST) 

and HR (DER) indicate s that the r elation betwee n the two methods 

of obtaining 0. 35 Vo 2 max is very strong. The strength of the 

r e lationship was surprising : it was anticipated tha t the r e would 

be some measure of relation but not one of this size . It appears 

to confirm a pre f e r e n ce for obtaining vo
2 

max from the Astrand 

data rathe r than from Equat ion I. However, given a sample s i ze 

of seven subjects thi s confirmation must ne c e ssarily be v i ewed 

conservatively . 



CHAPTER 5 

CONCLUSIONS 

5 . 1 Equation I - Vo2max 
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For this sample of seven mal es t he cquRtion , 

Vo
2 

m~x = 56 . 592 - 0 . 398 A 

does not appear to be a reliable predictor of maximum oxygen 

consumption, given the va lues obtained in the experiment. However 

Equation I does appear to be a reasonably reliable predictor of Vo 2 

max for five of the subjects, when results are compared on an 

individual basis. The two subjects for whom Equation I was not a 

reasonably reliable predictor of Vo~ max were subjects 2 and 5 . 

Subject 2 is 35 yea r s of age pnd weighs 76 kg. He is a non 

smoker , having given up the habit about ten years ago . At the 

time of the experiment the subject had taken little e xerc ise for 

almost a year due to a back ailment . The subject's Vo 2 max 

predicted from Astrand's {1960) data using hea rt rate a nd body 

we ight , following each trial , was consistently l ower than that 

predicted by Equation I, 3 . 2 l min -l. 

One possible explanation for the over-estimation of predicted Vo~ 

max from Equation I against Voi max measured from HR may be that 

the subject ' s weight (76 kg) is light in relation to his height 

(approx . 178 cm) . The subject is lean , but not what may be 

described as skinny . At a load of 900 watts the subject experienced 

little excess ive strain although his heart rate over the five 

trials ranged from 146 - 149 beats per minute . 
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Another possible explanation for the over-estimation · may be linked 

to the subject ' s lack of e xercise over the previous year . It is 

possible that the subject ' s heart rate over the five trials was 

higher than it would have been if the subject had t a ken exercise 

const.rnt l y ovc•r the' prc'vious Yl'ilr, j . t ' . ,1 sort of pr,1ct ice· L' lfo ct . 

Subject 5 is 40 years of age , weighs 58 kg and is 178 cm tall. He 

is extremely lean, possibly skinny , and is a heavy cigarette 

smoker. The only exercise he takes is when he occasionally cycles 

to work from his home , a distance of approximately 6 km. The 

subject's Vo4 max predicted from Astrand ' s (1960) data using heart 

rate and body weight, following each trial , was consistently 

-1 . highe r than that pre dicte d by Equation I, 2 . 3 L min 

One possible explanation for this discrepancy may lie with the 

fact that the subject completed his trials at a load of 150 watts , 

rather than at approximately 120 watts which wa s the originally 

recommended load . The originally recommended load was ci L)proximately 

2 watts per kg of body weight , which for this subject would have 

yielded a load of 116 watts, rounded to 120 watts on the ergometer ' s 

mechanical work rate output mete~ . However a work load of 120 

watts did not raise the subject's heart rate to anything approaching 

140 beats per minute , the value stated in Chapter Three to be the 

lower threshold of heart rate for the experiment. 

It is possible , therefore , that at a work load of 150 watts the 

subject was working at a level which was much higher than he 

should have been , even though he reported no strain or extreme 

discomfort. 
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Indeed his average oxygen consumption over the six trials was 82 % 

of Voz max predicted from Equation I which indicates that the 

subject was working extremly hard . Even using Vo max calculated 
2 

from Astrand ' s (1 960) data , the subject ' s average oxyge n consumption 

0 V C r th C s i X t r id l s w cl s 6 0 ·;, 0 r VO i 111 d X , !j t i 1 l V ( ' r y ll i q I l. 

It is felt then that give n a work load of 120 watts , this subject 

may have yielded values for Vo max c loser to those predicted by 
2 

Equation I . 

5.2 Equation II - HR max 

For this sample of seven males the e quation , 

HR max = 209.2 - 0 . 7 4 A 

appears to be a reliable pred i c tor of maximum heart rate . Howeve r 

as stated in Chapter 4 . 2 Astrand and Rodahl ' s (197 7) formula for 

HR whe r e HR = 220 - A, may be a pre f e rred formula to u se , max , max 

given its relative simplicity . 

5 . 3 Equation III - HR 

Because of its reliance on Vo max values from Equation I , 
2 

Equation III , 

HR 56 . 02 + 66 . 84 Vo
2 

vo
2 

= 0.35 vo
2 

max , 

8.4 Vo~ where 
2 

can b e give n only limited support in this r e search . However 

given a much larger , and perhaps more homogeneous , sample of 

subjects Equation I may have proved to be a reliable predictor of 

vo
2 

max . If this had been the case then Equation III may we ll 

have been s hown to be a r e liable pred ictor of Hea rtRate for 

occupationa l limits. 
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These results do , however , appear promising and point to the need 

for further research in this area . 

Equation III appeared to have more predictive value whe n the 

values of 0 . 35 vo
2 

max w.ere obtained from vo 2 max (Astrand , 1960) 

and from regressions of HR over Voz for each subject in the 

sample . While this is promising , it does raise a rather obvious 

point : the intention of Equation III is to predict Heart Rate 

without having to measure it for each subject . Because this 

equation aims to predict occupat ional levels of HR , it is obvious 

that it defeats such a purpose to measure workers ' HR and Vo 2 

while they are at work , in order to ascertain t he workers1 Vo2 max . 

The focus for future research in this area should be the predictive 

Equations I and III, but especially Equation I . When the constants 

56.592 - 0 . 398 are verified , or modified , so that values of Vo 2 

max can be obtained from Equation I with mor e confidence than that 

shown in this Research Report, then Equation Ill may also be used 

wi th confidence to predict Heart Rate for occupational classifications. 
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{'1>.e_t '_'2_0_ i x 1 _. __ C_o_rn~p_u_t_a_t_i_o_n_ o_ r _ r_c_g_r_c _s _s _i _o_n_ o_f_ll_R_ a_g~a_.i __ n_s_· t_ V_o_2 __ f o_ r 

each subject. 

Subject 

Vo
2 

HR 

X y 

1 . 8 1 1 2 4 

2.52 140 

2 . 76 140 

2 . 62 1 4 1 

2 . 72 143 

2 . 57 1 4 1 

1 x=15 j Y=829 

x=2.5 y=l38 . 17 

y = a+ bx 

X y 

X-X Y-Y xy 

-0.69 -14 .1 7 'l . 7 77 

0.02 1 . 8 3 0 . 037 

0.26 1 . 8 3 0.476 

0. 1 2 2 . 83 0.340 

0.22 4 . 83 1 . 063 

0 . 07 2 . 83 0 . 198 

£ xy=11.89 

b = £ xy 11 . 8 9 
= 

i x 2 
0 . 6 1 

a = y - b ( x l = 1 38 . 17 

= 138 . 17 

= 89 . 58 

0 

00 

y = 8 9 . 58 + 19.43 X 

Standard e rror of estimate = ~ 2~6. 84 

= ' l\/ 3 . 954 

= 1 . 99 

2 2 
X y 

0.476 200 . 79 

0 . 0004 3.35 

0 . 068 3.35 

0 . 144 8.0 1 

0 . 0484 23 . 33 

0 . 0049 8. 0 1 

i,x 2 =0.6 1 2 
£ y =246 . 84 

= 19.43 

19 . 43 (2.5) 

48 . 59 

19 . 43 (11 . 89) 

4 



subi ect 2 

X y X 

2 . 36 148 0.252 

1 . 9 4 146 -0. 17 

1 . 9 7 14 6 -0 . 1 4 

2.24 149 0 . 1 3 

2.03 147 -0.08 

1: x=10 . 54 t y=736 

x =2.108 y=147 . 2 

b = 0 . 824 = 6 . 1 5 

0 . 134 

0 

ooY = 134.24 + 6.1 5x 

Subj ect 3 

X y X 

1 . 50 137 -0. 1 2 

1 . 5 1 137 -0 . 11 

1 . 7 1 138 0 . 09 

1 . 7 6 144 0. 1 4 

1 . 63 139 0.01 

i x-8 .1 1 £ y=695 

x= 1 . 6 2 y= 13 9 

b = 1 . 07 = 1 9 . 7 a 

0 . 0543 

0 y = 107.09 + 19.7x 00 
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y 

0 . 8 

-1 . 2 

-1 . 2 

1 . 8 

-0 . 2 

y 

-2 

-2 

-1 

5 

0 

2 2 xy X y 

0 . 202 0 . 064 0 . 64 

0 . 204 0 . 029 1 . 4 4 

0. 168 0 . 02 1 . 4 4 

0.234 0. 1 7 3 . 24 

0.016 0.006 0 . 04 

~ xy=O. 824 £ x2=0 . 134 £ y 
2 =6 . 8 

a = 147 . 2 - 6.15 ( 2 . 108) 

= 147 . 2 - 12.96 

= 134 . 24 

Standard error ~ ~ 6 . 8 - 6 . 15(0 . 824) 

= 0 . 76 3 

2 2 xy X y 

0.24 0 . 01 4 4 

0.22 0 . 01 2 4 

-0.09 0.008 

0 . 70 0.02 25 

0 0 . 001 0 

1 xy=1 . 07 £ x 2=0.0543 £ y 2=34 

= 13 9=31 . 9 14 SE 

~ 
3 4- 1 9 . 7 ( 1 . 67 ) 

= 107.0 9 3 

= 2 . 08 
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Subject 4 

i,x = 15.02 £ y = 892 l,xy = 2.97 
-- 2 . 503 148.67 J x 2 

0.08 X = y = = 

b = 2 . 97 

0.08 

= 37 .1 3 

y = s rJ . 7 + 3 7 .1 3 X 

~ y 
2 216 .44 = 

a = 148.67 - 37.13 (2.503) 

= 55 . 7 

St and a rd error : ~ -2-1 _6 _. _4 4_

4

_3_7_._1_3_(_2_._9_7_) = 5 .15 

Subject 5 

Jx = 11 . 3 7 ~ y = 819 
- -
X = 1.8 9 Y = 1 36 . 5 

b = 3 . 85 = 9 . 4 a 

0. 4 1 

y = 118.74 + 9 . 4X 

s x.y = ~ 135 . 5 - 9 . 4 (3.85) 

4 

Subj ec t 6 

i_ x = 11.29 i Y = 816 
-
X = 1.88 

-y = 136 

b = 2 .55 = 23.2 

0 . 11 
0 

00 Y = 92 .4 + 23.2X 

i_xy = 3 . 85 

A x2 z, = 0.41 

~ y2 z = 1 35 . 5 

= 136.5 - 9 .4 (1.89) 

= 118.74 

= 4. 9 8 

1,xy = 2.5 5 

6x2 = 0 . 1 1 

&Y2 = 176 

a = 136 - 23.2 ( 188) 

= 92.4 
Sx.y ~~1-.7-6 ___ 2_: ___ 2_(_2_.5_5_)_=_5 ___ 4_ 
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Subj e ct 7 

~ x = 14 . 96 i,y = 8 7 4 i xy = 3 . 63 
-

2 . 49 
-

145 . 6 7 ~ y; 
2 

0 . 05 X = y = = 

~ y 
2 

371 . 33 = 

b = 3. 6 3 = 72 . 6 a = 1 45 . 67 - 7 2 . 6 ( 2 . 4 9 ) 

= - 3 5 . 1 
0.05 

0°oY = - 35 . 1 + 72.6X 

Sx . y "1 371.33 

4 

72 . 6 (3 . 63) = 5 . 19 




