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Åstrand, Mrs. J. Lindgren, and Mr. J. Armstrong. The diagrams have 
been prepared by Mr. J. Skottke with interest and care.
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INTRODUCTION

It is well known that the physical working capacity is less for 
females than for males, and for children as compared with adults. 
However, our present knowledge of the physiological basis of these 
differences, and of the limiting factors in working capacity is in
complete.

A problem, which is of increasing, importance, especially in war
time, is the utilization of womanpower by industry. Physiological 
research may contribute to solve the problem of women’s working 
capacity and fitness for a certain job.

In the military forces one of the main problem is to train men in 
as short a time as possible to a high standard of physical fitness, 
and to group them according to working capacity.

In the fields of sports, physiological bases are necessary for the 
planning of rational training and practice, and for a sound choice of 
events with regard to the participant’s sex and age.

In the clinic it must be of value to know the normal capacity of 
different bodily functions and of the body as a whole. None of the 
human organs are built for resting conditions, but for an activity 
level perhaps 10-20 times the basal metabolic rate.

The aim of the present investigation is to contribute to the physio
logical understanding of the great physical performances done for 
instance in sport, games, and during hard manuel labour. During 
heavy prolonged work “ first of all the supply of oxygen may be a 
limiting factor” {Dill, 1933). In this study special interest is conse
quently devoted to the determination of the maximal oxygen intake.
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In the laboratory working intensities from easy to maximal work 

can be reproduced at standard conditions, and the reactions of the 
body to the stress can he followed and analysed. The results here 
reported are obtained from experiments dealing with male and female 
subjects from 4 to approx. 30 years of age, and the data recorded can 
be taken as “normal values” for healthy, well-trained individuals of 
the same age.

It is to be hoped that this investigation can be followed by a 
similar one with male and female subjects up to the age of for in
stance 65. This is of special interest from a social-economic viewpoint, 
since the average age of the population tends to increase.

It has been very stimulating to carry out this work due to a great 
interest shown by Sveriges Riksidrottsförbund (The Swedish Sports 
Federation) and several industries, especially Uddeholm Co.

The writer has tried to give each chapter in this hook a certain 
independence, which makes some repetitions inevitable. The review 
of previous works is limited to investigations of direct interest for 
the here discussed problems.

A preliminary report of some of the results was given at “VII 
Scandinavian Physiological Congress” , Aarhus. (Åstrand, 1951).



Chapter I

SUBJECTS

The number of subjects in this study was 112 females and 115 
males between the ages of 4 and 33 (female subjects up to 25 years 
of age). The youngest children, between 4 and 6, came from Kinder
gartens'.

The subjects between 7 and 18 were pupils attending different 
schools in Stockholm. The selection was made by having the entire 
class draw lots, or by having the teacher select 3 subjects representing 
different standards, very good, rather good, and poor in respect to 
their working capacity.

The older subjects were students at the Gymnastiska Central
institutet, Stockholm (G.C.I., college of physical education), and all 
the students in three consecutive classes took part.

All subjects took medical examinations which gave normal results. 
Exceptionally fat children did not participate. All subjects have been 
rather well trained due to regular participation in gymnastics and 
games. This must he a necessary presumption if the results for the 
different groups are to he compared.

The students from G.C.I. are a selected group which is better 
equipped in regard to physical working capacity than men and women 
usually are. This must he remembered when comparing the'here ob
tained results with earlier values given in the literature. A comparison 
between the two sexes must be allowed, because the two groups 
belong to the same active category. This is of great advantage, and 
must give more reliable results than if well trained male subjects 
were compared with more or less untrained female subjects which 
apparently has been done often. Only a minority of the G.C.I. students 
belong to the élite in the field of sports and gymnastics. To what 
extent the school children represent the average is very difficult to 
settle. Very likely they lie somewhere above the average, because 
the poorest in a class will hardly undergo great bodily stress, the

' This part of the investigation was done in collaboration with dr Gunnel Melin 
(unpublished).
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Fio. l.-T he average values of body height for the different age groups compared 
with the means of normal Swedish boys (continuous lines) and girls (dashed lines) 
according to Broman, Dahlberg and Lichtenstein (1942). The thin lines denote 
±  2 X a for  the “ normal”  children’s values, the vertical lines denote ±  2 X 

The number of subjects is given in Table 1.

best one will however. However, the tendency will be the same when 
comparing boys and girls, and on the whole the material will be 
comparable. It is quite clear that a larger number of subjects would 
be the ideal, but the difficulties, above all the time factor for such 
a work, have made a limitation of the number necessary.

Table 1 gives the number of subjects within the different age 
groups and the average values for height and weight. For instance 
14 years means that the 14th birthday has been passed. In Figs. 1 
and 2 the average values for height and weight for the different age 
groups are plotted in curves giving normal values for Swedish youth 
(Broman, Dahlberg, and Lichtenstein, 1942). The figures show that 
the average values are well scattered within the normal limits, but 
the values for the boys are however somewhat higher than “normal” . 
The differences between boys and girls are somewhat larger than 
normally expected during prepuberty. We find a large increase in 
height and weight for hoys 14-15 and for girls 12-13. The values for 
the girls are higher than for the boys in age group 12-13, and further
more we find rather large individual variations for the older boys. 
Puberty for Swedish girls generally takes place between 12—15, and 
for the boys between 14-17 (Lichtenstein, 1947). The form and cha-
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F ig . 2.-The average values of body weight for the different age groups compared 
with the means of normal Swedish boys (continuous lines) and girls (dashed lines) 
according to Broman, Dahlberg and Lichtenstein (1942). The thin lines denote 
±  2 X a for the “ normal”  children’s values, the vertical lines denote ±  2 X 

The number o f subjects is given in Table 1.

racteristic appearance of the curves is found later on in several 
connections where the ordinate represents entirely different hodily 
functions.

In the figures the values of 2 X a for “ normal” youth are given. 
Three boys fall outside these limits concerning both weight and 
height, and two hoys and two girls fall outside the limits concerning 
height. No values are outside the limit of 3 X a, and only two are 
outside 2.5 X a. For 141 subjects this distribution is normal.

For some of the determinations, for instance blood volume and 
respiratory functions the number of subjects wfas less. The following 
chapters will give detailed information concerning the composition 
of the material.



Chapter II

METHODS
1. Stcitistics.

In the statistical calculations the following methods were employed. 
Mean (M, x), standard deviation (a) and standard error of the 

mean ( e—) were computed according to the ordinary formulae (1-3) 
(Fisher, 1946), x denoting a single variate, and n the number of 
variates:

M (x )
six)

n (1.); I /  s(x — x )2 
n — 1 (2.);

To determine the difference between two mean values, x t and~x 2, 
the standard error of this difference ( ed ) was calculated according 
to the formula

ea = V ( '7 . ) ! + (* ir ,)!

The error in the methods employed, i.e. the standard deviation of 
a single experiment (a  ) was calculated from double determinations 
according to the following formula

(5.)

where d =  the difference between the double values and d — the 
mean difference.

The condition for using the above formula is that there is no 
statistically significant difference between the double determinations. 

Thus the standard error of a double determination ( Ee ) was
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Regression equations were computed according to the ordinary for
mulae (Fisher).

Significance of differences between groups was tested by the t-test 
(Fisher).

Levels of significance:
5 % level P =  0.05-0.01 ; almost significant
1 % level P =  0.01-0.001; significant

0.1 % level ,P =  <  0.001; highly significant
In the present study statistical calculations must be cautiously 

used. As to the physical maximal performances it is difficult to obtain 
reproducable results. The maximal values for oxygen intake, ventila
tion, blood lactic acid etc. may be characterized as “ the highest at
tained values and possibly maximum” .

In the graphs which show average values of different functions 
for the various age groups the standard error of the mean is denoted 
by vertical lines limiting ± 2  X (twice the standard error of the 
mean; P =  0.05).

In the tables, the mean, the standard error of the mean, as well 
as the standard deviation are usually given. The most important 
functions and the highest individual values are to be found in the 
appendix.

2. Height and weight.

The height of the subjects was measured, and in each experiment 
the body weight with clothes was determined. The clothing was 
identical in all experiments, and its weight was known. All body 
weights given are net weights. Body surface area was calculated ac
cording to Du Bois’ formula.

3. Lung volumes.

The vital capacity was determined with a Krogh spirometer. The 
determinations were done in free standing position, and the highest 
value of 4 to 6 records was used.

In younger subjects it is difficult to obtain a maximal respiration. 
For that reason experiments have to he repeated until the subjects 
know the technique.

On the adult subjects, reserve and complemental air as well as 
the resperatory depth during normal breathing was determined in a 
standing position. Furthermore, the residual air was determined by 
the hydrogen method (according to Lindhard, 1925). The hydrogen-air-
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mixture was made up in a Krogh spirometer. After a maximal expira
tion the subject was connected to the spirometer, and he then made 
3 almost maximal respirations. The spirometer was, as far as possible, 
emptied by each inspiration. The experiment was finished with a 
maximal expiration (total time about 10 seconds). At least 2 deter
minations were done on each subject. The error of the method can be 
judged from Table 2, showing the statistically treated results of 30 
double determinations with the same number of subjects. The error 
of the method in a single determination is 0.055 litre, in a double 
one 0.039.

4. Hemoglobin and blood volume.

Later on, in the series of experiments, the total quantity of hemo
globin was determined by a CO-method modified by Sjöstrand (1948).

Altogether 51 female and 43 male subjects between the ages of 
7 and 30 years were used. At least 2 determinations were done. Each 
value was often calculated from two samples, one after 15, and one 
after 30 minutes of rebreathing the CO-mixture.

According to Sjöstrand the 15-minute value shows the smallest 
individual variation and gives the best correlation with body weight. 
The writer’s results agree with this. No correction for the CO-ab- 
sorption to myoglobin has been done. The possible error according 
to Sjöstrand (1949 a) ought to be 2-3 per cent.

To estimate the total blood volume the relative hemoglobin values 
were determined with a Spekker-photometer, 100 per cent correspond
ing to 15.4 gm hemoglobin per 100 ml of blood. The blood sample 
was taken from a finger after warming it in water at 40-45 °C. for 
some minutes.

The error of the method has been calculated on the basis of double 
determinations on 30 subjects in different age groups (table 2). It 
amounts to 14 gm hemoglobin in a single determination and to 10 gm 
in a double one.

5. Experimental conditions and work-procedures.

As the aim of this work has been to determine the maximal oxygen 
intake, working procedures that bring large muscle groups into act
ivity had to be chosen. Well suited working machines are the bicycle 
ergometer and the treadmill. All subjects, even the youngest, have 
run on the treadmill. In most cases the subjects over 20 years of age
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have also been tested on Krogh’s bicycle ergometer. The frequency, 
set by a metronome, was 50 pedal revolutions per minute.

To obtain a high working intensity, the treadmill was set at an 
angel of 1° (1.75 per cent) for the subjects over 20. In all other ex
periments the treadmill was horizontal.

The first running was done at the low speed of 7-8 km/hr for 
the school children, and at 10-12 km/hr for the adult subjects. After 
a couple of days the experiment was repeated with a higher speed of 
1-2 km etc. until the intensity was reached which exhausted the 
subject in 4 to 6 minutes. The determinations for each subject were 
spread over a period of 3 weeks or more.

Concerning the cycling experiments, the working intensities were 
for the male subjects 900, 1200, 1500, 1800 and 1950 kgm/min. or 
even higher according to the strength of the subjects. For the 
female subjects the working intensities were 600, 900, 1200 and 1350 
kgm/min. etc.

At the highest working intensities the subjects have not always 
been able to follow the metronome. In those instances, they were asked 
to keep up the highest possible frequency. Consequently the exact 
intensity cannot be known, and the energy output will hardly have 
been constant throughout the experiment.

The experiments were done in the morning or afternoon, and no 
special care was taken to obtain basal conditions. Due to the great 
number of subjects this was not accomplishable. However, no experi
ments were done in the one or two hours directly after a meal. 
The school children and students came directly from their lessons. 
In experiments of this type there is no drawback with such an ar
rangement.

For several reasons it is desirable that experiments with a very 
high working intensity are not started directly from the resting state; 
the subject ought to have some “ conditioning” activity first. In deter
mining the maximal working capacity this is of special importance. 
Whether this “warming up” procedure increases the oxygen intake 
is not quite clear, but according to Nielsen and Hansen (1937), the 
highest oxygen intake could be reached during a spurt following 
work of lower intensity, and they believed that a higher circulation 
rate was responsible for it. In the writer’s experiments the condition
ing work had a low intensity compared to the work of Nielsen and 
Hansen.

Asmussen and Boje (1945); Högberg and Ljunggren (1947) have 
shown that the working capacity is greater and the feeling of stress 
is less if the subject is “warmed up” .
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As a rule, the first determinations made with a subject were not 

used for the calculations of mean values. The subjects first had to get 
acquainted with the experimental procedures. Control experiments 
were done very liberally. The procedure applied here, with its many 
experiments and a successive increase in working intensity over a 
period of several weeks, is undoubtedly advantageous. Before the max
imal working intensities are reached, the investigator gets to know 
the subject and has the possibility of judging his working capacity. 
This is very important in order to avoid overstrain, especially at the 
highest intensities. It can be mentioned, that in no case there was seen 
any damage or overstrain, in spite of the very high intensities.

6. Oxygen intake.

After 4-5 minutes of work the oxygen intake was determined by 
the Douglas bag method. In some of the maximal performance ex
periments the initial period of running had to be limited to 3 minutes. 
The initial period of mouthpiece breathing was 45-15 seconds. This 
time was dependent upon the intensity of the work. With few ex
ceptions two bags were filled in close succession. The gas volume 
was measured in a gasometer and the gas analyses were made accord
ing to Haldane.

The method was effectively controlled by means of taking two 
samples of air. Especially with young subjects the possibility of leak
age about the mouthpiece had to he considered. Furthermore the two 
air samples will show if the initial period of work before the collect
ing time was sufficiently long to obtain a steady state or “ apparent 
steady state” .

Amongst others Robinson (1938) has shown that after two minutes 
of maximal work 90-98 per cent of the maximal oxygen intake will 
be obtained, and after three minutes 95-98 per cent will have been 
reached. For the younger subjects acceleration in oxygen intake will 
be faster than for the older ones. As for the subjects in this study, 
results of the two bags show that the initial period was sufficiently 
long. This is also in agreement with the result of Nielsen and Hansen 
(1937). The mean values of the double determinations were used, 
and in order to determine the error of the method some results were 
treated statistically. The differences between the two determined 
values for a group of ten subjects, including seventy-five double de
terminations, gave an average difference of 7 ±  8 ml oxygen per min
ute. The error for a single determination wms 0.055 litres (Table 2). 
This error includes the physiological variations and the technical
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errors. The error of the method is relatively independent from the 
magnitude of the oxygen intake.

The accuracy of the determinations can be shown clearly by the 
results of a serie of 18 working experiments with a constant intensity 
(cycling). The subject, a w^ell-trained man, took a month to complete 
the series. During each experiment two air samples were taken. The 
oxygen intake which averaged 2,78 litres per minute had a standard 
error of ±  0.011 litres and a standard deviation of 0.046 litres or 1.7 
per cent.

During the whole period of the collection of expired air the respira
tions were counted, and consequently the respiratory depth could be 
calculated.

Altogether 2000 experiments have been done on the treadmill and 
bicycle, and that means about 4000 determinations of oxygen intake.

7. Heart rate.

In the cycling experiments the heart rate was counted during work, 
in the running experiments, however, the time for the first 10 or 15 
pulse beats was taken immediately after running, which practically 
gives the same values as if the determination was done during the work 
(Cotton and Dill, 1935; Lundgren, 1946). All determinations were done 
by palpation over the ictus or the arteria carotis.

S. Blood lactate concentration.

When the intensity of work was close to maximum, blood samples 
for determining lactic acid were taken (except from 33 subjects).

The analyses were done according to Edwards (1938), and control 
analyses have been done with known standards of lithium lactate in 
different concentrations. In most cases double analyses were done on 
the same blood sample, and the average value is given. The error 
of the method was calculated from the results of 30 double determin
ations, and was 1.5 mgm per cent for a single determination without 
definite variation with absolute values (between 30 and 125 mgm per 
cent). The error for a double determination was 1.1 mgm per cent 
(Table 2).

The blood samples were taken after the subject had had his hand 
in water of 40-45 °C. for a short time. Consequently the circulation 
through the finger was very lively, and blood almost identical with 
arterial blood could be obtained from a fingertip (comp. Bang, 1936).
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Due to the lively circulation, the necessary blood sample, 0.5 ml, could 
be obtained easily also from the younger subjects.

One sample was taken during the first minute after the end of 
work, and an additional one after 3-4 minutes. (Sometimes only the 
“ one minute” sample was taken from the youngest subjects). Conse
quently the concentration of blood lactic acid was determined 5-6 
minutes and 8-10 minutes after the work had begun. According to 
Bang the highest values for lactic acid wall be obtained between 5 
and 10 minutes after heavy work has begun. Due to the fact that the 
maximal working intensity was very high, the lactic acid values will 
maintain a rather high level for some time. The preliminary experi
ments have shown that the sampling procedure used will give suffici
ently good information about the maximal values. The samples which 
gave the highest values have been used.



Ch apter  III

CRITERIA FOR ESTIMATION 
OF MAXIMAL VALUES

Figs. 3 to 6 show the oxygen consumption in some series of ex
periments. Fig. 3 shows how the oxygen intake increases linearly with 
an increase in the speed, but only up to a certain speed, in this case 
13-14 km/hr; from then on it levels off. It is obvious that the subject’s 
maximal oxygen intake value has been reached, at least with this 
type of work (“ apparent steady state” ). Since running will bring very 
large muscle groups into activity it is most likely that the value is very 
close to the absolute maximum for oxygen intake (see Chapter IX). 
The increase in energy output at higher speeds must be delivered 
anaerobically. This is also indicated by the increase in the blood lactic 
acid concentration. For these two subjects the curves level off at an 
intensity where the maximal values for lactic acid concentration are 
60-70 mgm per cent.

In 70 of the 140 running experiments with school children such 
a level is found. Sometimes the oxygen intake will even drop at 
higher running speeds. Lactic acid determinations from the same 
experiments show rather large individual variations, especially in re
lation to age. The values in 53 experiments where lactic acid wras 
determined showed variations between 60 and 90 mgm per cent, 
when the oxygen intake curves levelled off, the average value was 70 
to 75 mgm per cent. The older the subjects, the higher the values 
will be. Apparently the body tries as fast as possible to cover its 
need for energy aerobically, but at higher intensities the anaerobically 
delivered energy increases more and more. Consequently a higher 
acidity in the muscle will be the result, which undoubtedly contributes 
to a better utilization of the blood oxygen, because of Bohr effect and 
because of vasodilatation. At a certain working intensity an upper 
limit will be reached, and a further increase in anaerobic products 
will not influence the oxygen intake. This matter will be discussed 
later on.

It is quite clear, however, that a relationship exists between the
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Fig. 3.-Oxygen intake at different working intensities.
The figures give the corresponding values o f lactate concentration.

Fig. 4.-Text see Fig. 3.

Oi-intake
p e r m in .

working intensity and the aerobic and anaerobic processes, so that 
the maximal oxygen intake will be attained when the lactic acid 
concentration has reached a certain value, different in different in
dividuals.

The experiments have made clear that a small increase in intensity 
when the work is heavy gives a steep increase in the lactic acid values; 
compare values for U.C. in Fig. 3 (only 4 minutes’ running at 14.5 
km/hr as compared to 5 minutes at 13 and 14 km /hr). This is in 
good agreement with the experiment of Asmussen (1946); Christensen
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F ig . 6.-0xygen intake (continuous line) and blood lactate concentration 
(dashed line) in relation to working intensity (cycling).

and Högberg (1950 a, b) who showed that the oxygen need at high 
working intensities increases more steeply than the oxygen intake, 
and an increasing amount of energy must be paid for by anaerobic 
processes. Consequently the efficiency will decrease.

In the experiments where no level for oxygen intake was seen 
(comp. Figs. 4 and 5), the experiments were continued at least until 
the before mentioned high lactic acid concentration was obtained. 
From then on the subject’s feeling of stress was taken into con
sideration. Fig. 5 shows two series of experiments were the oxygen 
intake increased in spite of very high values for lactic acid. Obviously 
one has to recognize great individual variations. No further experi
ments at higher intensities were done in those cases because the 
working intensity was absolutely maximal, according to the subjects, 
and the lactic acid values were extremely high.

Another example of the relationship between lactic acid, oxygen 
intake and working intensity is shown by Fig. 6. In this case the 
lactic acid and oxygen intake were determined during and after 7 
minutes of work on a bicycle ergometer at 4 different intensities be
tween 1620 and 2100 kgm/min. The oxygen intake had reached its 
maximum when the maximal value for lactic acid was 80 mgm 
per cent.

An objective control of the strain of work is absolutely necessary 
in experiments of this type. In many cases a subject already at a 
speed of for instance 12 km/hr explained that he was absolutely ex
hausted. If, however, the lactic acid value was low, say 40 mgm per 
cent, the subject was convinced that he could continue at a higher



26

P  Ppr ?rre re
3 s ©

2- cp
3

CP

2 2 c c 2!o 3 re ’"'’3-a sf
» g-gWli

ros'-n a
p£3 ow S.?r 1~cp i

3- o
Q CP CT>C/i  ̂
fb ►-. 
P ¡3o- rr -  P
Cl * *

re re CL 3

S' S'

3»fc 3 2. re

*3 sire £. re « <n

£ 25. c o 9

<p p-i 
CO CO

M gffg
- “ 3

• 3  re _  P-3^°
P s5p

hi 3Cb C5E-2- rere
o SL*-b i—- I“*} h—3 3
w  cp

o

jo co
OI CO <3-

cp a  r
3 2.̂

TA
B

LE
 3

M
axim

al oxygen consum
ption per m

inute and per kg body w
eight and m

axim
al lactate concentration for tw

o groups of subjects,



27

speed, which he really could do. The oxygen intake then increased 
significantly.

Concerning the experiments with the students from G.C.I. not 
quite enough determinations during running have been done to settle 
the oxygen diagram definitely, but the values for the oxygen intake 
at the highest speeds show the same tendency as in the other ex
periments. The lactic acid values and the subjective feeling of stress 
have helped to judge the intensity in relation to the working capacity 
of the subject.

To see how the values of maximal oxygen intake agree for the 
two groups, one where the oxygen levels off and the other where it 
does not, Table 3 has been made up. In the last group the capacity 
must be judged from the lactic acid values, and the subjective stress 
of the subject. The table contains values for all males and females 
between 14 and 18 years, and the reason why those age groups have 
been chosen is partly that the oxygen intake per kg body weight, 
which is the best way of comparison, is nearly constant in these age 
groups, and partly that the lactic acid values are known for all these 
subjects.

The table shows that half of the boys and half of the girls have 
reached a definite level for oxygen intake within the highest region 
of speed. The average maximal value of this group is, however, the 
same as for the other group where this level has not been reached. 
The lactic acid values are high for all groups, but apparently the 
girls not reaching a level for oxygen intake have been stressed the 
most.



Ch apter  IV

HEART RATE

In this chapter the maximal values for heart rate will be chiefly 
discussed. The submaximal values will be reported later on (chap
ter XI).

7. Introduction.

Determinations of the heart rate, on male subjects during heavy 
work, have been done many times, and usually values of about 200 
beats per minute for young, healthy subjects are given. Very few 
values for female subjects have been recorded.

Boas (1931) found during running (2 minutes) an average of 190 
beats per minute with 27 boys between the ages of 9-13.

Dill and Brouha (1937) found with 14 men between 20-36 years 
and 20 boys between 12-19 years who ran to a state of exhaustion 
on a treadmill, maximal values of 195 for the men and 196 for the 
boys (running time 2 to 5 minutes).

Robinson (1938) using boys between 8-12 years old as subjects 
found 198 as an average value. With 13-19. year old subjects he 
found an insignificantly7 lower value, and for the 20-29 year old 
subjects the average value was 189. All ran on a treadmill. The highest 
individual value was 211. (The number of subjects was 39).

Morse, Schultz, and Cassels (1949) had as subjects 110 boys be
tween 10—17 years old and found an average heart rate of 196 after 
maximal running. They did not find any variation with age.

Brouha and Heath (1943) tested college men 17 to 22 years of 
age in their capacity to run. Maximal heart rates ranged from 167 
to 217, averaging 193 for 176 subjects.

Metheny, Brouha, Johnson, and Forbes (1942) had 17 women run
ning to a state of exhaustion (average time 108 seconds), the average 
maximal heart rate was 197. When running until exhausted (216 
seconds), 30 male subjects averaged 194.

Christensen and Hogberg (1950 c) report average values of 240
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Fig. 7.-The means of the highest heart rates in relation to age. The number of 
subjects is given in Table 4, p. 30. (The vertical lines denote ±  2 X e—.)

for 21 boys between 14-16 years old after a ski-race of 5 km. Boys 
between 17-20 years old showed an average of 237 after a 10 km ski- 
race, and girls between 15—17 had an average heart rate of 250 per 
minute (4 values were above 270) after skiing a distance of 5 km. 12 
young, well-trained women had, after a ski-race of 18 km, an average 
heart rate of 214 per minute. The well-trained men very seldom had 
higher heart rates than 200.

Johnson and Brouha (1942) determined the heart rate after run
ning to a state of complete exhaustion, maximally 5 minutes, and 
found on male subjects of different good physical condition a heart 
rate of 179 for the well-trained oarsmen, 189 for subjects in good 
physical condition, 196 for subjects in average condition, and 194 for 
subjects in poor condition.

2. Results.

(Methods are described on p. 21).
The average values of the maximal heart rates for the different age 

groups of subjects, 115 males and 112 females, are shown in Table 4 
and Fig. 7, and the individual values are given in the appendix. The 
average values for the subjects up to an age of 20 years lie between 
202 and 211; the highest individual value is 237 for boys (13 years) 
and 223 for girls (9 years). The average value for adult male subjects 
is 194 and for females 198. The highest individual value obtained for 
males is 212 and for females 225.

3. Discussion.

No definite age or sex differences were found in the average values 
of heart rates, at least not as far as the youngest subjects were con
cerned. The heart rates for the older subjects are somewhat lower 
than for young ones. This is in agreement with the results of Robinson 
(1938). That a number of other investigators have found lower values
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with the same working procedure and the same duration of work 
might be explained through the fact that the working intensity has 
been submaximal. Values for blood lactic acid, lung ventilation and 
oxygen intake seem to indicate that this has been the case.

That a heart rate of 200 does not represent the absolute maximum 
during work is shown for instance by the results of Christensen and 
Högberg (1950 c). They explained the very high values they obtained 
after ski-races by the fact that the skiing was always finished at a 
very high intensity. Consequently these high heart rates do not re
present steady state values. In our experiments the speed of the tread
mill had to be kept constant, and the heart rates are more or less 
steady state values.

Another possible explanation is that the very long duration of work 
in a ski-race (the best time for 5 km was 23 minutes and for 10 km 40 
minutes) induces an overstrain of the circulatory system resulting in 
a lowered stroke volume and consequently an increasing heart rate. 
During the short duration of work on the treadmill such an overstrain 
would not come about. However, a very fast restitution could be shown 
to take place in the ski experiments, which speaks against an over-load 
(3 minutes after the finish, the heart rates had on an average dropped 
to 120-130 beats per minute).

It is evident that the heart rate of normal, young, and healthy sub
jects during work can reach values of 200 and more, and it is of great 
interest to see if these high values are the result of a normal regula
tion, or if they are more or less the consequence of an overstrained 
heart.

Wahlund (1948) came to the following conclusion: “ Pulse rate is 
roughly a linear function of oxygen consumption and work-load. 
Judged by the findings referred to in the survey of literature it is 
usually 170-200 at exhausting work in adult healthy subjects. At these 
values no further increase of cardiac output is to be expected with 
increased pulse rate. However, oxygen for the working muscles may 
still be supplied by increased utilization, but is is only possible to 
work for a short time under such conditions. The factor responsible 
for limiting cardiac output is the time of diastole which at pulse rates 
above 180 may be too short for adequate filling of the heart.

It is thus possible to make an estimate of the limit to which cardiac 
output can be increased, by studying the pulse curve during work in 
any individual case. When the pulse rate has reached a sufficiently 
high value at a certain load, this load is said to be maximal. In this 
study the maximum heart rate at which work can be performed ade
quately is put at 170 beats per minute. If the pulse rate at any load
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Fig. 8.-0xygen pulse for 15 male subjects in relation to heart rate (subjects and 
their ages are noted at the curves).

F ig . 9.-0xygen pulse for 15 female subjects in relation to heart rate (subjects and 
their ages are noted at the curves).

is above this value, the load is regarded as an overload. It must be 
admitted that some individuals can work with a pulse rate slightly 
above 170 beats per minute, but they are not expected to do this for 
any length of time as there is usually a prolonged increase of pulse 
rate. Consequently they may reach a value of 180 or more after some 
time and are thus at the limit of their capacity.”

Schneider and Karpovich (1948) stated that a heart rate of 170 “is 
close to the lower border of the zone of excessive rates.”

Only direct determinations can give a definite answer to the quest
ions, but theoretical calculations might give some indications. The 
results shown in Figs. 8 and 9 indicate that the circulatory system 
must be regarded as “ effective” even if the heart rate values are 200 
or more. The oxygen pulse, i.e. the gross oxygen intake divided by the 
corresponding heart rate, has been plotted in relation to the heart 
rates. Only 30 individual graphs, half from female and half from male 
subjects are given. They represent surprisingly well, however, the
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results of all of the material. (The other graphs can be obtained from 
this institution upon application.)

The values for the oxygen pulse are somewhat uncertain, as both 
errors of pulse countings and oxygen intake determinations are 
included in this figure. However, it is of some interest to have the 
values for heart rate and oxygen intake combined in one figure. This 
figure represents two components, the stroke volume of the heart and 
the average value for the arterio-venous 0 =-difference. (a.-v. 0 =- 
difference).

Henderson and Prince (1914) found an almost constant oxygen 
pulse at heart rates of 80-100, at higher rates the oxygen pulse 
increased steeply to reach maximal values of 11-17 ml at a heart rate 
of 130-140 per minute. At still higher heart rates the oxygen pulse 
might decrease.

Benedict and Caihcart (1913) observed on a professional cyclist the 
highest oxygen pulse, 16.8 ml, at a working intensity during which the 
heart rate w7as 163 beats per minute.

From Figs. 8 and 9 it is quite clear that the oxygen pulse for the 
majority of the subjects increases with the heart rate, very markedly 
for adult subjects. This indicates that even at the maximal heart rates, 
i.e. about 200, the blood circulation is fully effective as far as oxygen 
transport is concerned. The continous increase in oxygen transport per 
pulse heat at increasing heart rate can be explained through an 
increase in the a.-v. O.-difference, or in the stroke volume, or an 
increase of both at the same time. Another possibility is a decrease of 
one factor which would be more than fully compensated by the other. 
The data related here can never prove anything definite, but it may be 
of some interest to discuss the problem.

With the acetylene method Christensen (1931 b) determined heart 
minute volume, stroke volume, and a.-v. 0 2-difference in 4 men and 3 
women during heavy work. He found that the a.-v. Oa-difference as a 
rule increased with increasing working intensity, but at the maximal 
intensities it decreased (the duration of work was at least 20 minutes). 
The highest average value, independent of the working intensity, was 
108 ml oxygen per litre blood for the women and 131 for the men. The 
stroke volume was either nearly constant or increased slightly with 
increased working intensity and heart rate. The heart rates, however, 
were never as high as in the writer’s experiments. The highest in
dividual value of the oxygen pulse was 22.7 ml for men and 14.6 ml 
for women.

If we take 3 male subjects, whose oxygen pulse curves are very 
much alike, and represent the average for adult subjects (Fig. 8, see

3 ÅSTRAND
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arrow), and if we presume an a.-v. 0 2-difference of 120 ml at a heart 
rate of 150 (corresponding to the average values given by Christen
sen), then the stroke volume at an oxygen pulse of 17.5 will be 146 ml.

Doing the calculation with a constant a.-v. 0 2-difference of 120 ml 
the stroke volume wall be 169 ml at a heart rate of 200 (the oxygen 
pulse 20.3 ml). If we presume instead a constant stroke volume, the
a.-v. CVdifference would increase from the 120 ml at heart rate 150 to
139 ml.

Using the same presumptions in the case of subject R.B. (Fig. 8) 
a constant a.-v. O.-difference of 120 ml gives a stroke volume of 
115 ml at a heart rate of 155, 140 ml at a heart rate of 200, and 169 ml 
at a rate of 215 (oxygen pulse 13.8, 16.8, and 20.3 ml respectively). The 
decrease of the oxygen pulse at the highest heart rate of 222 (to 19.1 
ml) corresponds to a decrease of the stroke volume to 159 ml.

If, however, the stroke volume should be kept constant at 115 and
140 ml, respectively, a working intensity with a heart rate of 215 
would give an a —v. 0,-difference of 177 and 145 ml respectively.

A smaller a.-v. (^-difference and consequently a higher stroke 
volume at the lower heart rate is of course possible, but the experimen
tal data do not support this assumption. A higher a.-v. 0 2-difference 
than 120 may be possible at the highest frequencies, but it will hardly 
exceed 140-150 ml 0 2 per litre of blood, which would be the case if 
the stroke volume decreased as shown in the above mentioned calcula
tions. Rather the reverse would be expected. As already mentioned, 
Christensen sometimes found a decrease in the a.-v. 0,-difference when 
the working intensity was close to maximum.

The purpose of these calculations has been to show that a de
crease in stroke volume, as a rule, is very unlikely even if the heart 
rate rises above 200 per minute. An increase is much more likely at 
least for the older subjects. Of course the type of work and the work
ing time can change the situation.

The younger subjects, below 12-13 years, often have an almost con
stant oxygen pulse at different heart rates. In 5 of the younger subjects 
there is even a decrease (see Fig. 8 G.M.). Galle (1926) determined the
a.-v. CVdifference and stroke volume by a nitrous oxide method ac
cording to Krogh and Lindhard (1912) in four 12 year old boys during 
rest and in 2 subjects during work. He found during work, with an 
average heart rate of 113, an a —v. 0 2-difference of 106 ml, as compared 
to 68 during resting conditions. The stroke volume during work was 
70 ml, in rest 41 ml. The small number of subjects makes the values 
somewhat uncertain, but the increase in stroke volume as well as in
a.-v. CVdifference is so marked that they indicate a definite change.
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The heart rates in the experiments of Galle are, however, at quite a 
different level compared to the writer’s values, and no certain con
clusions can be drawn.

Due to the lack of experimental results as to stroke volume and
a.-v. CVdifference in children during work, it is impossible to explain 
the constant oxygen pulse in the writer’s experiments. It is impossible 
to state if the a.-v. O.-difference and the stroke volume are constant, 
and consequently the increase in oxygen intake takes place only 
because of an increase in minute volume due to an increasing heart 
rate, or if a decrease in one component is compensated by an increase 
in the other one.

A decrease in a.-v. O¡.-difference during work with increasing 
intensity is very unlikely (except at maximum). Due to the changes 
in blood distribution with an increased vascular bed in the muscles 
during work, a higher a.—v. (h-difference in the working muscles is 
more likely. The increase in the blood lactic acid, which was also 
found in the young subjects at higher working intensities, must give 
a lower pH, and consequently the reduction of the oxyhemoglobin must 
have been more complete. If we accept a higher or perhaps an un
changed 0 2-difference the stroke volume must have been lowered or 
kept constant.

The younger subjects have, in relation to body weight, a smaller 
blood volume than the older ones, but they have a higher maximal 
oxygen intake per litre blood volume (see Chapter V). This makes 
likely a higher minute volume in relation to the blood volume. This in 
connection with a relatively low blood volume can bring about less 
favourable conditions for the filling of the heart, and a relatively lower 
stroke volume. As the peripheral vascular bed increases, this can be 
more and more pronounced. In this way the constant oxygen pulse in 
the children can be explained. (See Chapter V).

Concerning the heart rate of the younger subjects another problem 
has to be discussed. Robinson (1938) stated that “ the high heart rates 
of youthful subjects in work that is easy for them, is a characteristic 
of youth; presumably sympathetic stimulation raises the heart rate 
above the level necessary for accomplishment of the task.”

If the heart rate is unnecessarily high, this ought to be indicated by 
a low oxygen pulse which ought to increase when the working in
tensity makes the rate “necessary” . The writer’s experiments show, 
however, that the younger subjects during easy work have an oxygen 
pulse equal to that during heavy work. An “ unnecessarily” high heart 
rate is more likely to be characteristic for the younger group, when the 
working intensity approaches the upper limit.

3 ‘
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Maximal values for stroke volume and minute volume can be cal
culated on the basis of theoretical values for a.-v. O.-differences. As a 
possible value we take 120 ml (comp. Christensen) and for adult sub
jects also 140 ml. Those values are very likely somewhat too high, and 
consequently the calculated values for stroke volume and minute 
volume will be minimal values. •

For the youngest (4 years), with an oxygen pulse of about 4 ml, an 
a.-v. Ck-difference of 120 ml would require a stroke volume of 33 ml. 
The minute volume with a heart rate of 215 would be somewhat more 
than 7 litres. Several boys 10 years of age had an oxygen pulse of about 
10 ml. With a heart rate of 215 and an a.-v. 0 :-difference of 120 ml 
the stroke volume would be 80-90 ml and the minute volume of the 
heart 17-19 litres.

Two male subjects had an oxygen pulse of 28 ml at a heart rate of 
180. With an a.-v. 0 2-difference of 120 cc the stroke volume would be 
somewhat higher than 230 ml and the minute volume 42 litres. With 
an a.-v. O.-difference of 140 ml the corresponding figures would be 
200 ml for the stroke volume and 36 litres for the minute volume.

Several of the female subjects had an oxygen pulse of 16 ml with 
a heart rate of 200. With an a —v. O.-difference of 120 the stroke 
volume would be 136 ml and the minute volume 27 litres; with an a.-v 
0,-difference of 140 ml the stroke volume would be 116 ml and the 
minute volume of the heart 23 litres.

These theoretically calculated values agree well with the experi
mentally determined values of Christensen. He reports for stroke 
volume a maximal value of 209 ml for the men and 161 for the women; 
the minute volume was 37 litres for the men and 25 for the women.

Differences in heart rate between male and female subjects, as far 
as rate at a given oxygen intake is concerned, are shown in Fig. 10. 
This figure shows the relation between heart rate and oxygen intake 
independent of working intensity and type of work (running or 
cycling).

The great scattering of the values is explained by the fact that the 
figure is made up of 86 subjects’ heart rate-oxygen intake curves, and 
their oxygen intake capacity varies to a great degree; extremes are 3.30 
and 5.09 litres for the male subjects, 2.41 and 3.40 litres oxygen per 
minute for the female subjects.

The values for the males and females show only a slight over
lapping, and male subjects’ higher oxygen transport at a certain heart 
rate during maximal and submaximal working intensities must be 
explained mainly by higher stroke volumes and possibly also by 
higher a.-v. O.-differences.
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F ig . lO.-Heart rates in relation to oxygen intake for adult male and female subjects 
(86 subjects). Maximal as well as submaximal values are represented.

TABLE 5
The average values o f maximal heart rate and oxygen intake for adult males and 

females during running and cycling.

Type of work Sex
Numbero f
subjects

Max.
heart rate

Max. Os-intake 
litre per min.

Running ................... c? 40 189 ± 1 . 6 4.04 ± 0 .0 6
Cycling ...................... 35 191 ±  1.9 4.03 ±  0.07
Running and cycling 42 194 z t 1.6 4.11 ± 0 .0 6

Running ................... 9 43 198 ± 1 . 6 2.89 ±  0.04
Cycling .................... 32 194 ± 1 . 6 2.76 ± 0 .0 5
Running and cycling 44 198 ± 1 . 5 2.90 ± 0 .0 4

The figures denote x +  e x

The type of work, cycling or running, has no definite influence on 
the maximal values for heart rate. The average values for heart rate 
and oxygen intake are given in Table 5. Fifteen of the thirty-three male 
subjects who were “ forced” to maximal work both in running and 
cycling showed the highest values during running. The corresponding 
number for 32 female subjects was 19.

i. Summary.

The heart rate was determined during maximal running and for 
adult subjects also during cycling (115 male subjects aged 4 to 33
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years, 112 female subjects aged 4 to 25 years). For the subjects below 
20 years the average values lay between 202 and 211, and were indepen
dent of age and sex. For the adults the mean values were 194 for men 
and 198 for women.

There was no difference between the maximal values obtained 
during cycling and running.

The experiments indicate that the circulation is fully effective as 
far as oxygen transport is concerned even at the highest heart rates 
if the oxygen transport per pulse beat is taken as indication of effec- 
tivity. Some exceptions exist among the youngest subjects. Excluding 
this age group, there are no findings indicating a decrease in stroke 
volume with increasing heart rate, not even at the highest rates.



Chapter V

THE TOTAL QUANTITY OF HEMOGLOBIN 
AND BLOOD VOLUME1

1. Introduction.

It is of the greatest interest to try to analyse the factors that deter
mine the size of the maximal oxygen intake capacity. Since oxygen is 
transported via the blood and its hemoglobin, it is justifiable, in con
nection with an investigation of an individual’s aerobic capacity, to 
study at the same time his blood volume and the total quantity of 
hemoglobin.

This is of special interest since Kjellberg, Rudhe, and Sjöstrand 
(1949 a, c) have shown a close correlation (0.90), broadly speaking, 
irrespective of age, sex or training condition, between quantity of total 
hemoglobin, and to a still higher degree blood volume, and the heart 
volume as determined by X-ray in the horizontal resting position. 
Moreover they found a very marked correlation (0.82 and 0.90 
respectively) between the amount of hemoglobin and the pulse rate 
during work (600 kgm/min), or the work at which the pulse reached 
a level of about 170 beats per minute. “ This indicates that there is a 
close correlation between the total blood volume and the stroke volume 
during work” .

Previous investigations.

Sjöstrand (1949 a) using a CO-method modified by him, has deter
mined the total quantity of hemoglobin in 17 boys and 21 girls between 
the ages of 8 and 17, and in 174 men between 18 and 57 years, and 
92 women between 17 and 70 years.

In the case of the men the total quantity of hemoglobin increased 
approximately parallel with the age and growth up to 22 years of age, 
whereas for the women the increase became considerably less after 
12-13 years, and reached a constant level after 20 years.

During puberty, a definite increase was found for boys in relation

1 These investigations were made in collaboration with Astrid Lindholm. 
Preliminary reported at “ VII Scandinavian Physiological Congress” , Aarhus. 
(.Lindholm, 1951.)
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to their body weight, but for girls there was a relative reduction from 
12 to 20 years.

The average quantity of hemoglobin in the adult men was 803 ±  
8 gm or 1.16 per cent of body weight. In the adult women it was 555 ±  
11 gm or 0.86 per cent. (The differences were 30 per cent and 25 per 
cent respectively, calculated from the values for the men).

Before puberty girls showed a lower hemoglobin quantity in rela
tion to weight than the boys, but the same quantity in relation to age 
(8-12 year old boys had 1.17 per cent of body weight, girls 0.96 per 
cent).

The blood volumes showed about the same variations with the 
exception that the difference between the adult males and females was 
about 10 per cent less than that for the quantity of hemoglobin.

Brines, Gibson, and Kunkel (1941) determined the blood volume of 
50 children between 2 and 17 years with “ the blue dye” . They found 
that the blood volume increased with age, and was the same for boys 
and girls up to puberty, when is was about 2.5 litres. Afterwards it 
increased more quickly for the males.

Morse, Cassels, and Schultz (1947), using the same method, examin
ed 77 children from 1 to 17 years and found that their blood volumes 
were higher than those reported by Brines et al. The blood volumes 
were found to be related to body weight by a linear equation, to stature 
by an exponential equation and to surface area by a non-linear equa
tion of the second degree. Less variation from the regression curve was 
found by using surfaces areas as the standard for reference. With one 
exception the greatest security of prediction came from multiple regres
sion equations relating the blood and plasma volume to the height and 
chest girth of the child.

von Pornt (1951) has given in his work a review of the blood 
volume determinations done by the Evan’s blue dye method. In his 
own experiments he found in 20 men and 20 women, all normal, and 
with an average age of about 26 years, a total blood volume of 6.17 
litres for the men and 4.48 for the women (respectively 83.3 and
74.7 m l/kg).

2. Methods.

In these experiments, the total quantity of hemoglobin in 43 men 
(7-30 years) and 51 women (7-24 years) was determined. The sub
jects were classified into groups according to their ages (Table 6). 
When the average values for the height, weight, and maximal oxygen 
consumption of these groups are compared with the values of all sub
jects it is clear that the selections are representative.
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31

F ig . 12.-The average values of the total quantity of hemoglobin, blood volume, and
blood hemoglobin concentration in relation to age. The number of subjects is given

in Table 7, p. 42. (The vertical lines denote ±  2 X s—).
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A further account of the method used has been given in the chap
ter II (modified CO-method, according to Sjöstrand, 1948).

3. Results.

The individual values for total hemoglobin, relative hemoglobin and 
blood volumes are given in the appendix. The average values are shown 
in Table 7.

a. Total hemoglobin-The quantities of total hemoglobin for the 
various subjects at different ages are shown in Fig. 11 and the average 
values in Fig. 12. It is evident that the values for boys and girls are 
similar up to 12-13 years (7-9 years 233 and 201 gm, 12—13 years 369 
and 367 gm, respectively), but after that age they separate and attain 
different “ levels” (for males from 617 to 727 gm, for females from 435 
to 495 gm). As far as the girls are concerned the values for the 14-18 
years old lie 28 per cent lower, and for the adult women 32 per cent 
lower than the corresponding male values.

The groups are so small that the average values merely show the 
trend and the difference which is shown between boys and girls of 
7-9 years is, for instance, not statistically significant.

With regard to the average values, the quantity of hemoglobin in 
the girls increases fairly evenly with age up to 14-15 years, but after
wards the increase becomes considerably less, whereas in the boys there 
is a relatively higher increase during the puberty (an increase of 67 
per cent). This should be seen against the background of an average 
increased body weight of 47 per cent (calculated from the lower 
values).

From Fig. 11 it is clear that some 13 year old girls and 15 year old 
hoys have already attained adult values.

If the value of total hemoglobin is related to body weight, the values 
are scattered as in Fig. 13. The hemoglobin increases with the body 
weight, but the variations are rather great. An analysis for hoys of 
about 40 and 55-60 kg cannot he made, because there are too few values 
available. Below 40 kg (before puberty) the values for boys and girls 
are of the same magnitude. The average values for the total hemoglo
bin within the weight limits 25-40 kg are 255 gm for boys and 251 gm 
for girls, and are consequently very similar.

Table 7 and Fig. 14 shows the total quantity of hemoglobin (in gm) 
per kilogram body weight for various age groups. It is evident that the 
development of boys during puberty brings about a great increase of 
the quantity of hemoglobin with relation to weight, and this increase
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is brought to an end after some years when a level is reached at about 
10 gm hemoglobin per kg body weight (the average value is 10.0 gm 
for 14-30 year old subjects).

No corresponding increase is noted in the case of girls during 
puberty, but the average values for all groups under 20 years lie fairly 
constant between 7.5 and 8.0 gm per kg. For the 5 females over 20 
years the value is somewhat higher, 8.3 gm (one of these subjects had 
a very high value, 10.1 gm per kg, which considerably influences the 
average value). The 14-24 year old girls have an average value 21 per 
cent less than the boys.

The quantity of hemoglobin in relation to height and surface area 
is shown by Figs. 15 and 16. (The surface area is calculated according 
to Du Bois’ formula). The values are scattered with a fairly large devi
ation along a curved line, and between the sexes no difference of total 
hemoglobin is noticeable for those subjects with smaller stature or 
less surface area. Neither is it marked at the higher values, conse
quently about 60 per cent of the values for girls taller than 165 cm lie 
inside the boys’ range, while the others have a somewhat smaller 
quantity of hemoglobin. As the number of male subjects inside the 
“ middle-age-groups” are too few, it is impossible to make a reliable 
comparison.

The highest correlation seems to be given by the relation of total 
hemoglobin to maximal oxygen intake, see Fig. 17. The correlation 
coefficient of 0.97 for males and of 0.94 for females shows a high 
degree of correlation. The two regression lines have a somewhat differ
ent mean and slope, but the difference is not statistically significant. 
(The correlation of total hemoglobin to maximal oxygen intake for all 
the subjects is 0.97). The deviation from the regression lines is about 
10 per cent (statistics see Table 8, p. 50).

The average values for different age groups, of maximal oxygen 
intake (litres/min) per 100 gm hemoglobin are shown in Fig. 18 (and 
Table 7). Apart from the 10-11 year old groups the values for both 
boys and girls lie together. The relatively lower oxygen intake for the 
said girls could be a result of their earlier sexual maturity, if the 
lowTer oxygen intake per unit hemoglobin, which is noticed with the 
older girls, is understood as a secondary sex character. A greater 
number of subjects might throw some light on this question. (A highly 
significant difference is obtained by comparing the average values for 
7-11 year old boys with those of the 14-18 group. The difference 
between the girls 7-9 and 10-11 years of age is almost significant).
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total. Hb

Fig. 17,-Total quantity of hemoglobin in relation to maximal oxygen consumption 
(statistical data see Table 8, p. 50).

F ig . 18.-The means of the maximal oxygen intake per 100 gm total hemoglobin
(dots) and litre blood volume (squares) in relation to age. The number of subjects

is given in Table 7, p. 42. (The vertical lines denote ±  2 X e~j4'

.
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F ig . 20.-Blood volume in relation to body weight.

b. Blood hemoglobin concentration.-The average values for hemo
globin concentration are shown by Fig. 12 (15.4 gm Hb/100 ml blood 
=  100 per cent). For the female subjects the values lie at about 90 per 
cent, and it is the same for the males up to and including 13 years. 
After this age the value increases to 97-98 per cent for 14-18 year old 
males and to an average of 104 per cent for the oldest.

c. Blood Do/ume.-The blood volume has been calculated from the 
values of total and relative hemoglobin, hut since the hemoglobin con
centration varies in different parts of the vascular system, this calcula
tion certainly does not give the true value. However, when the ex-

4 ÅSTRAND
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TABLE 8

Sex n X +  © x y  i  ey

Max. 02-intake in relation to body weight d 115 52.2 ± 1 .7 7 3.01 ±0.11
)» above 40 kg 9 76 57.5 ±  0.81 2.75 ±0.(1
>> below 40 kg $ 36 28.1 ±  1.07 1.48 ±0.«

Total Hb in relation to max. 0 2 -intake d 43 2.98 ±0 .1 6 478.3 ±32.1
9 51 2.25 ± 0 .0 8 355.5 ±161

all subjects o ' +  9 94 2.58 ±0 .09 411.7 ±181

Total Hb in relation to max. 02-pulse, all
subjects .................................. d* +  9 92 12.7 ± 0 .4 8 407.3 ±18.

Blood volume in relation to max. 0 2-intake d 41 2.98 ±0 .1 7 3.21 ±0Jt
»» 9 51 2.25 ± 0 .0 8 2.55 ±0.11

perimental conditions are identical, the results obtained can be used as 
a mean of comparison between the sexes and different age groups 
(Sjöstrand, 1949 a).

Since the average value of hemoglobin concentration is similar for 
boys and girls up to 13 years, but afterwards lower for the females, 
it can be stated:

1) that the blood volume in the younger subjects is approximately 
related to age, weight, height, and surface area like the total hemo
globin (see Figs. 19 to 22) and

2) in the case of the older subjects, the difference between male 
and female subjects is less. Thus, the difference in average blood 
volume values between boys and girls of 14-18 years is only 23 per 
cent and for adults 21 per cent. The corresponding figures for total 
hemoglobin were 28 and 32 per cent, respectively.

The average values of the blood volume per kg body weight are 
shown in Fig. 14. In the case of the boys, two different levels are seen, 
one before puberty (52-55 ml blood volume per kg body weight) and 
one after (64—67 ml). The average values for the female subjects lie 
more constant; however, they show a tendency towards a relative 
increase of blood volume after 16 years. If, in spite of this, all over 12
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TABLE 8

Regr. eq.
Regr. coeff.

Corr. coeff.

Deviation from 
regr. line

b +  eh p.c.
error °(y—y)

in p.c. of 
mean (y)

y =  _ 0.108 +  0.060 x 0.060 ±0 .004 (6.7) r =  0.980 ±0.004 ±  0.227 7.54
y — 0.369 +  0.042 x 0.042 ±  0.003 (7.1) r =  0.867 ±0.015 ±0.169 6.15
j  =  - 0.034 +  0.054 x 0.054 ±0.003 (5.6) r =  0.960 ±0.013 ±0.103 6.96

y =  — 125.6 +  202.6 x 202.6 ±  7.0 (3.5) r =  0.976 ±0.007 ±4 6 .5 9.73
y=------ 68.4 +  188.8 x 188.8 ± 9 .3 (4.9) r =  0.945 ±0.015 ±3 7 .4 10.52
y = — 87.4 +  193.3 x 193.3 ± 5 .1 (2.6) r =  0.970 ±0.006 ±  43.5 10.57

y =  — 57.0 +  36.6 x 36.6 ± 1 .0 (2.7) r =  0.967 ±0.007 ±44.1 10.83

y =  — 0.301 +  1.180 x 1.180 ±0 .048 (4.1) r =  0.969 ±0.010 ±0.315 9.81
y=— 0.472 +  1.348 x 1.348 ±0.067 (5.0) r =  0.945 ±0.015 ±  0.268 10.51

The correlation between maximal oxygen intake and the following functions: 
body weight (Fig. 49, p. 106) 
total quantity of hemoglobin (Fig. 17, p. 48) 
blood volume (Fig. 23, p. 53)

and between total quantity of hemoglobin and oxygen pulse (Fig. 24, p. 57).

years are regarded as one group their average value, 57 ml/kg, lies 
14 per cent under that of the male subject. Those under 12 years have 
an average of 56 ml/kg.

Finally, if the blood volume is related to the maximal oxygen intake 
(Figs. 18 and 23) the agreement between the sexes is not so good as 
was the case for total hemoglobin. The 10-11 year old girls as well as 
female subjects over 16 years have a lower oxygen intake per unit 
blood volume than the males (about 10 per cent). A statistical analysis 
of whether the regression lines of males and females differ significantly 
gives a difference on the level of almost significant (P =  0.05) (see 
Table 8).

i. Discussion.

From the introduction we know that Sjöstrand has carried out 
experiments in this field, and since he used the same method as the 
writer, a comparison might he of special interest. However, for the 
calculations somewhat different constants have been used in the two 
investigations. (The writer has used the value given by Sjöstrand 
(1948) for the amount of COHb at a certain CO-tension in the pul
monary alveoli). Thus our values ought to be about 7 per cent lower4’
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than those of Sjöstrand (1949 a). As the true value of the constants 
is not yet known, there is no reason for correcting the values obtained. 
Furthermore, there is no method that exactly determines the blood 
volume, so no “ normal values” can be chosen as basis for a comparison. 
The main interest of these investigations has been the variation of 
total quantity of hemoglobin and blood volume in relation to age and 
sex, and so the absolute values are of secondary importance. For such 
an aim Sjöstrand’s method is very useful.

When corrected with regard to the difference of 7 per cent due to 
the different constants the writer’s values will, broadly speaking, agree 
with those of Sjöstrand. The difference between the average values of
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adult male and female subjects is of the same proportions as Sjöstrand 
found.

However, the difference in total hemoglobin per kg body weight 
between boys and girls before puberty, and the reduction of the values 
during puberty as reported by Sjöstrand, is not found in this study.

The values for blood volume lie lower than those of Morse et at. 
(1947), but agree largely with those of Brines et at. (1941). In com
parison with the blood volume values obtained by von Porat (1951), 
the writer’s values lie markedly lower (e.g. for the males: von Porat’s 
average of 6.17 should be compared with 4.66 litres found in this in
vestigation). The different method used may explain the various 
results.

From a study of the figures where the values for total quantity 
of hemoglobin and blood volume, respectively, are set in relation to 
age, weight, surface area, and maximal oxygen intake, it is evident 
that the best correlation is found between the total hemoglobin and 
the oxygen intake per minute. There is no statistically significant dif
ference between the regression curves of males and females, so the 
difference in quantity of hemoglobin in men and women is highly 
reduced when the total hemoglobin is related to the oxygen intake 
capacity. Such a close correlation is not surprising as the function 
of hemoglobin is to transport oxygen, but on the other hand, it is not 
self-evident, since an increase of minute volume or a.-v. Ch-difference 
can eventually compensate for a low quantity of hemoglobin.

A large blood volume is probably necessary for attaining a high 
minute volume of the heart. When large muscle groups work and the
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blood vessels of the skin are dilated, to meet the demands of heat 
regulation, a large quantity of blood is “ stored” in the periphery. In 
order to secure the venous return to the heart and thereby a large 
stroke volume, a certain quantity of blood must be present in the 
central veins, and in order to achieve this a large total blood volume 
is essential.

Asmussen and Christensen (1939) have shown how the minute 
and stroke volumes change with the blood distribution. When work 
was done with the arms only, the oxygen intake remained constant, but 
the minute volume decreased when a certain blood volume was isolated 
in the legs by means of pressure cuffs.

The blood circulation is probably the most decisive factor limiting 
oxygen intake under normal conditions. The working capacity of the 
heart or the blood capacity of the working muscles determines the size 
of the minute volume. At working intensities where the oxygen need 
rises above the supply, the quantity of hemoglobin per litre blood ought 
to determine the size of the oxygen intake, independent of whether the 
limiting factor lies in the “ central” or “peripherial” capacity of the 
circulation. This presupposes that the a.-v. 0 2-difference is changed 
with the hemoglobin concentration, i.e. that the oxygen tension in 
the working muscles and in the venous blood leaving them is fairly 
constant during higher working intensities. (Unfortunately there is 
no reliable information concerning these oxygen tensions).

Consequently, if a large blood volume is primarily essential for a 
large minute volume, then the quantity of hemoglobin ought to be 
still more decisive with regard to the maximal oxygen intake. The 
better relation to oxygen consumption given by hemoglobin in these 
experiments as compared with blood volume, suggests this.

In the case of the female subjects, the relative hemoglobin, i.e. the 
oxygen capacity of the blood, is 12 per cent lower than for males after 
about 16 years of age. After this age the maximal oxygen intake per 
litre of blood and minute is also lower, 10 per cent. This agrees with 
the earlier statement, that the total quantity of hemoglobin to a higher 
degree determines the maximal oxygen intake.

However, there is no certain relationship between the hemoglobin 
concentration and the maximal oxygen intake, e.g. calculated per kg 
body weight, and the reason for this can be that the values of hemo
globin concentration lie within rather narrow limits.

Cullumbine { 1949) has studied the correlation between blood 
hemoglobin concentration and response to various exercise tests for 
subjects aged 10 to 20 years. It was concluded that the hemoglobin 
concentration was significantly correlated with speed of movement,
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strength, and the ability to sustain prolonged moderate muscular 
effort. There was no evidence for a significant correlation between 
the hemoglobin level and either the response to moderate exercise 
or the response to severe exercise. Cullumbine believes that this severe 
type of exercise was too severe, that the oxygen debt was too large 
to be influenced significantly by the rather small range of hemoglobin 
levels present in his group of subjects.

The hemoglobin concentration is not increased by training (Robin
son, Edwards, and Dill, 1937; Schneider and Karpovich, 1948). The 
increase of hemoglobin which follows physical training, takes place 
along with an increase of blood volume. The “normal” hemoglobin 
concentration (at a barometric pressure of about 760 mm Hg) ob
viously forms an optimum, even if the demands on the circulation 
vary considerably. It is difficult to explain why this optimal value 
is not the same for men, women, and children (see p. 115).

During acclimatization to a low oxygen pressure, a physiological 
increase of the quantity of hemoglobin takes place, but probably under 
these conditions other factors than the blood circulation determine 
the working capacity. (Christensen and Forbes, 1937).

The low hemoglobin concentration found in patients with anemia 
is compensated through an increase in the minute volume of the 
heart (Nielsen, 1934). It is, in this connection, of interest to see 
that individuals with chronic anemia, according to, among others, 
Sjöstrand (1949 b), have an increased blood volume as compared 
with normal people. This is probably one of the conditions necessary 
for their greater minute volumes. Sjöstrand has also pointed out that 
patients with chronic anemia are often in better physical condition 
than patients with hemorrhagic anemia in spite of the latter’s eventu
ally higher relative hemoglobin, which can be explained by differing 
blood volumes.

Children before puberty have a relatively smaller quantity of 
hemoglobin and blood volume than their elders, but they have in 
relation to body weight a similar maximal oxygen intake per minute, 
for which reason the oxygen intake per unit of total hemoglobin or 
blood volume is greater than for their elders. This can depend upon:

1) a greater a.-v. 0 2-different which amply compensates for the 
lower oxygen capacity of the blood. According to Robinson (1938), the 
oxygen saturation of the arterial blood in a state of rest is about 0.5 
per cent higher for 10 than for 20 years old. The difference can 
eventually he greater during heavy work, but not even under such 
conditions can it have such a great quantitative importance. If an 
increase of the a.-v. 0 2-difference takes place, this should consequently
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depend upon a better oxygen utilization in the muscles, e.g. owing to 
more favourable conditions ol diffusion. A greater shift of the pH 
value towards acidity is conceivable on account of the lower alkali 
reserve of the youngest children (Robinson, 1938), but on the other 
hand, they do not reach the same blood lactate concentration as their 
elders, (see Chapter VIII).

If, on the other hand, it is granted, that the a.-v. O.-difference is of 
the same size as that for an adult with a similar oxygen consumption 
(relative to body weight) another interpretation of the larger oxygen 
intake per gm hemoglobin or per litre blood must be sought.

2) Since the blood volume of younger children is relatively small 
in relation to the body size, their minute volume, at a certain metabolic 
rate forms a greater multiple of their blood volume as compared with 
older individuals. Consequently the oxygen utilization from their 
blood volume is greater per unit of time.

There are no known investigations, connected with hard work, 
which give information about these problems. However, it may be 
worth-while to mention that Galle (1926) while using the nitrous oxide 
method according to Krogh and Lindhard (1912) determined the 
minute volume and a.-v. Os-difference for four 12 year old boys in 
a resting state, and two boys during light work (220 kgm/min. with 
an average oxygen consumption of 0.82 lit/min.). He found an in
crease of oxygen utilization during work. His experiments indicated 
a higher a.-v. O.-difference for the younger subjects during rest as 
compared with adults (62.5 ml oxygen/litre blood and 52-53, respect
ively), but about the same a.-v. 0,-difference during work (116 ml 
for boys with a heart rate of 113).

An adjustment of the circulation, as that described above ought to 
be less fit for a long period of hard work, which also the younger sub
jects avoid. Perhaps the evasion is primarily a psychological one. 
Still more factors appear which make it more difficult to form an 
opinion about the blood circulation of younger subjects. Problems of 
beat regulation arise with longer periods of work. The younger sub
jects have a relatively greater surface area as compared with adults, 
which indicates better possibilities of heat elimination with less 
demands on skin circulation.

I he hydrostatic forces are smaller, and this diminishes the hydro
static dilatation of vessels. Asmussen, Christensen, and Nielsen (1939 a) 
have demonstrated the effect of hydrostatic changes in the blood 
distribution. When tilting a person from the horizontal position to an 
angle of for instance 60°, head upwards, the blood pressure was con
stant, but the heart rate increased, minute volume and consequently
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max. Og-inlake 
per pulse beat.

F ig . 24.-Maximal oxygen pulse in relation to the total quantity of hemoglobin. The 
oxygen pulse is taken as a measure of the stroke volume. (Statistical data see 
Table 8, p. 50. The calculations are made with the oxygen pulse “ as abscissa” ).

max.Orintake

stroke volume decreased. The oxygen intake was constant. In head- 
down position stroke volume was greater while minute volume 
remained constant as compared with the horizontal position. It is of 
special interest that the hydrostatic effect was pronounced even during 
muscular work.

Other factors are that the vessels of youth are more elastic than 
those of the adult, the distance that the blood has to flow is shorter, 
and the mass to accelerate at every beat is smaller.
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Before direct measurements of the stroke and the minute volume 
of children are made during performance of different working inten
sities the capacity of the circulation must he conjectured.

The Figs. 24 and 25 show the oxygen pulse of the subjects in rela
tion to total hemoglobin and blood volume, respectively. Since the 
oxygen pulse must be considered to be a good measure of the stroke 
volume, the graphs show that the maximal stroke volume, to a high 
degree, is correlated with total hemoglobin (0.96) and blood volume, 
which agrees well with Kjellberg et. al.’s (1949 a, c) observations 
(comp. p. 39). The correlation coefficient and deviation from the 
regression line are similar to the corresponding values for the correla
tion between total hemoglobin and maximal oxygen intake (see 
Table 8, p. 50). It is of a certain value to see that the third variable, 
the heart rate, does not make the correlation smaller.

It is possible that a high correlation can be obtained between total 
hemoglobin (and blood volume) and body size, if the excess fat is 
subtracted from the body weight. This relationship with “ lean body 
mass”  can possibly be independent of age, sex, and training condition, 
and thus show an adjustment of the hemoglobin according to the 
“ active tissue mass” . Among others, Behnke (personal communica
tion) has shown that the basal metabolism has a higher correlation 
to lean body mass than to body weight, height, or surface area. Further 
discussion of these problems will he done in Chapter IX.

5. Summary.

The total quantity of hemoglobin and the blood volume of 43 males 
(7-30 years of age) and 51 females (7-24 years) were determined by 
using a modified CO-method.

The quantity of hemoglobin was similar for boys and girls up to 14 
years (7-9 years about 220 gm, 12-13 years 370 gm), but after that 
age their values separated and attained different levels (male about 
700 gm, female 30 per cent lower, or 500 gm).

In relation to body weight the quantity of hemoglobin was found 
to be similar for boys and girls up to 12 years (7.5-8.0 gm per kg). The 
older girls showed no greater change in their values, but in the case of 
the boys an increase took place, and they reached a new level at 14-15 
years (10 gm per kg). The difference between the male and female 
average values after this was about 20 per cent.

Blood volume had nearly the same relation to sex and age as hemo
globin, but the difference in blood volume per kg body weight between 
the older male and female subjects was only 14 per cent.
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A very high correlation (0.97) was obtained between total hemo
globin and maximal oxygen intake, where the male and female values 
followed to a large degree the same regression curve. This relationship 
was discussed.

The maximal oxygen pulse showed a similar correlation with total 
hemoglobin and blood volume, and if the oxygen pulse is taken as a 
measure of the stroke volume, it shows how close the relation between 
maximal stroke volume and blood volume is.



Ch a pt e r  V I

LUNG VOLUMES1
1. Introduction.

Investigations on vital capacity, residual capacity and so on are 
numerous. A review of the main results as far as adults are concerned 
was given by Birath (1944) and for different age groups by Robinson 
(1938).

The average values given by Birath on the absolute and relative 
lung volumes in normal men and women, between the ages of 18 and 
40, are given in Table 9. The determinations were done in an easy sit
ting position with a modified hydrogen method. Only a few of the 
subjects were physically well-trained. Birath states, “ as seems gene
rally to be the case, in other materials also, the residual capacity for 
females was percentually higher than for males” , and that “ the demon
strated difference between males and females in the present material 
as regards the relative magnitude of the residual capacity may possibly 
be connected with the higher degree of training in the males” .

Robinson determined the vital capacity for 53 male subjects repre
senting the age groups 6.0, 10.8, 14.1, 17.5, and 24.0 years, and he found 
the following average values: 1.26, 2.20, 3.71, 4.95, and 5.25 litres. For 
men 20—29 years old (11 subjects) the average value for total lung 
volume was 6.81 litres, for residual capacity 1.66 litres, and for residual 
and equilibrium capacity, expressed as a percentage of total capacity,
23.7 and 43.9, respectively.

2. Results.

(The applied methods are given in Chapter II).
With a few exceptions the vital capacity was determined for all 

subjects from the age of 7 (95 males and 97 females). A more complete 
analysis of the lung volumes was carried out on 45 men and 51 women 
between 20-33 and 20-25 years, respectively, and gave the results 
shown in Table 9. Some students from the G.C.I., who did not take part

1 The lung volumes and ventilation are expressed in litres of gas saturated with 
water at 37° C, at the prevailing pressure (B.T.P.S.).
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F ig. 26.-Vital capacity in relation to age.
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T A B L E  10
cji Vital capacity, total and per cm body height and per "kg body weight.

Tidal air expressed as per cent of vital capacity.

Sex
Age groups

7— 9 10-11 12— 13 14—15 <f 16—18
9 16— 17

<f 2 0 -3 3  
9  20—25

Number of subjects ....... & 12 13 17 9 9 35
9 13 13 13 11 10 37

Vital capacity (litre) ... & 2.21 ±0 .07 2.65 ± 0 .1 0 3.22 ±0 .13 4.55 ±0 .4 6 5.17 ±  0.34 5.68 ± 0 .1 4
0.23 0.35 0.52 1.39 1.00 0.79

9 1.95 ±0 .0 5 2.30 ± 0 .0 6 3.25 ± 0 .1 4 3.74 ±0 .1 3 4.14 ±0 .1 9 4.28 ±  0.09
0.16 0.20 0.50 0.41 0.59 0.54

Vital capacity per cm
height (m l) ..................... a' 16.3 ± 0 .4 18.2 ± 0 .5 20.8 ± 0 .7 26.3 ± 2 .1 29.1 ±  1.6 32.1 ±  0.7

1.2 1.8 2.5 6.2 4.9 3.8
9 14.7 ± 0 .3 16.4 ± 0 .4 20.5 ± 0 .7 22.6 ± 0 .6 24.7 ± 1 .1 25.9 ±  0.5

0.9 1.3 2.6 2.0 3.4 2.9

Vital capacity per kg
weight (m l) ................... & 72.3 ± 1 .9 72.8 ± 1 .6 76.1 ± 1 .3 77.3 ± 2 .7 80.4 ± 2 .9 80.8 ±  1.3

6.4 5.7 5.2 8.1 8.8 7.8
9 72.3 ± 2 .1 71.1 ± 2 .1 70.0 ± 2 .6 67.0 ± 1 .7 72.4 ± 3 .3 72.1 ±  1.4

7.3 7.4 9.1 5.7 10.3 8.4

Maximal tidal air s ,-------------------------- X  100
vital capacity d" 47.9 ±  1.9 50.4 ±  2.0 49.4 ± 1 .8 54.2 ± 2 .4 53.7 ± 1 .8 54.3 ± 1 .0

6.5 7.2 7.2 7.1 5.3 5.7

9 46.8 ± 2 .4 45.9 ± 1 .9 50.7 ±  2.4 50.1 ±  1.7 47.4 ± 1 .1 48.9 ± 1 .0
8.6 6.6 8.6 5.5 3.6 5.8

The figures denote X ±  g— and a
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F ig . 32,-The average values of the vital capacity per cm body height (A) and per kg 
body weight (B) for  different age groups. The number o f subjects is given in 

Table 10, p. 65. (The vertical lines denote ± 2  X £—).

in the other experiments, are also included in this material. These 
values will, however, influence the average values insignificantly.

The average value for total capacity is 7.22 litres for men and 5.36 
for women. For residual capacity it is 1.52 litres for men and 1.13 for 
women. For the females the values for total, vital, and residual 
capacity are, respectively, 25.8, 25.7, and 25.7 per cent lower than for 
the males. Equilibrium and residual capacity are, respectively, 47.5 
and 21 per cent of total capacity for both sexes.

The individual values for the vital capacity in all subjects are given 
in the appendix, and graphic illustrations show the vital capacity in 
relation to age, body height and weight, maximal ventilation per 
minute, and maximal oxygen intake per minute (Figs. 26 to 30). 
Average values for vital capacity, total and per cm height, and per kg 
weight are summarized in Table 10.

As far as the vital capacity for the different age groups is con
cerned, Figs. 26 and 31 demonstrate that the values for the girls are 
generally lower than for the boys except in the 12-13 year group. For 
the girls a relatively steep increase is seen for the group 12-13 years. 
For the hoys a corresponding increase first takes place for the 13-14 
year group. The individual variations of vital capacity are especially 
pronounced after the age of 14. The difference in the average values 
for the adult subjects is 25 per cent (calculated on the basis of the
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male values). The absolute values for boys show an increase, from 2.2 
litres for the age group 7-9 years to 5.7 litres for adult men. For the 
females the corresponding average values are 2.0 and 4.3 litres.

The vital capacity is often related to body size, and even with this 
material such a comparison seems justified, especially as the individ
ual variations are so large. It is also of great interest to compare vital 
capacity with factors responsible for working capacity, i.e. lung venti
lation and oxygen intake.

In relation to body height (Fig. 27) a relatively greater vital 
capacity is seen for both boys and girls above 155 cm i height (boys 
about 13 years, and girls about 12 years), and the values for both the 
sexes lie, broadly speaking, between the same limits. Calculated per cm 
body height (Fig. 32) the girls’ average values are lower than those for 
the boys, although the difference is very small for the 12-13 year 
group.

In the youngest group an average value of 16.3 ml per cm height 
for boys, and 14.7 ml for girls is found, and a steep increase takes 
place between 12 .and 15 years (appearing for the girls first). The 
average value for the adult men is 32.1 and for the women 25.9 ml per 
cm, i.e. 19 per cent lower for the women. The 7-9 year old subjects 
have only 51 and 57 per cent of the vital capacity of adults if the com
parison is made with males and females, respectively.

Fig. 28 shows vital capacity in relation to body weight. The vital 
capacity increases with body weight, and the females have in most 
cases a somewhat lower capacity than the males.

Fig. 32 shows how the average values for the vital capacity per kg 
body weight for boys increase with age from 72 ml for the 7-9 age 
group to 81 ml for adults. The values for the females are more con
stant, and are similar to the values for boys in the 7-11 age group. The 
values for older females are 8-13 per cent lower than for males of the 
same ages.

If vital capacity is related to the maximal values for ventilation 
and oxygen intake the results are as Figs. 29 and 30 show. It should 
be emphasized that the values for the adults were obtained during 
running. In some cases higher values were recorded during cycling 
(comp, the average values in Table 13), but is was thought advisable 
to compare only the values obtained under identical working condi
tions.

The correlation is highest when the vital capacity is correlated 
with the maximal oxygen intake.

5*
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3. Discussion.
The absolute values for residual capacity and for the relative equili

brium capacity agree well with the values given by Birath, but the 
vital capacity is 11 per cent higher for the men and 16 per cent higher 
for the women in the writer’s experiments (the differences are highly 
significant). Consequently the total capacity is larger. Residual capac
ity in per cent of total capacity is lower, especially for the women (the 
difference between the women is highly significant and between the 
men almost significant).

In this material there is no difference in relative residual capacity 
between men and women (21.0 per cent and 21.2 per cent respectively) 
and this disagrees with earlier results. The explanation can be that the 
writer’s material includes men and women in very much the same 
physical condition. Real sex differences should consequently not exist 
as far as the relative residual capacity is concerned.

The higher value for vital and total capacity in the writer’s material 
as compared with the value given by Birath can probably be explained 
by a difference in physical development and training. That “ systematic 
physical exercise will increase the vital capacity of children and young 
people approaching maturity”  is shown by the review given by Schnei
der and Karpovich (1948).

The difference between the vital capacity found in Birath’s and the 
writer’s experiments is perhaps due to the different physical develop
ment of the subjects, but the absolute values for residual capacity and 
the ratio of equilibrium capacity to total capacity are, in spite of this, 
similar in both studies. The increase in vital capacity would conse
quently be due to an increase in complemental air. This does not agree 
with the assumption of Lindhard (1926) who suggested that increased 
training also entailed a lower equilibrium capacity, and that the rela
tively lower residual capacity in males as compared with females was 
due to greater muscular strength, resulting in a more forced expira
tion.

Calculating with a similar classification in age groups as Robinson 
used, the writer’s average values for vital capacity are 8 to 12 per cent 
higher per cm body height, and 5 to 12 per cent higher per kg body 
weight compared with Robinson’s values. The differences are too large 
to be insignificant. The explanation may be that Robinson made his 
determinations in recumbent position in which the vital capacity is 
lower than in standing position (Bohr, 1907; Hasselbalch, 1908; A.s- 
mussen, Christensen, and Sjöstrand, 1939).

It is of great importance to make clear the extent to which differ
ences in vital capacity between males and females (Fig. 32) are 
dependent on variations in body size.
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Fig. 33.-Vital capacity per cm body height in relation to body height for adult male
and female subjects.

For adult men there is a clear trend towards a higher vital capacity 
per cm body height for taller subjects as compared with shorter ones 
(Fig. 33). Consequently the differences found between men and women 
can be the result of differences in body height. If we could compare 
men and women in the same state of physical development and train
ing, it is quite possible that their vital capacities would be almost 
equal provided their heights were the same (comp, also Fig. 27). The 
difference in vital capacity per kg body weight is very likely due to 
the fact that girls during and after puberty have a higher percentage 
of fat than boys, and their weight is no longer a reliable measure of 
the active protoplasmic mass. Anatomical differences in the thorax 
may also contribute to the lower vital capacity of women, but this is 
not supported by the analysis of vital capacity in relation to height 
already mentioned. With adults there is no difference in vital capacity 
per kg body weight when light and heavy individuals are compared.

A question, by no means new, is whether conclusions about the 
individual’s physical working capacity can be drawn from the size of 
his vital capacity. The citation from Schneider and Karpovich concern
ing young people in training and the high values in the writer’s experi
ments speak for a certain relationship between vital capacity and 
working capacity. On the other hand Gordon, Levine, and Wilmaers 
(1924) found that vital capacity was normal for the majority of the 
participants in the Boston marathon race of 1924. There was, further
more, no direct relation between the vital capacity and the order in 
which the runners finished. A higher correlation between vital capacity 
and physical fitness apparently does not exist, at least as far as adults 
are concerned. Cureton (1936) came to the same conclusion by study
ing published material.
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In this material important components of the working capacity, 
i.e. the maximal oxygen intake and ventilation were determined; these 
values will be analysed in relation to the vital capacity. Figs. 29 and 30 
show that the correlation is highest between vital capacity and oxygen 
intake. Surely the explanation is that the “ maximal” ventilation is far 
more variable than the oxygen intake. Also of importance is the valve 
which may influence respiration so that hypo- or hyperventilation 
ensues. The magnitude of ventilation is influenced by psychological 
factors during work, especially when it is straining, where-as the oxy
gen intake is more constant.

From Fig. 30 it is evident that there is a rather constant increase 
of the oxygen intake capacity with increased vital capacity. However, 
a closer analysis is not possible. If we take, for instance, the girls with 
a vital capacity of about 4 litres, the maximal oxygen intake in this 
material varies between 2 and 3 litres per minute. For males the oxy
gen intake varies from 3.5 to 4.5 litres when vital capacity is about 
6 litres. In spite of this it is interesting to see how the vital capacity, 
for the different age groups, increases linearly with an increase of 
the oxygen intake capacity. It is unfunctional to assume that vital 
capacity can be expressed in more or less complicated formulae, where 
body size in centimetres and kilograms is represented. The biological 
basis no doubt is more “ active” . A certain connection with the maxi
mal oxygen intake is justifiable, as there is a great dependence be
tween vital capacity and the maximal tidal air during exercise, and 
a great tidal air means an economic respiration. The vital capacity 
must be regarded as one of the many factors determining the working 
capacity, but the dependence on its magnitude is certainly' limited to 
“ at least normal value” . This applies also to élite athletes who are 
known for their endurance. The vital capacity is of small value, no 
doubt, as a test of the oxygen intake capacity and the capacity of 
the respiratory organs, in so far as no pathological conditions are 
prevailing.

4. Summary.

Determination of the total, vital, and residual capacity of 45 males 
(20-33 years of age) and 51 females (20-25 years of age) gave average 
values which for these volumes were 26 per cent lower for the females 
than for the males. Average values were 7.22, 5.69, and 1.52 litres, 
respectively, for males and 5.36, 4.23, and 1.13 litres, respectively, for 
females. Equilibrium and residual capacity was relatively the same for 
the two sexes, 47.5 and 21 per cent, respectively.
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The vital capacity was determined for 95 male (7-33) and 97 
female subjects (7-25). At different ages, the boys had greater vital 
capacities than the girls except for the group 12-13, where the average 
value was the same. Average values for subjects of 7-9 years were 2.21 
litres for boys, and 1.95 litres for girls; for subjects of 12-13 it was 
3.22 and 3.25 litres, respectively.

In relation to body weight, boys and girls had nearly the same vital 
capacity before puberty. For the male subjects it increased succes
sively from 72 ml per kg for the subjects of 7-9 to values (81 ml) that 
were about 10 per cent above those of the females, whose average 
values were mainly constant at different ages.

In relation to body height the youngest groups (7-9) had an 
average vital capacity of 16.3 ml (boys) and 14.7 ml per cm (girls). 
These means were 51 and 57 per cent, respectively, of the adults’ ones.

The vital capacity in relation to maximal oxygen intake and maxi
mal ventilation was discussed.



Ch a pt e r  V II

LUNG VENTILATION
1. Introduction.

As was shown by Christensen (1932) and others, the ventilation at 
submaximal working intensities increases almost linearly with oxygen 
intake. During maximal work it shows a relatively larger increase. The 
tidal air during work is within certain limits quite independent of the 
size of ventilation, and reaches 40-60 per cent of the vital capacity 
(the “ optimal” tidal air).

Robinson (1938) found average values for maximal ventilations of 
33.3, 53.4, 92.2, 121.0, and 118.2 litres per minute for the following age 
groups: 6.1, 10.4, 14.1, 18.0, and 25.3. In relation to body weight, the 
ventilation was relatively constant for these groups (1.6-1.8 litres per 
minute and per kg). The maximal respiratory rate gradually declined 
from the average 62 for the youngest to 43 for the 25 year old subjects. 
The maximal tidal air was 44-56 per cent of vital capacity, whereof 
the lowest percentages refer to the younger subjects.

In their study of 110 boys, aged 10-17 years, Morse, Schlutz, and 
Cassels (1949) found that the maximal lung ventilation per minute 
was constant for the different age groups (1.6 litres per minute and 
per kg), but in the older boys it was attained with fewer respirations 
by increasing the ratio of tidal air to vital capacity. The respiratory 
rate for the youngest group was 60 per minute. Tidal air in relation 
to vital capacity was 47.5 per cent. Corresponding values for the oldest 
subjects were 53 per minute and 55 per cent, respectively. Broadly 
speaking, the results agree with those of Robinson.

2. Methods.

The experiments include determinations of lung ventilation, respira
tory rate, and tidal air during submaximal and maximal work (running 
and for the older subjects also cycling). Chapter II and III give the 
methods used to determine these values but a further discussion is 
desireable.

Christensen and Hansen (1939 a) state in a work concerning the
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determination of the respiratory quotient the necessity for having 
short and wide connections between the mouth of the subject and the 
Douglas bag at high working intensities. With narrow connections 
hypoventilation ensued. An initial period of 2 minutes with mouth
piece breathing is sufficient to give constant values provided the venti
lation has reached a steady state. Especially at high intensities, when 
careful determinations are wanted, 10-15 minutes of work is often 
necessary in order to reach the steady state.

Robinson (1938) found in his experiments that during the second 
minute of work 90-98 per cent of the maximal value of the oxygen 
intake was attained, but that the ventilation varied during this period 
betweeen 75 and 90 per cent of the maximal value.

As earlier mentioned, the ventilation increases in relation to the 
oxygen intake more during exhausting work than during light work. 
An important cause is that the blood during heavy work contains 
specific substances which are produced under anaerobic conditions in 
the working muscles, and which have a pronounced stimulative effect 
on the ventilation, (Asmussen and Nielsen, 1950). It is also probable 
that the feeling of stress, while doing maximal work, gives an increase 
of ventilation.

It is fairly clear that a determination of ventilation after about 5 
minutes, as in the writer’s experiments, during maximal work, where 
anaerobic processes go on all the time, and the stress becomes more 
and more perceptible, gives values difficult to reproduce.

The Douglas bag method has been used and the valve used has been 
a modified Enghoff (1930) valve, especially suited for large ventila
tions. Short and wide tubes and taps have likewise been constructed. 
According to determinations done in this laboratory the air resistence 
of this apparatus is 13 mm H,0 during expiration and 4 mm H.O 
during inspiration during a ventilation of about 60 litres per minute. 
During ventilation of 30 litres per minute the corresponding figures 
are 7 and 3 mm H20, respectively.

Changes in ventilation could be proved by measuring the expired 
air volume in two bags, collected one after the other. In most cases the 
ventilation was similar for both determinations, but in spite of a con
stant oxygen intake an increase or decrease was to be seen quite often 
during the collecting time.

In determining the ventilation per litre of oxygen intake the value 
of the second bag was used. Before taking the second determination, 
during a submaximal work (given below as “ 60-70 per cent” of the 
maximal aerobic capacity), the valve respiration was continued for 
1%—2 minutes, which can be regarded as sufficient for adaptation. In
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connection with the calculation of the ventilation per litre oxygen 
intake the second determination usually fits best into the individual 
diagrams which have been drawn up. Through preceding experiments 
the subjects have become well accustomed to the apparatus.

Variations in tidal air and respiratory rate have not as a rule been 
large, and so the usage of the mean of the two determinations has 
been well justified. The valve respiration can influence rate and depth, 
but as the respiratory resistance of the apparatus was made small, 
and the subjects were accustomed to it, possible errors are believed to 
be of little importance.

It was noticed, especially among the younger subjects, that the 
values of the ventilation, which were obtained during the first experi
ments, often fell outside the curves of the experimental series, and 
the values consequently were disregarded.

As for the adults, the work was done partly by cycling, partly by 
running. For the comparison between adults and younger subjects the 
running experiments were used. Different types of work do not alwmys 
give the same ventilation at a certain oxygen consumption (Collet and 
Liljeslrand, 1924), and the fixed rate of cycling can influence the 
respiratory rate, especially during lower working intensities. During 
maximal work the arms will influence the movements of the chest in 
a way quite different from that which is done by running. The “ opti
mal” tidal air may be different. In this study no significant difference 
■was found between the means of maximal ventilation during running 
and cycling, but the individual variations from the means were least 
in the running experiments (comp. Table 13, p. 88).

For practical reasons the adults could he investigated in a series 
of submaximal intensities only while cycling, and so the calculation 
of the ventilation per litre oxygen intake concerns this type of work. 
For all subjects these estimations are made on values selected from 
experiments where the oxygen intake is 60-70 per cent (if possible) 
of the maximal individual values (extremes in the individual values 
are 56 to 87 per cent, 71 per cent of the values fall in the said region 
of 60-70 per cent). The reason for choosing these intensities is that 
reliable values were found within this region, and that the ventilation 
per litre oxygen intake is here equal to or very near the minimal 
values obtained (comp. p. 83). (Lowest working intensity usually cor
responded to an energy output of 50-60 per cent of the maximal 
oxygen intake). The “ 60-70 per cent work” can with regard to its 
duration be judged as relatively easy. Moreover, for the analyses only 
those individual series of experiments were used that were complete 
as to different working intensities, and that within the analysed region



th
e 

su
bm

ax
im

al
 w

or
k.

 (
V

en
ti

la
ti

on
 v

ol
um

es
 a

t 
B

.T
.P

.S
.).

75

OA

Ö u <u a to a ^ a X o o „
<y

h a

ö a O ¿5

CJJ M-S o
« * 0) _  
P< 03

•Ö se 'S

.3 æ O 3

C “
.2 5
03 03
a I  
> *
« 2 C fcc•5 c 
« T «  a

O

I I
CO CO

"b o

ho
<

+| CO +1 c

+1 «  +1

+ 1 05 +1

+1 M +1 n

+1 2 +l

C'l r-<
Il ^ +1

+1 S +1

•b c* *b O f

3

£

z

+1 o +1

o O o  ^
+1 d +1 d

+1 o  +1

CO COo  o
O  _* ®  
+1 2  +1

00 oc o  o  
O cr. O
+i 3 +'
CO 00 
C5 GO

+1 5  +1

G iß o
+13+12

iß

*b CH-

fl
O >4 SS> 'S £o .5
£ b£ \*-' *> o
* . £
3 £ ~

-b

+i 3 +lGO

+1 2  +1

+1 2  +1

+1 3  +1

+i 2 +1

+1 °  +11  •* «  e  m

+1 3 +i

O f

"u .§
^  o _  _<

+i r? +i

+i 2 +i

+i

+i s  +i

+i ^ +i

+i «  +i

+1 5 +1

CH-

O o 22 G >  a  w v:

co io r— Oi

■*t ioGO I C O  J .co coiß iß

cq t-*co t>. o  r-
co I Liß ’’"t* ÇC ^œ co co

—. CO . I> ® I CO I i o  co r̂

*b

G■>- oJ, £  o
bl 'H Oc o tzi _  v ̂ t- 03
G cC G  -HS y a ^
«  ̂ H «o o .S o~ a x 5£ a a
Ü .5  £ ?

Th
e 

fo
ur

 u
pp

er
 c

ol
um

ns
: 

Th
e 

fig
ur

es
 d

en
ot

e 
X

 ±
 

e—
 a

nd
 

Th
e 

lo
w

es
t 

co
lu

m
n:

 
Th

e 
fig

ur
es

 d
en

ot
e 

m
ea

n 
an

d 
ra

n;



76

max. veni/min. 
(B .T  P .S .)

140.0
l i t .

100,0

80,0

60,0

1+0,0

20,0

•  •  • ••  *  
* •

-
•

° .
- O  °  °  *

° *

r P l °

•
t  •  •
••

o A

•  8  °  C P  °
o  °

f o j r

8°°*•DO

^ c ÿ ^ O O O

•  -  cT0 -  Î  

__________________ 1__________________ 1___________________ 1
5 10 15 20 25 30 35 years

Fig. 34.-Maximal ventilation in relation to age.
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max. vent/min

F ig . 38.-Maximal ventilation in relation to maximal oxygen intake.

gave an oxygen intake and ventilation that increased fairly linearly 
with increased working intensity. This was done in order to avoid 
errors.

The experimental results discussed in this chapter include all the 
subjects, i.e. 115 male subjects (aged from 4 to 33) and 112 female 
subjects (4 to 25). (Two male adults, however, dit not take part in 
the running experiments.)

3. Results and discussion.

a. Ventilation during maximal worft.-Table 11 shows the absolute 
values of the maximal ventilation for the different age groups and the 
ventilation per kg body weight and per litre oxygen intake. In Figs. 34 
to 38 are shown the maximal ventilation in relation to age, height, 
surface area, weight and maximal oxygen intake.

The individual variations are great, and whether height, surface 
area, weight or oxygen intake gives the best basis of comparison is 
difficult to decide. A closer, statistical analysis is hardly justified, 
however, especially since the physiological basis for a fixed maximal 
figure of the ventilation certainly does not exist.

Fig. 39 shows the average values of the maximal ventilation for 
the different age groups. The increase is relatively large for the 7-9 
and 14-15 year old boys. The greatest increase in height and weight 
also takes place in these same age groups. That the increase was not 
only a consequence of the increase in body size is shown by the lower



F ig . 39.-The average values of maximal ventilation and maximal ventilation per kg 
body weight for different age groups. The number of subjects is given in Table 11, 

p. 75. (The vertical lines denote± 2  X e — ) .

curves for maximal ventilation per kg body weight, where the means 
of the groups mentioned, especially the subjects 14-15, are higher than 
the surrounding groups.

The values of the girls for total ventilation are lower than those of 
the boys, except for the 12-13 year old group. The girls 4-6 average 
34 litres per minute, the boys 40 litres. Boys and girls 12-13 average 
75 and 80 litres, respectively, and adults 111 and 90 litres per minute, 
respectively.

The difference between male and female adults is 19 per cent. Of 
special interest is the fact that both boys and girls attain the same 
average value as the adults already at the age of 14-15 (girls as early 
as 13 as shown in Fig. 34).

Taking body weight in consideration, the difference in maximal 
ventilation between boys and girls under 14 years will he reduced so 
that differences in their average values is not significant. For the 
adults it is 6 per cent, just on the limit of being almost significant 
(P =  0.05).

From the age group 7-9 the ventilations per kg body weight decline 
with increasing age, in the case of males from 2.0 to 1.6 litres per 
minute and per kg, in females from 2.1 to 1.5 litres. This is in disagree-
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F ig . 40.-The average values of ventilation per litre oxygen intake in relation to age. 
The upper curves show maximal values, and the lower ones submaximal values 
during work with an oxygen intake corresponding to 60-70 per cent of the aerobic 

capacity (comp. Table 11, p. 75). (The vertical lines denote ± 2  X e —).

ment with what Robinson (1938) and Morse et al. (1949) found, i.e. 
constant values (about 1.6 litres). Higher values might be explained 
through the fact that the subjects in the writer’s experiments have 
reached considerably higher values of oxygen intake per kg body 
weight, but in such a case the difference ought to be found also for 
the adults.

To get a more functional basis of comparison, on one hand between 
the different age groups, on the other between the sexes, the maximal 
ventilation per litre oxygen intake has been calculated (Table 11 and 
Fig. 40). As was expected the variations are great, but there is an 
evident trend towards more effective ventilation with increasing age.

Apart from the youngest group, where the girls’ values are lower 
than the boys’ (38 and 40.5 litres per litre oxygen, respectively), the 
girls have a relatively higher ventilation than the boys, in the average 
8 per cent higher (the difference between 7-11 year old boys and girls 
is highly significant). The girls’ average values decline gradually from 
39 to 32 litres, those of the boys from 35 to 29 litres per litre oxygen 
intake with increasing age.

With these curves as background there is a possibility of better 
estimating the greater ventilation per kg body weight that Fig. 39 
showed for the younger subjects. Functionally it means no greater
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capacity as compared with that of the older ones, but must be regarded 
as expedient for the compensation of the greater ventilation required 
for the intake of a certain amount of oxygen. Their oxygen intake 
capacity in relation to body weight is identical with or slightly lower 
than that of the older subjects. It is also a justified deviation that can 
be seen for the subjects of 14-15; their oxygen intake was relatively 
greater than that of the surrounding groups.

The “ hyperventilation”  of the female subjects, however, has no 
similar compensation with an especially high ventilation capacity in 
relation to body weight.

The figures of the ventilation in tables and figs, denote the total 
ventilation. For a correct analysis of the differences indicated by sex 
and age the alveolar ventilations ought to be compared. A reason for 
a greater total ventilation in relation to the oxygen intake might be 
that the ventilation is attained by a relatively small tidal air, whereby 
the air volume reaching the alveoli per minute is smaller as compared 
to the state when the tidal air is large, provided the dead space is 
unchanged.

As is shown in Fig. 31 (p. 64) the younger subjects have smaller 
maximal tidal air in relation to vital capacity than the older subjects. 
Besides this, they had during the experiment a relatively larger dead 
space, because the dead space of the mouthpiece and the valve has 
been constant (50 ml.). This will bring about a more ineffective 
ventilation.

The following calculations were done in order to judge if the above 
mentioned could account for the relative increase of the younger sub
jects’ ventilation. An “ average” male adult subject and a boy of 7-9 
were chosen. The alveolar ventilation per litre oxygen intake, with a 
probable dead space of 0.23 litre, valve included (Birath, 1944) may 
be set at 27.2 litres (29.4 litres total ventilation with a respiratory 
depth of 3.05 litres demands 9.6 respirations for this volume. The 
“dead space ventilation” is then 9.6 X 0.23 =  2.2 litres).

As values for the dead space in younger individuals are not avail
able, it is here estimated which dead space in boys of 7-9 will give an 
alveolar ventilation of 27.2 litres with a total ventilation of 35.4 litres. 
Its size would be 0.24 litre, certainly at least twice the real value. This 
indicates that the ventilation of the younger subjects is greater than 
that required for the maintaining of normal CO-- and 0,-tension in the 
alveoli (if the adults’ tensions are regarded as normal ones). Robinson 
(1938) also shows that the younger subjects hyperventilate. For both 
maximal and submaximal exercise he reports alveolar CCVtensions of 
33—37 mm for subjects of 6—14, compared with 39 mm or more for the

6 ASTRAND
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adults. The alveolar O.-tension was consequently highest in the 
younger subjects.

Using, in the same manner, the average value for a female adult 
who has an assumed dead space of 0.16 litre, the maximal alveolar 
ventilation can be calculated to 29.8 litres per litre oxygen intake, 
a value that is 10 per cent higher than that of the male. The 
difference in total ventilation was also 10 per cent.

The difference of ventilation in the different age groups and sexes 
must depend on a dissimilarity in respiratory regulation.

It can be mentioned that the younger subjects reached lower lactic 
acid values during maximal work when compared with the adults, and 
that males and females attained roughly identical values. It is found 
that younger individuals have a lower alkali reserve (Robinson, 1938), 
but it is not probable that a difference in pH or a difference in the 
concentration of anaerobic products can explain the difference.

b. Ventilation during submaximal w ork -(Methods see p. 74). 
Subjects were 88 males and 101 females.

The average values of the ventilation per litre oxygen intake are 
found in Table 11. Fig. 40 shows, that the ventilation per litre oxygen 
intake is considerably smaller during submaximal work than maximal, 
but the same age variations exist, i.e. the younger subjects have a 
higher ventilation at a certain oxygen consumption than the older, 
and this at a working intensity that should mean the same strain for 
the individuals (60-70 per cent of the aerobic capacity is utilized). 
The younger girls (4—6), have a smaller ventilation than the boys of 
the same age (31 and 34 litres per litre oxygen intake respectively). 
Such was also the case during maximal work. Then the boys and girls 
have nearly the same ventilation until they reach 14 (25 litres for both 
groups 12-13). The older females average 24-25 litres, but the males 
decline to 21 litres ventilation per litre oxygen intake. The alveolar 
ventilation per litre oxygen intake for the male and female students 
is calculated to be 19 and 22-23 litres respectively. The difference 
between the male and female adults (highly significant) is in litres 
about the same as during maximal work; for the youngest the 
material is too small for a reliable conclusion. That there should be a 
true difference between boys and girls in this respect is hardly 
probable.

Thus it is interesting to note, that the girls from 4 to 13 years have 
a ventilation as effective as that of the boys during a submaximal 
work, but less effective during maximal work. This difference might 
depend upon the fact that the girls are less accustomed to “ strain”
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Fig. 41. The average values of total ventilation (dots) and ventilation per litre 
oxygen intake (squares) in relation to oxygen intake for 21 males and 31 females 
during cycling (males 900, 1200 and 1500 kgm/min., females 600 and 900 kgm/min.)

capacity of vent- 
and oxygen intake

F ig . 42.-The ratio o f oxygen intake and ventilation to the maximal obtained values 
(per cent) for different working intensities (bicycle ergometer). The number of 

subjects was 21 male and 31 female adults.

themselves, which wmuld give a relatively higher ventilation. The fact 
that females after puberty have a relatively higher ventilation than 
males during submaximal wrork is difficult to explain.

The Figs. 41 and 42 are based on the results of the adults’ cycling 
experiments (900, 1200, and 1500 kgm per minute for males, 600 and 
900 kgm for females). The oxygen intake increases from 50 to 79 per 
cent of the aerobic capacity in males and from 52 to 73 per cent in 
females, but the ventilation per litre oxygen intake is, broadly speak
ing, constant, 20.1 to 21.1 litres for males, 23.4 to 24.5 litres for females 
(comp. Table 18 p. 138).

6 '
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It is evident that the “ 60-70 per cent work”  is below the intensity 
where the “ excessive ventilation” sets in, and probably the reported 
values for ventilation per litre oxygen intake during submaximal work 
are close to the minimum.

Fig. 42 shows the oxygen intake and the ventilation during different 
working intensities in per cent of maximally attained values. For the 
females the ventilation during an oxygen consumption of 52 per cent 
(600 kgm) is only 39 per cent of the maximal ventilation, and at an 
oxygen intake of 73 per cent (900 kgm) 56 per cent. For the males 
the ventilation increases linearly from 34 to 58 per cent with an 
increase of oxygen consumption from 50 to 79 per cent. The difference 
between males and females in the ratio of obtained ventilation to 
maximal ventilation is a tendency towards a some per cent greater 
utilization of the respiratory capacity for the female subjects at a 
certain level of the aerobic capacity. The “ 100 percent level” is reached 
somewdiere between 1200 and 1500 kgm per minute for females and 
1800 and 2100 kgm for males. To reach this level at the same point as 
the oxygen intake the ventilation curve must sooner or later bend 
upwards.

c. Respiratory rate and tidal air during maximal inor/c.-Individual 
values are to be seen in the appendix. (To avoid confusion it may be 
called attention to the fact that the maximal tidal air and respiratory 
rate have not always been attained in the same experiments). Average 
values for different age groups are summarized in Table 12 and in 
Figs. 31 (p. 64) and 43.

The maximal respiratory rate (Fig. 43) varies individually con
siderably, consequently the average values are highly approximate. 
The average values decrease gradually with increasing age, from 65-70 
for the youngest subjects (4-6 years) to 40 for the male and 46 for the 
female adults. Only for adults is a definite difference between the 
means for males and females found (highly significant).

The maximal tidal air (Fig. 31) is greater for boys than for girls 
except in the group 12-13 (comp, ventilation), and the highest average 
values reached by the adults are 3.05 litres for males and 2.10 litres 
for females. The youngest children, 4-6 years, average 0.60 and 0.52 
litres, respectively (the difference is not significant).

The increase of the maximal tidal air with increasing age runs 
almost parallel with the increase of the vital capacity. This is also 
apparent in Fig. 44 where the tidal air is correlated with the vital 
capacity. The correlation coefficient is 0.96.
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respirations 
per minute

F ig . 43.-Maximal respiratory rate in relation to age. The number of subjects is 
given in Table 12, p. 85. (The vertical lines denote ± 2  X s —).

max.

F i g . 44-M axim al tidal air in relation to vital capacity. Correlation coefficient 
0.96 ±  0.009; regression line y =  -0.20 +  0.58x; regression coefficient 

0.58 ±  0.018 (3.1 % ).

Fig. 31 (p. 64) shows, on the lowest curves the maximal tidal air 
in per cent of the vital capacity. For the girls the average values range 
between 46 and 51 per cent, and the lowest values are recorded for the 
prepuberty groups. The hoys of 7-9 years utilize 48 per cent of their 
vital capacities, after 14 the means are 54 per cent regardless of age.
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(A statistical comparison between boys aged 7-13 and males aged 
14-30 gives a difference that is highly significant, as is also the 
difference between male and female adults.) Values, see Table 10 p. 65.

The values, absolute and relative, for the tidal air and for the respi
ratory rate are in good agreement with those found by Robinson (1938) 
and Morse et al. (1949) for different age groups.

In the writer’s study the maximal values of the respiratory rate 
were usually recorded during the maximal working intensities, simul
taneously with obtaining the maximal ventilation. Inversely the maxi
mal tidal air was often attained during a submaximal exercise, which 
entirely agrees with previous investigations.

It is striking how constant the tidal air is when related to the vital 
capacity of the individual when greater demands are made upon the 
respiratory system. This agrees with Christensen’s (1932) experiments 
and his opinion that a tidal air of about 50 per cent of the vital capa
city is an optimal one where the most effective ventilation is obtained 
with the smallest energy output. The fairly great variations with 
age and sex found in the ventilation, and also for instance when oxygen 
intake and body weight are considered, is compensated almost entirely 
by changing the respiratory rate.

d. Comparison of the ventilation of adults during cycling and run
n ing- The maximal values of ventilation, of oxygen consumption, and 
of blood lactate concentration for the adult subjects are shown in 
Table 13.

For the males the maximal ventilation is lower during running 
experiments than during cycling, the average values are 111.3 and
116.0 litres per minute, respectively, although the oxygen intake is the 
same. (The difference is not significant.) For the females, however, 
the ventilation is largely the same, 88.0 litres during cycling and 89.8 
litres during running, but the oxygen intake is somewhat different, 
2.76 and 2.89 litres per minute, respectively.

The average values of the maximal ventilation are highest if all 
experiments are included, 122.0 litres per minute for males and 92.2 
litres for females (24 per cent lower). The difference in oxygen intake 
is 29 per cent. The difference between the ventilation ot males while 
running and “ running and cycling” is highly significant.

Out of 34 males who, apparently, did exhausting work both on 
treadmill and bicycle ergometer, 16 attained the maximal values of 
ventilation during running and the other 18 during cycling. For 33 
females the corresponding numbers are 18 and 15, respectively.

The fact that the highest values are attained when the subjects
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TABLE 13
The average values o f maximal ventilation, oxygen intake, and blood lactate 

concentration for adult males and females during cycling and running.

Sex

N um 
b e r
o f

sub
jects

Max. vent, 
litre/m in . 
(B .T.P.S.)

Max. ()»-intake 
litre m in . 
(S.T.P.D.)

N um 
b e r
o f

sub
jects

L actic  acid 
m gm  p.c.

& 35 116.0 ± 3 .4  
19.9

4.03 ±0 .0 7  
0.39

28 110 ±  3.4 
18.0

C ycling....................

9 33 88.0 ± 2 .0  
11.7

2.76 ± 0 .0 5  
0.25

35 101 ±3 .1  
18.2

& 40 111.3 ± 2 .1  
13.2

4.04 ± 0 .0 6  
0.35

25 101 ± 5 .0  
25.0

Running .................

9 43 89.8 ± 1 .6  
10.3

2.89 ±  0.04 
0.26

26 96 ± 3 .9  
19.7

id"

Cycling and running

42 122.0 ± 2 .4  
15.1

4.11 ± 0 .0 6  
0.37

36 112 ± 3 .3  
19.7

9 44 92.2 ± 1 .6  
10.4

2.90 ± 0 .0 4  
0.24

41 104 ± 2 .8  
18.0

are tested in different types of work is easily explained, partly because 
a subject may have better physical fitness for one type of work than 
for another, and perhaps he is more ready to strain himself in his 
“ favourite” work. The very fact that more experiments wrere done 
should give more reliable values.

For males the average tidal air is 3.24 litres in cycling and 3.05 in 
running. For females the means are 2.13 litres and 2.10, respectively. 
It is interesting that the activity of the shoulder muscles in heavy 
cycling does not reduce the tidal air; the tendency is on the contrary 
an increase. The reason may be better working conditions for the 
accessory muscles of respiration in cycling.

4. The ventilation as a limiting factor in exercise. — The ventilations 
attained are of impressive size. The highest individual values are 
for females 119 litres and for males 160 litres per minute. It is evident 
that such volumes must imply a great work-load on the respiratory 
muscles, and it cannot be excluded that the capacity of the respiratory 
organs is of a decisive importance for the working capacity, especially 
during long periods of work.

Morehouse and Miller (1948) state that the pulmonary ventilation
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at great working intensities “ becomes excessive and no longer bears a 
constant relation to oxygen consumption. This excessive ventilation 
serves no useful purpose, since the delivery of oxygen to the tissues is 
now limited by the maximal output of blood by the heart. It does 
indicate, however, that pulmonary ventilation is capable of further 
increase at a time when the limit of circulatory adjustment has been 
reached, emphasizing the fact that the minute volume of breathing 
is unlikely to he a limiting factor in exercise” .

It has been clearly stated, among others by Robinson (1938), that 
the alveolar 0 2-tension during maximal work is even higher than in 
the resting state, also that the CO:-tension is lower. Evidently, from the 
point of view of gas exchange the ventilation is sufficient, provided no 
pulmonary diseases are prevailing or that the 0 2-tension of the inspired 
air is not too low.

Christensen and Forbes (1937) have given strong arguments for 
the view that the ventilation and not the circulation during work at 
high altitudes can be the limiting factor for the maximal oxygen intake 
(acclimatized individuals). The ventilation attained almost the same 
maximal value, independent of altitude, despite the fact that the alveo
lar 0,-tension decreased strongly with higher altitudes. This may 
indicate that even the values reached at normal barometric pressure 
are true maximal values, even if the CO:- and 0,-alveolar tensions do 
not indicate insufficiency. During maximal works there is no doubt 
often a strong and unpleasant dyspnea, w'hich gives much of the 
subjective feeling of strain. This may at least be a contributing reason 
for “ giving up” a work.

Nielsen (1936) showed, how the cost of ventilation became an in
creasing percentage of the total metabolism when the work increased, 
and he estimated that its size can reach 9 per cent of the total oxygen 
intake during maximal exercise.

This shows that the respiratory work places a heavy load on the 
respiratory muscles. It may be emphasized that this concerns respira
tion with mouthpiece, valve etc. The respiratory work under such cir
cumstances is surely somewhat greater than during “ free” breathing. 
The working capacity can certainly be decreased by giving a subject 
a valve system and tubes that have great resistance to air passage.

Nielsen and Hansen (1937) found that the breathing of room air 
or a gas mixture of 22.8 per cent oxygen during exhausting work gave 
ventilations of about 130 litres per minute. By having the subject 
breathe an air mixture of 45-47 per cent oxygen the ventilation 
decreased to 110-115 litres with an estimated decrease in the oxygen 
consumption of the respiratory muscles of 70-80 ml. This means
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an increased oxygen supply to other muscles, and a feeling of less 
respiratory discomfort for the subject. The improved working capacity 
found in the experiments with 45-47 per cent oxygen is, according to 
the authors, partly due to this diminished lung ventilation.

With regard to younger subjects, the writer’s and others experi
ments have shown that the ventilation in relation to oxygen intake, 
and in this study also in relation to body weight, is greater for youth 
than for adults. It would be interesting to determine the “ costs” of 
this greater ventilation. It is not impossible at all that the more elastic 
chest and the shorter respiratory tracts, which means a smaller air 
resistance in the young subjects, will compensate for the relatively 
greater ventilation.

This discussion can be summarized as follows: During heavy work 
the ventilation gives a subjective feeling of strain that probably will 
be of great importance as a limiting factor, at least from a psycholo
gical point of view. The definite relief felt when an oxygen-rich mix
ture is breathed during severe work certainly increases the perform
ance. Under certain conditions, e.g. high altitudes, the ventilation 
evidently will limit the working capacity. Normally, however, the cir
culation will probably be most decisive for the magnitude of the 
aerobic capacity, at least in trained subjects, and the discussion in 
the other chapters will deal mainly with the minute volume of the 
heart as the limiting factor.

90

5. Summary.

The maximal ventilation, respiratory rate, and tidal air have been 
determined during running for 113 male (4-33 years) and 112 female 
subjects (4-25 years).

The males attained higher average values than females for the 
maximal ventilation per minute except in the age group 12-13 years, 
but in relation to the body weight the ventilation capacity was almost 
the same up to the age of 13. Afterwards the boys reached higher 
values. The maximal ventilation per kg body weight of the children 
was greater than that of the older subjects (The subjects of 4-6 
averaged 1.9 litre, adult males 1.6, and females 1.5 litre per minute 
and per kg).

After the age of 14 an almost constant level was attained for the 
maximal ventilation which was for the males about 110 litres per 
minute, for the females about 90 litres. The boys and girls aged 4-6 
reached 40 and 34 litres per minute, respectively.

In experiments including both running and cycling the male and

/
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female subjects averaged 122 and 92 litres, respectively, thus the 
difference in ventilation capacity of the 20-30 year old subjects was 
about 25 per cent (calculated from the male’s value).

Excluding the youngest group, the maximal ventilation per litre 
oxygen intake was for the females about 8 per cent higher than for 
the males, whose average values decreased gradually from 35 litres 
for the 7-9 year old hoys to 29 litres per litre oxygen intake for 
the men.

During submaximal work, where the individual oxygen intake was 
about 65 per cent of the aerobic capacity, the ventilation per litre oxy
gen consumption was almost the same for both sexes up to the age 
of 14. After that age a level of 23-24 litres was obtained for the females. 
The values of the males declined gradually from 28.5 litres for boys 
of 7-9 to about 21 litres for adults.

The maximal respiratory rates were similar for the two sexes up 
to adult age, when the average value of the males was 40 per minute, 
that of the females 46; the youngest subjects reached 65-70 per 
minute.

The maximal tidal air was about 50 per cent of the vital capacity. 
Before puberty the boys and girls were fairly equal, and had be
tween 45 and 50 per cent. After the age of 14 the average values were 
for the males 4 to 5 per cent above 50 per cent, and for the females 
1 or 2 per cent below.

The ventilation as a limiting factor in exercise was discussed.



Ch a pt e r  V III

BLOOD LACTATE CONCENTRATION

1. Introduction.

As the principal aim in this investigation is placed upon the deter
mination of the aerobic capacity, i.e. the maximal oxygen intake, the 
consideration of the anaerobic capacity has had to recede somewhat. 
In order to determine the maximal oxygen intake, the duration of 
work should certainly not be less than 3 to 4 minutes, while the 
“ optimal” time for obtaining a high concentration of lactic acid in 
the blood is probably shorter.

The blood lactate concentration has been an auxiliary means of 
determining the degree of stress in order to guarantee that the maximal 
work was obtained. Apparently, the subjects exhausted themselves 
(the youngest possibly excepted), and thus the values of lactate con
centration can certainly be regarded as maximum for the type and 
duration of work used here.

After Fletcher and Hopkins (1906-07) and Iiyffel (1909-10) found 
an increase in blood lactate concentration after muscular activity, nu
merous experiments on blood lactate during and after work were 
carried out.

It has been stated that there is an increase only when a certain 
working intensity is reached, individually different and depending 
upon physical condition and type of work done (Owles, 1930; Margaria, 
Edwards, and Dill, 1933, and others).

The greater the working intensity, the higher rises the blood lactate 
concentration, and during very severe work the maximal value is 
attained after the end of work (Bang, 1936).

Training brings about a decrease of lactate concentration at a 
certain working intensity (Bang, 1936; Edwards, Brouha, and Johnson, 
1940), furthermore a well-trained person can reach higher values as 
compared with an untrained (Robinson and Harmon, 1941 a ); Knehr, 
Dill, and Neufeld, 1942). The relationship between lactic acid and 
training condition has caused experiments on lactic acid concentration 
to he used as tests of physical fitness (Johnson and Brouha, 1942,
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among others), but the results are ambiguous (Crescitelli and Taylor, 
1944; Taylor, 1944, 1945).

Robinson (1938) determined the lactic acid concentration 5 minutes 
after maximal work (running 2-5 minutes), and found average values 
of 25 to 97 mgm per cent (male subjects between 5 and 76 years of 
age). The youngest boys, about 6 years old, had the lowest values, 
and subjects about 35 years old, reached the highest. The highest indi
vidual value was 140 mgm per cent.

Morse, Schultz, and Cassels (1949) found in their study of 110 
boys between the ages of 10 and 17 years, that the older boys attained 
the highest maximal level of blood lactate (mean 68 mgm per cent 
above the resting level) and the hoys 12-13 years of age the lowest 
(32 mgm per cent).

Johnson and Brouha (1942) examined 40 subjects, (divided into 
4 groups with regard to their physical fitness), during running to a 
state of exhaustion with a maximal duration of 5 minutes (extremes 
31/2-5 minutes). He found for the best trained subjects (oarsmen) 
an average value of 97 mgm per cent, for men in good condition 121 
mgm per cent, for those in average condition 123 and for those in 
poor condition 131' mgm per cent. The highest individual value was 
178 mgm per cent.

Metheny, Brouha, Johnson, and Forbes (1942) had 17 female and 
30 male subjects run until they reached a state of exhaustion. The 
females averaged 112 mgm per cent (108 seconds’ running time), and 
the males 119 mgm per cent (216 seconds’ running time). The highest 
individual values were 144 and 178 mgm per cent, respectively.

Bang (1936) found at maximal “ standing running” (1 minute) 14 
millinormal (about 125 mgm per cent).

Asmussen, v. Döbeln, and Nielsen (1948) found by experiments with 
different oxygen percentages of the inspiratory air values reaching 
140 mgm per cent at normal oxygen pressure and 212 mgm per cent 
at 12 per cent oxygen (maximal work on a bicycle ergometer for 5 
and 6 minutes, respectively).

Robinson, Edwards, and Dill (1937) recorded lactic acid values of 
116, 134, and 150 mgm per cent with three of the world’s best middle- 
distance runners.

In contrast to these values the experimental results of Crescitelli 
and Taylor (1944) should be noted. Their average values for maximal 
lactic acid were 218 mgm per cent, ranging from 117 to 328. They 
examined 31 students, between 19 and 33 years of age, running at 1

1 If corrected by means of the individual values, 113 mgm per cent.
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lactic acid

F ig . 45.-Maximal blood lactate concentration in relation to age. The number of 
subjects is given in Table 14. (The vertical lines denote ±  2 X s—).

intensities which were periodically increased, until the subject became 
exhausted. The running time averaged 7 minutes.

2. Results.

While using Edwards’ (1938) method (deproteinizing the blood, 
oxidation of the lactate, and I,-titration of the bound bisulfite), the 
lactate concentration was determined 1-2 and 4—5 minutes after work 
ended. The duration of exercise was 4-6 minutes (comp. Chapter II). 
The determinations after maximal work were done on 95 male sub
jects, 4-33 years of age, and 99 female subjects, 4—25 years of age.

The maximal values attained for different age groups can he seen 
in Table 14 and Fig. 45.

Before puberty, boys and girls have the same values, about 58 
mgm per cent for subjects of 4-6 years, and 83 mgm per cent for 
subjects of 10-11 years. From 12 to 18 years the girls attain higher 
values (the difference between boys and girls of 12-18 is almost 
significant), but for adults the reverse is true. The adults reach 112 
and 104 mgm per cent, respectively, (males and females). (The differ
ence is on the limit of being almost significant, P =  0.05).

Concerning individual values, 76 mgm per cent was recorded for 
a 4 year old boy; 110 mgm per cent for a boy of 9 years; 119 for a 
12 year old girl; 145 for a girl of 14 years; 158 mgm per cent for an 
adult male and 134 mgm per cent for an adult female (comp. Ap
pendix). A comparison of the maximal values after cycling and running 
gives no significant differences (Table 13, p. 88).
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3. Discussion.

The blood lactate concentrations recorded are higher than those 
of Robinson (1938) and Morse el al. (1949), but they agree mainly 
with the other summarized experiments on adults.

In the experiments of Robinson and Morse et al. the values of lactic 
acid are generally low, and this seems to indicate that the subjects 
have not strained themselves to a maximum. As the samples have been 
taken as late as five minutes after the work, the values will, certainly, 
often be too low. A comparison between the first and the second 
sample in the writer’s experiments indicates, not infrequently, a 
considerable decrease of lactate concentration for younger subjects 
(5-10 mgm per cent), even at very high working intensities.

Further indications of submaximal work in the experiments men
tioned above are given by the values of maximal oxygen intake and 
ventilation. The oxygen intake is, for instance, lower than in this 
study. The experimental plannings of Robinson and Morse et al. are 
similar. The experiments were carried out in one day. Each subject 
came to the laboratory in the forenoon, after fasting for 14 to 16 
hours. First determinations were made in a resting state, lung volume 
and basal metabolic rate were determined, among other things, and 
blood samples were drawn. These examinations lasted up to 2 y2 hours. 
Then a submaximal work was performed on a treadmill (15 minutes) 
and after resting for 10 minutes the subjects ran to a state of ex
haustion. These arrangements are certainly practical from the in
vestigator’s point of view, hut hardly so from that of the subject, 
especially if he is 6-10 years old. The writer’s results have shown that, 
usually, the first experiments with a subject have to be discounted, 
because his heart rate, ventilation or oxygen intake gave abnormal 
results as compared with those of the entire series. This is certainly 
due to unfamiliarity with the apparatus and nervousness. Further
more, the subject ought to have had some previous experience of 
maximal effort in order to avoid his giving up on account of fear. 
(A certain feeling of anxiety is, for instance, not uncommon at the 
beginning of valve breathing).

It seems plausible that the working capacities in the investigations 
of Robinson and Morse et al. were partly reduced, first of all because 
of the extensive program the subjects had gone through for several 
hours prior to the maximal test, and secondly because they were un
accustomed to the experiments; (Robinson remarks that about nine- 
tenths of his subjects had had no previous practice on the treadmill). 
The use of only one working intensity brings in other inconveniences.
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The intensity may be too low to stress the subject. (This is emphasized 
by Morse ei al.). An indication of this is given by the values for lactic 
acid. (Robinson gives 13, 34, 42, and 34 mgm per cent as minimal 
values for the four youngest age groups (p. 72). Boys of 12-13 averaged 
32 mgm per cent above the resting level in the investigation of Morse 
et al.). On the other hand the intensity may be too high, and the 
duration of the Work too short for an adaptation of respiration and cir
culation to take place (e.g. 2 minutes). For a comparison of different 
groups of individuals the experiments of Robinson and of Morse et al. 
might give extremely valuable information, but the absolute values, 
at least those concerning certain functions, must be critically regarded.

The above related experiments, as well as the writer’s, show an 
increase of maximal lactic acid with age. One reason could be that 
younger subjects were unwilling to strain themselves. The effect 
of training, illustrated by the fact that well-trained persons can attain 
higher values than untrained. (Robinson and Harmon, 1941 a), can 
probably partly be explained by the fact that they have had greater 
practice in forcing themselves to exhaustion. No doubt this is quite 
an important factor. The fact that younger persons are less accustomed 
to severe work than older ones is chiefly due to psychological causes: 
they prefer a variation of physical exercise, especially as far as inten
sity is concerned, and the periods of maximal energy output seldom 
last more than seconds.

Another cause might be a lower buffering capacity in younger sub
jects. Robinson (1938) found a lower alkali reserve between the ages 
of 4 and 6.5 years, but for other groups it was practically constant. 
Furthermore, differences in the alkali reserve do not seem to be of 
essential importance for reaching a high lactate concentration. A com
parison of the alkali reserve between well-trained athletes and per
sons not taking part in physical exercise, has given similar values in 
a number of investigations (Robinson, Edwards, and Dill, 1937; Schnei
der and Karpovich, 1948). Assmussen, v. Dobeln, and Nielsen (1948) 
have shown that a lowering of the alkali reserve by ingestion of 
NH,C1 had no effect on the capacity for work, or on the maximal blood 
lactate concentration.

An altered buffering capacity in the muscles, however, can occur 
without having any effect upon the alkali reserve. Lack oi data 
make an analysis of this impossible.

A third explanation is based on the adaptation of circulation and 
respiration at the beginning of exercise. As no real steady state is 
reached during heavy work, the anaerobic mechanism is acting during 
the whole period of work. The quicker the circulation adjusts itself,

1 ASTHAND
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the smaller is the fraction of energy that must be supplied anaerobic
ally, and the smaller is the accumulation of lactic acid. When doing 
similar work the trained individual has a greater acceleration of oxygen 
intake than the untrained. This partly explains the lower lactic acid 
values of the trained. Younger subjects also show a greater accelera
tion of oxygen intake than older ones. In Robinson’s investigations, for 
instance, the boys aged 5-12 years reached 55 to 41 per cent of their 
maximal oxygen consumption within the first half minute of running, 
while the adults only reached 29 to 35 per cent (average values). This 
must cause a relatively lower lactic acid accumulation in the younger 
subjects.

According to Margaria, Edwards, and Dill (1933) lactic acid ac
cumulates in the blood to the extent of 7 gm for each litre of oxygen 
debt above a certain level. According to Asmussen (1946) and Christen
sen and Högberg (1950 a) the efficiency of anaerobic work is about 
50 per cent of that of aerobic work. One litre of oxygen debt, i.e. 7 mg 
lactic acid, would in that case correspond to an oxygen deficit of
0.5 litre.

According to Robinson’s determinations, an average boy of 6 years 
(maximal oxygen intake 0.98 litre per minute), reached during the 
first half minute of work an oxygen intake of 0.27 litre (55 per cent

of the maximum ^ '^ ). If, however, his circulation adapted itself as 2
slowly as that of an adult, the boy would during the first half minute

have attained only 0.16 litre (32 per cent of ^‘^ ), and the deficit,2
0.11 litre oxygen, corresponds to 1.54 gm lactic acid. Distributed over 
50 per cent (Hill, Long, and Lupton, 1925) of the body (weight 21 kg), 
it gives a concentration of 15 mgm per cent.

Correspondingly it can be reckoned that a subject of 25 years of 
age would have passed through the first half minute with 5.7 gm less 
lactic acid (16 mgm per cent), if he could have accelerated his oxygen 
intake as quickly as the 6 years old.

These calculations are, of course, only approximate, partly because 
they are based on average values of what “ took place” during one-half 
minute and partly because the quantitative relation between oxygen 
deficit and lactic acid production is not exactly known. Neither is the 
distribution of lactic acid in the organism. It appears, however, to be 
probable, that younger subjects’ ability to adapt themselves more 
quickly to work than their elders, brings about a significant decrease 
in the amount of anaerobic products.

Lundin and Ström (1947) found that the rise of blood lactic acid
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from the rest value to the steady state value is significantly higher 
during exercise at low oxygen pressure than at a normal oxygen pres
sure. The most logical explanation is an inadequate oxygen supply to 
the tissues in the first case (comp, the effect of a slow adaption to 
work).

In relation to body weight, the subjects aged 7-9 years in the 
writer’s own material reached about the same oxygen intake per 
minute as the adults. There is reason to believe that the highest oxygen 
intake determined is very near to being the highest value possible. In 
which case there should be no greater differences between the children 
and the adults with regard to load on their organs and their feeling of 
strain. But the 7-9 year old subjects have shown an average lactate 
concentration of 82 mgm per cent as compared with the 112 mgm per 
cent of the adult subjects. Should this difference be regarded as a 
manifestation of the chrildren’s unwillingness to strain themselves? 
If so, then it must be realised that they can reach still higher values 
of oxygen intake than those noted. However, a more probable explana
tion is that younger subjects, by a more effective regulation of their 
circulation are able to mobilize their aerobic capacity more quickly.

The different values of lactic acid pose other questions, e.g. to what 
extent lactate concentration reflects the feeling of strain, and whether 
a certain concentration is possibly a limiting factor of performance 
capacity.

Asmussen et al. (1948) state that the limit for maximal work is 
set at a critical value of the lactic acid concentration in the muscles, 
which is of the same height in low' oxygen, in normal air, and in pure 
oxygen.

Crescitelli and Taylor (1944) consider that there is “no evidence of 
a “ ceiling” lactate level toward which the subjects approach when 
reaching the point of exhaustion” . This is due to the wide scattering of 
the individual lactic acid values at maximal work (117-328 mgm per 
cent).

It must be stressed here, that these values of Crescitelli and Taylor 
clearly disagree with those of other investigators. Values above 200 
mgm per cent are rarely reported. At this laboratory, experiments were 
carried out on 5 élite Swedish athletes after they had run 400-800 
meters while taking part in the Swedish trials for the 1948 Olympic 
Games in London (Åstrand and Högberg, not published). The average 
value of maximal lactate concentration was 179 mgm per cent, the 
highest individual value was 198 mgm per cent.

Among the subjects examined by Crescitelli and Taylor, only two 
were athletes in training, the rest were normally active college stu-

7*
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dents. It is also astonishing to find, in their experiments, that the sub
jects, after a 4 minutes’ walk on a 5 per cent grade at a rate of 108 m 
per minute, have a lactic acid concentration as high as 32 mgm per 
cent, two minutes after the work has ceased (range 13-61 mgm per 
cent), although oxygen intake was only 1.65 litres per minute, range 
1.2-2.0 {Taylor, 1944). Owles (1930) states that the intensity at which 
hlood lactic acid increases over the resting value corresponds to an 
oxygen consumption of 1.8 1. per minute (adult males). Other authors 
give slightly different figures, though on about the same level. (This 
concerns types of work where large muscle groups are involved.) 
Robinson has determined the lactic acid during walking, where the 
oxygen intake, for eleven subjects between 20 and 30 years of age, 
reached an average value of 1.96 litres per minute (range 1.61-2.40 
litres). After about 7y2 minutes’ work the average value of blood lactic 
acid was 15 mgm per cent (range 7-31 mgm per cent). These values 
agree with most experiments where the oxygen consumption is 
comparable (e.g. with unpublished experiments at this laboratory).

In the case of the lactic acid values during a resting state, as given 
by Crescitelli and Taylor, the average value for 10 subjects was 12.4 
mgm per cent (post-absorptive, resting state), and this agrees well 
with other experiments (Robinson found 9 mgm per cent for the same 
age). Samples taken by Crescitelli and Taylor before work on the 
treadmill, however, gave an average value as high as 28.5 mgm per cent 
( “ rest, not basal” ). Consequently this means, either that the “ resting” 
values were taken after an activity of the same intensity as the tread
mill walk, or that the values in both cases are too high.

The results of the writer’s experiments, as well as others, lead to 
the conclusion that the values for maximal lactic acid after exhaust
ing work as reported by Crescitelli and Taylor are too high, and that 
the probable values are about half of these. Crescitelli and Taylor in 
their lactic acid determinations used the Barker-Summerson (1941) 
method, while the other experiments related here, were carried out 
according to Edwards (1938), Friedemann, Cotonio, and Shaffer (1927) 
and Orskov (1930).

The values which at the present time are acceptable as normal 
values for the quantities of maximally possible blood lactate concen
trations are:

1. For groups of subjects during maximal exercise in laboratory 
experiments 100-120 mgm per cent, with individual values above 
140 mgm per cent (independent of sex).

2. For élite athletes after competitions average values up to
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200 mgm per cent, with individual values above 200 mgm. (No values 
are reported for female élite performers.)

3. For younger subjects (4-20 years) average values of 60-120 
mgm per cent. The youngest have the lowest values. Individual values 
of 100 mgm per cent or higher are possible, at least for children of 
9 years or more, independent of sex.

In the opinion of the writer the youngest subjects (4-6 years) did 
not strain themselves maximally, but the subjects of 7 years and older 
did their very best. If this has been the case, then the “ critical value 
of the lactic acid concentration” for the children is on another level 
than that of the adults. The interpretation of this can be that:

1) the lactic acid concentration as a limiting factor is of relatively 
secondary importance, and other mechanisms dominate the perform
ance capacity. The lower level of lactic acid in the younger subjects 
can be explained as the result of a more effective regulation of their 
metabolism at the beginning of work.

Training improves, for instance, the neuromuscular coordination 
which allows harder work to be done, so increasing the amount of 
anaerobic products.

2) the lactic acid concentration primarily determines the perform
ance capacity. “ The threshold” varies with age, and can be raised by 
training.

With our present knowledge, no definite opinion of the alternatives 
can be given. No matter how it is interpreted, however, the lactic acid 
concentration during exercise serves as a good indicator of intensity 
in comparison with the capacity of the subject with regard to metabol
ism if only age and physical condition of the subject are taken into 
consideration.

It is of special interest that males and females attained approx
imately the same maximal values. This clearly indicates that the 
female has the same possibilities as the male to make use of her physi
cal resources, and that she can strain herself to the same- state of 
exhaustion. In the writer’s experiments it was often astonishing that 
13-17 year old girls, as a rule, did maximal work “without complaint ’, 
while boys of the same age more often wanted to give up. With adult 
subjects, the women seemed to be more inclined to discontinue the 
work. The cause is probably a psychological one. The fact that the 
working capacity of women is lower than that of men will influence 
a number of functions quantitatively. When the subjects are tested 
with a certain work intensity, i. a. heart rate, lactic acid, ventilation 
of females will attain higher values as compared with males. Best
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agree the values of “ superior” women and “ inferior” men. Con
sequently most research workers conclude that the physical condition 
of women is inferior to that of men. But it is certain, that a woman 
can have as good a physical condition as a well-trained man, i.e. the 
“ quality”  of her respiratory and circulatory systems are not inferior 
to those of men. (Compare the values of female skiers on next page).

i .  Summary.

In these experiments 95 male (4-33 3rears of age) and 99 female 
subjects (4-25 years of age) have been examined as to their blood 
lactate concentration, 1 to 6 minutes after exhausting work on a tread
mill (the older subjects were also examined after work on a bicycle 
ergometer). The duration of work was 4 to 6 minutes.

Before puberty girls and boys reached the same maximal values: 
55 to 60 mgm per cent for subjects of 4-6 years, 80-85 mgm per cent 
for subjects of 10-11 years. Average values then increased somewhat, 
and for adults they were 112 mgm per cent for male, and 104 mgm 
per cent for female subjects. Between 12 and 18 years there was a 
tendency towards higher values for girls.

The difference of maximal values for the younger and the older 
subjects have been discussed.

The method applied and the results of other experiments have 
also been discussed.



Ch apter  IX

THE AEROBIC CAPACITY
/. Introduction.

In his studies of physical fitness in relation to age Robinson (1938) 
found for males between 5 and 29 average values of between 47 and 
53 ml oxygen intake per minute and per kg body weight, without 
noticeable variations for age. For boys 10-12, Morse, Schlutz and Cos
sets (1949) found 48 ml. Boys of 13 attained 45 ml, and this value 
gradually increased until it reached 51 ml for subjects of 17 years. In 
both studies the treadmill was used.

Wright (1950) contributed results on 41 subjects, aged 25-45, who 
ran on the treadmill for 6 minutes at maximal speed. The oxygen 
intake averaged 1.425 ±  0.030 litres per minute and per nr surface 
area.

Metheny, Brouha, Johnson, and Forbes (1942) found, in experi
ments with 17 rather well-trained female subjects, 20-27 years old, 
average values of 40.9 ml oxygen intake per kg weight (highest individ
ual value 47.5 ml). The work consisted of running on the treadmill 
until exhausted, for an average time of 108 seconds. In similar experi
ments 30 male subjects of the same age were found to have an average 
value of 51.3 ml per kg for oxygen intake (highest value 60.5 ml). The 
running time averaged 216 seconds.

Christensen and Hogberg (1950 c) report from their experiments 
on well-trained women skiers an oxygen intake of 4.17 litres per 
minute, corresponding to 58.2 ml per kg. A lighter subject reached 3.74 
litres per minute or 64.5 ml per kg. Two male subjects belonging to 
the Swedish élite attained oxygen intakes of 5.0 and 5.1 litres per 
minute respectively.

The highest value observed is Lash’s oxygen intake of 5.35 litres 
per minute (Robinson, Edwards, and Dill, 1937).

With work on a bicycle ergometer an oxygen intake of 4.68 litres 
per minute has been recorded by Christensen (1932). Nielsen and Han
sen (1937) found an oxygen intake of 5.05 litres in a subject breathing 
an air mixture containing a high percentage of oxygen.

Cureton (1951) carried out comprehensive experiments on élite
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T A B L E  15
The average values of maximal oxygen intake, total, per kg body weight and per m2 surface area for different age groups. The lowest 
column gives the ratio of maximal oxygen intake to basal oxygen intake, calculated according to the Mayo Standard Foundation.

Age groups

4—6 7—9 10— 11 12— 13 14— 15 < f 16— 18
9  16— 17

cd 20— 33 
9  20—25

Number o f subjects d 10 12 13 19 10 9 42
9 7 14 13 13 11 10 44

Maximal Oj-intake d 1.01 ±0.05 1.75 ± 0 .0 5 2.04 ± 0 .0 6 2.46 ±0 .1 2 3.53 ± 0 .2 2 3.68 ± 0 .1 7 4.11 ± 0 .0 6
(litre per min.) 0.14 0.17 0.20 0.50 0.69 0.49 0.37

9 0.88 ±0 .0 3  
0.07

1.50 ±0 .0 5  
0.16

1.70 ±0 .0 5  
0.17

2.31 ±0 .0 7  
0.25

2.58 ± 0 .1 2  
0.39

2.71 ±0 .0 9  
0.29

2.90 ±  0.04 
0.25

Maximal Oi-intake d 49.1 ±  1.4 56.9 ± 1 .0 56.1 ±  1.0 56.5 ±  0.6 59.5 ±  0.9 57.6 ± 1 .4 58.6 ±  0.7
per kg body weight 
(m l per min.)

4.3 3.6 3.6 2.4 2.7 4.3 4.1

9 47.9 ± 1 .5  
4.0

55.1 ±  0.9 
3.2

52.4 ± 0 .8  
2.8

49.8 ± 0 .7  
2.5

46.0 ±  1.0 
3.3

47.2 ±  0.9 
2.6

48.4 ±  0.5 
3.2

Maximal 02-intake d 1.26 ±0 .0 3 1.62 ±0 .0 3 1.67 ±0 .0 2 1.75 ±0 .0 4 2.07 ± 0 .0 4 2.05 ±  0.05 2.20 ± 0 .0 3
per mu body surface 
area (litre pr. min.)

0.09 0.08 0.07 0.17 0.13 0.15 0.16

9 1.16 ±0 .0 4  
0.08

1.49 ±0 .0 2  
0.08

1.49 ±  0.03 
0.10

1.59 ±0 .0 3  
0.09

1.60 ±0 .0 5  
0.15

1.65 ±  0.05 
0.14

1.74 ±0 .0 2  
0.10

Maximal 02-intake d 1 6.8 9.4 10.2 10.9 13.1 13.5 15.7
basal metabolism 9 6.6 9.1 9.6 10.8 11.6 12.6 14.0

The figures denote X +  s x and a
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athletes, but as his determinations of oxygen intake were made before 
a “steady state” had been reached, nothing can be concluded about the 
size of the aerobic capacity of his subjects.

2. Results.

The oxygen consumption has been determined for 115 males (from 
4 to 33 years of age) and 112 females (from 4 to 25) in a series of 
experiments carried out on the treadmill. The adults were also 
examined on the bicycle ergometer (methods see Chapter II and III).

The highest individual values of oxygen intake are given in the 
appendix. Table 15 gives the average values for different age groups. 
Graphically the results are given in Figs. 46 to 51.

In relation to age (Fig. 46) the increase of oxygen intake is fairly 
linear up to the age of 13, but after that, the oxygen intake increases 
more rapidly for the men. The individual variations are the most pro
nounced in the ages of 12-15, but they are also quite considerable for 
adults. The values for the girls trend to be lower than those for the 
boys. The most striking fact is that the values for the male adults, 
with but one single exception, are higher than those for the female 
subjects. This sex difference is better shown by Fig. 50, where the 
average curves for different age groups are drawn. The values for the 
female subjects are lower in all groups: 13 to 17 per cent for the 4-11 
years old, 26-29 per cent for the age groups 14-25. The smallest differ
ence is shown between the 12-13 year groups (6 per cent).

For males, the oxygen intake increases from 1.01 litres per minute 
for 4—6 year old boys to 2.46 litres for subjects of 12-13 years. After 
the powerful increase during puberty mentioned above, 14-15 year 
old subjects reach a value of 3.53 litres, after which an average 
increase to 4.11 litres was found for adults. The average values for 
females increase gradually from 0.(38 litres for the youngest to 2.90 
litres for adults. Individual values for male adults lie between the 
extremes of 3.30 and 5.09, and for females between 2.41 and 3.40 litres 
oxygen intake per minute. A 15 year old boy and girl reached respec
tively 4.47 and 3.31 litres, i.e. close to the highest recorded values for 
adults.

Basal metabolism is usually related to body size. Therefore it is 
interesting to study the relationship between maximal oxygen con
sumption and body height, surface area, and weight.

Figs. 47 and 48 show that the increase in oxygen intake is relatively 
greater the greater the respective height and surface area of the sub
ject. This tendency is least apparent in the case of female subjects
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max.02.-intake /min

F ig . 50.-The average values of maximal oxygen intake for the different age groups. 
The number of subjects is given in Table 15, p. 104.

(The vertical lines denote ±  2 X e —).

max.
O^-intake p e r  
K g  and min-

F ig . 51.-The average values of maximal oxygen intake per kg body weight for the 
different age groups. The number of subjects is given in Table 15, p. 104.

(The vertical lines denote ± 2  X e-j-).

when oxygen intake is related to surface area. The female subjects 
attain generally lower values than the males. The difference is 
evidently least if oxygen intake is related to body height.

During basal conditions male and female adults have a 24 and 30 
per cent, respectively, lower oxygen intake per nr body surface area as 
compared with the youngest hoys and girls (basal metabolism calcu
lated according to Mayo Foundation Standard). The maximal oxygen 
intake per nr is, however, respectively 75 and 50 per cent higher for 
the adults as compared with the youngest subjects. The ratio of maxi
mal oxygen intake to oxygen consumption during basal condition is 
about 6.7 for the 4-6 years old and 15.7 for male and 14.0 for female 
adults.
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Fig. 49 shows the maximal oxygen intake in relation to body weight. 
It appears that the oxygen intake for male subjects increases roughly 
linearly with increasing body weight. It is worth pointing out that the 
determinations cover a weight range of 16 to 85 kg, and a range in 
oxygen intake from 0.7 to 5.1 litres per minute.

In the case of the female subjects, the values mainly follow those 
of the boys up to 40 kg (all under 40 kg are under 12 years, except 
two girls and seven boys), after which their values of oxygen intake 
lie definitely lower. Only a few of the older females’ values fall within 
the range of the males.

Table 8 (p. 50) shows some statistical calculations based on Fig. 49. 
The correlation between maximal oxygen intake and body weight is 
for males 0.98, for girls below 40 kg 0.96, and for females over 40 kg 
0.86. The difference between the regression lines of males and girls is 
not significant, between males and females, however, it is highly 
significant. The deviations from the regression lines are 6 to 8 per cent.

The average values for maximal oxygen intake per minute and kg 
for different age groups are plotted in Fig. 51. For the groups of 4—9 
years the girls’ values are somewhat lower (the difference is not signi
ficant). The youngest subjects only reach 48-49 ml per kg, whereas 
the means for the 7-9 year old subjects are 55-57 ml. After that the 
average values of the males are surprisingly constant, ranging between 
56 and 59 ml. The aerobic capacity of the girls, however, declines to 
46 ml for the 14—15 years old, but then it increases slightly to 48 ml 
for adults. (The difference between male and female subjects after the 
age of 12 is highly significant.) The difference between oxygen intake 
for male and female adults is reduced to 17 per cent by taking into 
consideration the differing body weights (the total figures gave a 
29 per cent difference).

The extremes of the maximal oxygen intake per kg weight are 48.1 
and 67.4 ml for male adults and 43.2 and 59.6 for female adults. The 
highest individual values for subjects under 12 years are 62.7 ml for 
hoys (one hoy of 7, and one of 9 years), for girls 58.9 ml (9 years), 
and for subjects of 12—16 years 63.7 ml (14 years) and 53.5 ml (12 
years), respectively.

Table 13 (p. 88) shows the maximal oxygen intake obtained lor 
male and female adults in the running and cycling experiments, 
respectively.

For the males the oxygen intake is the same in both experiments 
(4.04 and 4.03 litres per minute, respectively). The females attain 
somewhat lower values during cycling as compared with running 
(2.76 and 2.89 litres, respectively, P =  0.05).
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Of 34 males who, apparently, did exhausting work both on tread

mill and bicycle ergometer, 21 reached the maximal values of oxygen 
intake during running. For 33 females the corresponding number is 
23. In order to determine the aerobic capacity it evidently does not 
matter if cycling or running is chosen as working procedure.

As these experiments proceeded and more and more data from 
different subjects were brought together, it was astonishing to see 
how the values of maximal oxygen intake were grouped when related 
to the body weight of the subjects. Primarily, how regularly the oxygen 
intake increased with increasing weight, secondly how little the sex 
difference was reflected in the values up to a certain limit of weight, 
thirdly how evident the sex difference was for the heavier subjects. 
In examining other functions the difference between the males and 
females was not so pronounced (comp, for instance vital capacity, 
ventilation, blood volume).

3. Discussion.

a. Comparison with previous investigations.-A comparison with 
the experiments by Robinson (1938) and Morse et at. (1949) reported 
above show's that their average values for oxygen intake in correspond
ing age groups are considerably lower (8 to 20 per cent if subjects of 
4-6 years are excluded and the calculations intend to show the oxygen 
intake per kg body weight). The methods used in the two series of 
experiments have been discussed on page 96. The lactic acid values 
indicated that the work in several cases must have been submaximal, 
which naturally results in lower “ maximal values” . In Robinson’s 
experiments the maximal lactic acid value recorded was 72 mgm per 
cent for subjects up to 15 years of age. According to the discussion on 
page 23 of the relationship between maximal oxygen intake and 
blood lactate concentration, the value of 72 mgm per cent is just 
“ sufficiently” high to indicate that the maximal oxygen intake has 
been reached. The minimal values given by Robinson (13-42 mgm 
per cent up to the age of 20) are certainly too low. Some of the differ
ences in the results of the experiments, however, must be ascribed to 
a difference of the subjects’ physical development. Thus, the difference 
between 20-30 year old subjects is very great (the writer’s mean is 
59 ml, that of Robinson 49 ml oxygen intake per kg), and the lactic 
acid values in Robinson’s experiments indicate a high working intens
ity. Attention may be called to the fact that the G.C.I. students are 
physically in good condition and are W'ell-trained.
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The average value for female adults in the experiment carried out 
by Metheny et al. (1942) was 40.9 ml oxygen intake per kg. The reason 
for this low value can be entirely explained by the fact that the deter
minations were made before the respiration and circulation had been 
adapted to the requirements of the work. The average running time 
was only 108 seconds. The subjects attended a college of physical 
education, and consequently they ought to have been practically in the 
same physical category as the writer’s adult subjects. The male sub
jects in Metheny's et al. experiments also attained definitely lower 
values as compared with the writer’s. The reason for this may be 
partly the shorter running time, averaging 3y2 minutes, and partly 
different degrees of “ fitness” .

The highest maximal values in the writer’s experiments can be 
compared with the highest reported. In these cases the subjects were 
élite athletes in training. The male subject with an oxygen intake of 
5.09 litres (A. W., 28 years) has been Swedish 400 m hurdle champion 
(best time 53.6), and the female subject with 59.6 ml per kg body 
weight (I. R., 23 years) is a first-class athlete, cross-country runner, 
and skier.

b. The aerobic capacity before twelve years of age.-A “ natural” 
starting of the relative decrease in the girls’ aerobic capacity would be 
the beginning of puberty. There is no information concerning the time 
for menarche for the females but as already mentioned puberty for 
Swedish girls as a rule takes place during the ages of 12 to 15 (boys 
14 to 17). In Fig. 51 it was shown that the decrease of the maximal 
oxygen intake per kg weight already appeared at the age of 10-11 
(there is no difference in the average values between girls of 10 and 
11 years of age). Girls and boys attained the same lactic acid values, 
which indicates the same state of exhaustion when the maximal oxygen 
intake was recorded. As the oxygen intake at the age of 4 to 9 was 
almost the same for boys and girls, it seems plausible to regard the 
lower values of the girls aged 10-11 years, either as early secondary- 
sex character or as a consequence of not quite representative material. 
During puberty there is an increase of body weight, but in this study 
all the girls under 12 years weighed less than 40 kg, while 2 hoys 
weighed more than 40 kg (comp. Appendix). In order to get an 
explanation of the different oxygen intake additional experiments must 
be done with the involved age groups.

Before the age of 12 the average weights for the boys are 2-4 kg 
greater than those for the girls. There is no reason to suppose that boys 
have a greater percentage of fatty tissues, and they must be regarded
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as physically more developed than girls of the same age. The plays 
and games generally chosen by the boys must have a greater training 
effect than girls’ more quiet occupations. As was shown by Robinson 
and Hannon (1941h) training increases the aerobic capacity of the 
individual. The tendency to higher capacity of oxygen intake that was 
found in the boys as compared to the girls, might be a consequence of 
psychological factors as well as of a primarily greater physical work
ing capacity.

The youngest subjects, aged 4-6, have a definitely lower oxygen 
intake capacity than the older subjects. Whether this depends on an 
inclination to “ give it up” too early or on a physiologically lower 
capacity, cannot be settled (average maximal lactic acid values were 
56-60 mgm per cent as compared with 77-82 mgm per cent for the 
7—9 year old groups).

It is of greatest interest to see that the boys of 7-11 years, girls 7-9, 
reach practically the same oxygen intake per kg body weight as the 
adult men. Boys of 7-9 years attain 56.9 ml, adults 58.6 ml, a differ
ence of only 3 per cent. On the other hand, the younger subjects have 
a relatively higher basal metabolism. The maximal oxygen intake of 
the 7-9 year old boys means an increase of 9.4 times the basal value, 
while the male adults are able to increase their basal oxygen intake
15.7 times. The younger subjects’ “ range of variations” is not as large. 
This at least partly explains why the younger subjects quickly accele
rate their oxygen intake towards their maximal values in the beginning 
of exercise (comp. p. 98). It is difficult to conclude anything from this 
smaller “ range of variation” in the aerobic processes. Possibly the 
aerobic capacity of their muscular mass is less than the adult’s one. 
However, it is not out of question that a greater or smaller part of the 
oxygen corresponding to the basal metabolism will be available for 
the working muscles during heavy work.

c. The aerobic capacity after twelve years of age-F or the boys no 
decrease of the maximal oxygen intake per kg body weight is found 
during puberty. There is even a tendency towards a higher average 
value for the subjects of 14-15 years as compared with the next age 
group and younger subjects. This is in disagreement with the results 
obtained by Robinson and Morse et at. who found lower oxygen intake 
during puberty. Morse et at. cannot in other experimental results find 
any explanation of this lower aerobic capacity (concerning above all 
the subjects of 13 years). One reason might be that the intensity‘was 
too lowr. (For the 13 year olds the speed was 6 m.p.hr. while the sub
jects of 14 ran at the rate of 7 m.p.hr.). An indication of this is the
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fact that the subjects of 13 had longer running times than for instance 
the subjects of 10-12 years. The lactic acid values were also low.

As for the girls, there is a decrease of the aerobic capacity per kg 
body weight from the age of about 10 years (comp. Fig. 51). The 
gradually increasing difference in oxygen intake between males and 
females must he regarded as a consequence of sexual maturity. The 
average values for the maximal lactic acid concentration of the girls 
were higher than those of the boys aged 12-18 so, evidently, it is no 
question of “ laziness” (comp. Fig. 45, p. 94).

The question arises as to the explanation of this lower oxygen 
intake capacity. A consequence of puberty is the relatively large 
increase of the fatty tissue in women. The body weight will be a 
relatively poor measure for the amount of active protoplasmic mass. 
A better comparison between the sexes would be the maximal oxygen 
intake per kg of muscular tissue. This mass, however, cannot be deter
mined, but it ought to be related to the active protoplasmic mass or to 
the lean body mass (gross body weight minus excess fat, Behnke), 
and both can be determined indirectly. Dahlström (1950) has deter
mined the extracellular fluid volume by the thiocyanate method. He 
proposes that the extracellular fluid volume is related to the active 
protoplasmic mass and its normal, basal activity, irrespective of its 
actual activity. Behnke (personal communication) shows a close 
relationship between the calculated basal metabolism and the lean 
body mass.

The basal caloric requirements must be directly dependent on the 
mass of active protoplasma. It is estimated that 20-25 per cent of the 
basal oxygen intake is consumed in the voluntary muscles (Asmussen, 
Christensen, and Nielsen, 1939 b). Physiological variations of muscular 
mass certainly cannot, with the present methods of determination, be 
detected at rest. According to Asmussen et al. the metabolism of the 
muscles can increase to more than 100 times the basal caloric output. 
During maximal work the oxygen consumption of the remaining active 
protoplasmic mass will only amount to a small per cent of the total 
oxygen intake (heart muscle excepted), and a physiological variation 
of the muscular mass will more or less he reflected in the metabolism 
(comp, training). The capacity of organs involved in energy output 
can be judged from the capacity of oxygen intake. The problem is 
whether the size of heart force, extra cellular fluid, blood volume, total 
quantity of hemoglobin etc. are specifically related to muscular mass, 
or more to active protoplasmic mass in general, or other factors. This 
question takes on importance when, as in this study, the relationship 
between the aerobic capacity and blood volume or quantity of hemo

8 ÅSTRAND
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globin is discussed. It is probable that the more physically active an 
individual is, the more muscular mass will influence, for instance, the 
total amount of hemoglobin. For a sedentary person other factors will 
predominate.

Fig. 18 p. 48 shows that the maximal oxygen intake per unit of 
total hemoglobin is the same for males and females in all age groups 
except that of 10-11 years. Thus, sex differences found in oxygen 
intake per kg body weight (ranging from 3 to 23 per cent for means) 
are reflected by similar differences in total hemoglobin. If the total 
quantity of hemoglobin and the maximal oxygen intake variate with 
the muscular mass, the conclusion will be that the female adult ought 
to have 15-20 per cent less muscular tissue per kg body weight than 
the male adult. (Women’s oxygen intake and quantity of hemoglobin 
per kg are 17 and 20 per cent less, respectively). This implies that the 
distribution of muscles in the body is almost the same in man and 
woman, as the type of work was the same.

If this difference in muscular mass in relation to weight is not 
accepted, the relationship between quantity of hemoglobin (or aerobic 
capacity) and muscular mass must be different in man and woman. 
The woman’s muscular mass -would be “ excessively great” (or small) 
with regard to the oxygen transport. The last alternative seems least 
probable.

It is certain that the difference in aerobic capacity between males 
and females after puberty will be largely reduced if the difference in 
adiposity is taken into consideration. Further experiments have to 
show how' much.

A study of the literature available gave no consistent averages of 
muscular mass in males and females. The same holds true for fatty 
tissue. According to Schaeffer (1944) “ tela subcutanea forms nearly 
one-eighth of the body' weight at birth. Thereafter it declines in relative 
amount, forming about 10 per cent at maturity in men and over 20 
per cent in average mature woman” . “ The musculature increases from 
about 25 per cent of the body at birth to 40 or 45 per cent in the adult”.

Edwards (1950) found that the amount of subcutaneous fat was 
the same in boys and girls before puberty, but it was 1.75 times greater 
in women of average weight than in men. “ If the subcutaneous fat in 
human beings mirrors the amount of total body fat, as it does in 
guinea pigs (Pitts, 1951), then women have on the average about 1.75 
times more fat than men, ages corresponding” (Behnke, personal com
munication ).

It is possible that the high correlation between total quantity of 
hemoglobin and maximal oxy'gen consumption found in this study is
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a consequence of the homogeneity of the material as to physical 
activity. In the opinion of the writer, however, also untrained per
sons will fit the curve. The close relationship between body weight 
and maximal oxygen intake certainly is due to the fact that none of 
the subjects were excessively fat. (The aerobic capacity and quantity of 
hemoglobin might possibly be correlated to body weight independently. 
Then, however, the variation from the regression line for the relation
ship of total hemoglobin to oxygen intake would be greater than for 
the direct correlation of oxygen intake with body weight, which is 
not the case.)

The adult female subjects have a maximal oxygen intake per litre 
blood volume that is about 10 per cent lower than in male subjects. 
The hemoglobin concentration too is about 10 per cent lower in the 
women. This could mean that the quantity of blood volume and of 
hemoglobin are regulated by different factors, e.g. circulatory demands 
would “ definitely” decide the volume of blood, not the metabolism 
(comp. p. 55).

The blood volume in the woman compared with that in the man. 
is (1) smaller per kg body weight, but (2) greater if related to the 
maximal oxygen intake. The fatty tissue demands less circulation than 
“ active” tissues, which possibly explains (1). On the other hand blood 
volume cannot be regulated only with regard to the active protoplasmic 
mass (and the muscular mass), but a certain volume is necessary in 
order to fill the vascular bed of the fatty tissue, which at least partly 
explains (2). Because of the low metabolism in this tissue there is no 
need for a greater quantity of hemoglobin, and the concentration will 
be somewhat lower.

d. Comparison of children's and adults’ aerobic capacity -For the 
boys the oxygen intake capacity in relation to blood volume is greater 
than for the older subjects (Fig. 18, p. 48). If we reverse this, saying 
that the older subjects have “ too great” a blood volume, this can be 
explained by greater demands on the circulation in older individuals,
e.g. due to gravity (comp. p. 56). It is more difficult to find an 
explanation for the lower quantity of hemoglobin in relation to body 
weight in the younger subjects (about 25 per cent), and for their 
lower hemoglobin concentration (about 10 per cent). With the same 
ratio of hemoglobin to muscular mass for children as for adults, the 
muscular mass per kg body weight in the younger subjects should be 
about 25 per cent lower than in adults. As the maximal oxygen intake 
per kg body weight was about the same, the aerobic capacity of the 
muscles must be relatively higher in children, or the other active

8‘
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protoplasma consumes a relatively greater percentage of the total 
oxygen intake. The truth probably lies somewhere between. In children, 
as compared with adults, favourable circulatory conditions make a 
smaller quantity of hemoglobin sufficient. The muscular mass per kg 
body weight is lower (comp. p. 114, Schaeffer). The basal metabolism 
is relatively higher.

The relationship between basal metabolism (active protoplasmic 
mass?) and maximal oxygen intake appears in Table 15, p. 104. The 
ratio of maximal oxygen intake to basal metabolism varies with age, 
as stated above, but is fairly similar when males are compared with 
female subjects of the same age. The oxygen consumption during 
exhausting exercise increases 9.4 and 9.1 times respectively for boys 
and girls of 7-9 years; 10.9 and 10.8 respectively for those of 12-13 
years; 13.5 and 12.6 respectively for subjects of 16-18; and 15.7 and
14.0 respectively for adults. The highest individual values for adults 
are in these experiments 18.1 times the basal level for male and 15.7 
for female subjects. According to Dill (1936) the ratio of maximal 
oxygen consumption to basal oxygen consumption in men running at 
top speed varies from 10 to 20, depending on physical development and 
training. Lash’s maximal oxygen intake (5.35 litres per minute) was 
21.4 times his basal level as compared to 14.5, the maximum of the 
best untrained man (Robinson, Edwards, and Dill, 1937). As an inter
esting comparison Brody (1945) concludes that the maximal amount 
of oxygen that a work horse in excellen physical condition can utilize 
is about 21 times the basal oxygen. He also concludes, that “ the ratio 
of work to resting oxygen consumption is apparently independent of 
size or even species” .

However, attention has to be paid to age, and in certain cases even 
to species. Thus both man and horse drop far behind a number of 
flying insects. Krogh and Weis-Fogh (1951) in excellent experiments 
over the respiratory exchange of the desert locust have found that 
the metabolic rate during flight had increased fifteen to fifty times 
compared with the value during rest. The oxygen consumption during 
flight varied between 10 and 30 litres per kg and hour. This might 
be compared with the maximal values for man, who in the writer’s 
experiments attained about 4 litres oxygen intake per kg and hour. 
Krogh and Weis-Fogh report even higher values for bees, flies, and 
butterflies found by other investigators (Jongbloed and Wiersma, 1935; 
Davis and Fraenkel, 1940). During flight the oxygen consumption 
has been estimated at about 100 litres oxygen intake per kg and hour. 
This means that the metabolic rate during flight in some insects in
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creases 100 times or even more as compared with the metabolism 
during rest.

e. Limiting factors for the aerobic capacity .-In a discussion about 
factors influencing the oxygen supply during maximal work, Christen
sen, Krogh, and Lindhard (1934) analyse the following factors: 1) the 
pulmonary ventilation, 2) the rate of diffusion of oxygen from the 
alveolar air to the blood, 3) the minute volume of the heart, 4) the 
rate of blood flow through the muscles, and 5) the conditions for 
oxygen diffusion from the muscle capillaries to the tissue.

1) Concerning the ventilation as a limiting factor in exercise the 
reader is referred to Chapter VII, p. 88.

2) M. Krogh (1915) determined by the carbon monoxide method 
the diffusion constant during rest and moderate work, and the results 
were confirmed by Boje (1933), who also made determinations during 
heavy work. It was shown that there are large individual differences 
with regard to the diffusion constant during rest; that the diffusion 
constant increases with increasing rates or work; and that the maximal 
oxygen diffusion calculated for a normal pressure and composition of 
the inspired air is about 5 litres per minute, and that this would in
volve a definitely incomplete saturation of the arterial blood with 
oxygen.

Lilienthal, Riley, Proemmel, and Franke (1946) mainly confirm the 
results obtained by Krogh and Boje. They report interesting experi
ments concerning the oxygen pressure gradient from alveolar air to 
arterial blood, but the working intensities were too low to apply to this 
discussion.

As was earlier mentioned, the highest values of oxygen intake ob
served are about 5 litres. If the oxygen intake is limited by the rate 
of diffusion of oxygen in the lungs, breathing of oxygen-rich air should 
increase the oxygen intake.

Nielsen and Hansen (1937) report experiments, where the subjects 
during exercise breathed gas mixtures with normal oxygen concen
tration, with 23 per cent and 45-47 per cent oxygen. It was found that 
with heavier works the oxygen consumption increased by breathing 
the highest oxygen percentage, and a greater amount of work could 
be performed as compared with the “ room air experiments” . As there 
was no effect when breathing 23 per cent oxygen, they are of the 
opinion, that the higher oxygen intake capacity could not be due to 
better conditions of diffusion. Nor can the increased saturation of 
the blood explain the higher oxygen intake. They conclude that the
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effect depends on a specific influence on the circulation or possibly 
on the central nervous system.

From these experiments, it seems obvious that the diffusion of 
oxygen from alveoli to blood is sufficient also at maximal work, pro
vided normal conditions prevail.

3 and 4) It is common to consider the minute volume of the heart 
as the limiting factor for the oxygen intake during such types of ex
ercise as cycling and running. The working capacity of the heart should 
determine that of the muscles. To analyse in detail the influencing 
factors, e.g. the venous filling pressure, the period of diastole, force 
of contraction, is here impossible. For that reason these and other com
ponents of direct importance for the function of the heart are sum
marized as “ central factors in circulation” as distinguished from the 
“ peripheral” ones. According to the division given above the periphery 
is represented in factor (4), “ the rate of blood flow' through the 
muscles” . The connection between (3) and (4) is perhaps too close 
to make a division physiologically correct, hut it can be justified and 
exemplified as follow's.

During maximal w'ork with his arms (bicycle ergonieter), a sub
ject attained for instance a maximal oxygen intake of 3.0 litres per 
minute (Christensen, 1932). The same subject working with his legs 
(cycling) reached an oxygen intake of 4.7 litres. It is fairly clear, that 
the strain of the heart is moderate in arm work. The limiting factor 
may be found in the capacity of the vascular bed in the muscles. The 
central circulation is fully sufficient, the peripheral one fails. The 
question arises now' wiiether cycling with maximal intensity will over
load the central organs, or w'hether it is still only a matter of failing 
peripheral circulation. An important problem is, if (a) the capacity 
of the heart permits only a certain percentage of the muscles in the 
body to w'ork maximally or if (b) the capacity of the heart to increase 
the minute volume is greater than the ability of the muscles to “ re
ceive” it. The question is of vital importance; if alternative (b) holds 
true, then the heart cannot under normal conditions be overstrained. 
Naturally, the blood flow through the muscular vessels can increase, 
if only the arterial blood pressure increases. A very high blood pressure 
w'ould, however, probably cause disadvantages for other organs (e.g. 
the central nervous system), and would certainly be prevented by a 
peripheral regulation. The fact that the blood pressure during exercise 
seldom surpasses 200 to 250 mm Hg does not necessarily prove lack 
of capacity for the heart.

As mentioned above, during maximal work on the bicycle ergo- 
meter the aerobic capacity will increase by breathing oxygen-rich air.
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TABLE 16
Maximal ventilation and oxygen intake for subject B.L. ( t f , 25 years of age) 
during cycling, running, and skiing. The minute volume of the heart evidently 

attains a submaximal value, at least during cycling and running.

Work max. vent, 
lit/min.

max. O» intake 
lit/min.

Bicycling 2100 kgm ./m in.......... 130.3 4.64
Running 16 km p.h. 1° ........... 115.4 4.57
Skiing1 14.7 km pr.h.................. 139.4 5.24

' =  The values obtained from Christensen and Högberg (1950 c).

To make this increase in oxygen intake possible an increase of the 
minute volume above the “ normal maximum” is essential. However, 
this cannot simply be regarded as an evidence that the heart “normally” 
should work submaximally. The higher oxygen tension in the arterial 
blood may be sufficient to increase the force of the heart.

Some other experiments indicating that the heart in maximal cycl
ing or running works submaximally shall, however, be mentioned.

A male subject, B.L., 25 years old, reached in these experiments 
an oxygen intake of 4.64 and 4.57 litres per minute in maximal cycling 
and running, respectively, but in skiing he attained 5.24 litres per 
minute (Christensen and Högberg, 1950 c) (see Table 16). The ex
periments were carried out during the same period, and the subject 
had no special training for any of the exercises. Methods and working 
time were the same in the experiments. Unfortunately, blood lactate 
concentration was determined only in one of the experiments (cycling, 
94 mgm per cent), but the subject apparently worked to a state of 
exhaustion in the different experiments. No doubt, this subject did 
not attain his maximal minute volume either during maximal running 
or cycling. (If the a.-v. Ch-difference is estimated to 140 ml per litre 
blood a minute volume of 33 litres is needed for an oxygen consump
tion of 4.6 litres per minute. With an oxygen intake of 5.2 litres the 
minute volume would be somewhat more than 37 litres).

Another male subject reached during cycling a maximal oxygen 
intake of 4.3 litres per minute, see Fig. 6, p. 25. He was able to continue 
the work for about 7 minutes. On the other hand he could when skiing 
go on for 50-60 minutes with an oxygen intake of about 4.35 litres 
per minute (Christensen and Högberg, 1950 c). The oxygen intake 
(approximatively =  minute volume) that the subject can maintain 
for only 7 minutes in cycling, he is able to uphold for a period about 
8 times as long when skiing.

In the review in the beginning of this chapter, some very high
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values of oxygen intake in skiing were related. These values are prob
ably due to the fact that the effort during skiing is spread to a large 
number of powerful muscles, and that the muscles will be working 
under relatively favourable conditions, due to alternation of work and 
relative rest during the glide (Christensen and Högberg). More musc
les are working, and more capillaries are dilated. The minute volume 
and the oxygen intake can increase, provided the heart can manage.

On the basis of this, there are reasons to suppose that the maximal 
oxygen intake is limited by the local blood flow through the muscles 
(4) also in such types of work as running and cycling. Whether this 
is also the case in skiing remains to be investigated. In Chapter IV 
(p. 34) the discussion was summarized in the statement that there were 
no signs of a decrease in the stroke volume of the heart when work 
became maximum, at least not in the older subjects. This would have 
been the case if the central circulation had failed.

(5) Concerning the conditions for oxygen diffusion in the muscles 
little experimental data are available to settle the problem. According 
to Dahlström (1950): “ Individuals of the same height, weight, age and 
sex have been found to have the same extracellular fluid volume. The 
one with higher metabolism has a greater blood volume and con
sequently smaller interstitial fluid volume (since the extracellular 
fluid remains the same) and vice versa” . “ The diminished interstitial 
fluid shortens the diffusion distances. The one with the lower meta
bolism needs less circulatory supply but gains more interstitial fluid 
to take care of metabolites when the metabolism is increased. It would 
be of great interest to see if well-trained athletes with considerably 
increased blood volume have the corresponding reduction of their in
terstitial fluids” .

More favourable diffusion conditions mean perhaps less for the 
exchanges of oxygen and carbon dioxid than for the exchanges of 
anaerobic products and other metabolites. More experiments must be 
done before conclusions can be drawn. In this connection the question 
is of secondary importance, as a limited diffusion rate will bring about 
the same effect as a limited blood flow through the muscles (4).

The consequence of an inadequate oxygen supply to the muscles 
will be an increased delivery of anaerobic products. Too little is known 
about how these products will influence the transmission of impulses 
from nerves to muscle cells, the function of the muscle cells, and the 
reflexes from the muscles which partly adjust the respiratory and 
circulatory systems in muscular exercise (Asmussen, Nielsen, and 
With-Pedersen, 1943; Asmussen and Nielsen, 1950).

Beyond these physiological factors, the psychological aspects have
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great practical consequences, not least in experiments concerning the 
individual’s aerobic capacity. The feeling of discomfort and fatigue in 
muscular exercise is very differently tolerated by different individuals, 
and the same individual does not sustain the work similarly from day 
to day. The total energy output is of secondary importance for the 
sensation of strain. This is “ apparently more closely related to the 
maximal tension on the cross section of the working muscles than of 
the total tension developed and the total energy output” (Christensen 
and Högberg, 1950 c).

A probable order for the factors influencing the magnitude of the 
oxygen intake is:

(1) Psychological factors. This “safety-stop” is more or less easily 
forced.

(2) The peripheral circulation, where the capacity of the vascular bed 
in the muscles is decisive. In most types of physical exercise this 
will be “ the limiting factor” .

(3) The central circulation, i.e. the working capacity of the heart. 
On occasions when the physical condition is lowered (disease, 
untrained) or under unfavourable environmental conditions (e.g. 
heat-work) the heart can fail, especially in exercise where large 
muscle groups are involved. The order will possibly be (1), (3), 
(2), and a more or less irreparable damage can ensue an over
strain.

In heavy work of long duration even more factors must he in
volved among the limiting factors, e.g. the quantity of liver and muscle 
glycogen (Christensen and Hansen, 1939 b, c, d).

Now it can be remarked that the experiments related in this book 
have not examined the aerobic capacity, only part of it. It is probable 
that several subjects would have attained higher values of oxygen 
intake if the work had comprised skiing, for instance. For this type 
of work, howmver, a special technique is required and it would not be 
applicable to individuals in general, e.g. 4 year old children. Cycling 
and running give about the same maximal oxygen intake, the ways 
of work are functional, and are mastered by everybody. The working 
intensities of industrial work never, or sport and games seldom exceed 
the intensities that can be reproduced on bicycle ergometer or tread
mill.

Concerning the effect of training on oxygen intake in muscular 
exercise, it is well known that a certain work can be carried out with 
less energy output, and that the aerobic capacity will increase. The 
vascularization of the muscles is improved, i.a. due to an increase
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in the number of capillaries (Petrén, Sjöstrand, and Sylvén, 1936). 
In order to “ fill” the increased vascular bed and to secure the venous 
flow to the heart the blood volume must increase (Kjellberg, Rudhe, 
and Sjöstrand, 1949 b). To meet the heavier demands on the circula
tion the heart force increases (Christensen, 1932).

Müller (1942) concludes that the slowing of the heart rate found 
during a period of training is peripherically conditioned, i.e. it is due 
to a better vascularization and oxygen utilization in the muscles. It 
is an interesting point of view, but according to the writer, these 
conclusions can hardly be drawn from Muller’s experiments.

4. Summary.

After a series of submaximal works with increasing intensities on a 
treadmill (for adults also on a bicycle ergometer) 115 male (4-33 
years) and 112 female (4-25 years) subjects have worked to a state 
of exhaustion, working time about 5 minutes.

For males the average values of maximal oxygen intake increased 
from 1.0 litre per minute for the 4-6 year old boys to 2.0 litres for 
the boys of 10-11 years, and from 2.5 litres for the boys aged 12-13 
up to 4.1 litres for the adults.

The average values of the girls up to the age of 12 were 13-17 
per cent lower than those of the boys of the same age ( from 0.9 litres 
to 1.7 litres). For the girls of 14-15 years and older the means were 
26-29 per cent lower (2.3 litres per minute for the girls of 12-13 years 
to 2.9 litres for the adults.

For males the maximal oxygen intake gave a high correlation with 
the body weight (0.98). The girls younger than 12 years fitted fairly 
well the same regression line, hut the older females attained definitely 
lower values for oxygen intake than males of the same weight.

For all the male age groups from 7 years the maximal oxygen in
take per kg body weight was fairly constant (56-59 ml O- per minute 
and kg). The hoys of 4-6 years reached 49 ml. Girls aged 12-13 aver
aged 50 ml, and thereafter the average values were about 48 ml. 
Adult females thus had 17 per cent lower values than the males.

For subjects under 10 the highest individual values observed were
62.7 ml oxygen intake per minute and kg for boys and 58.9 ml for 
girls. For adults the figures were 67.4 ml and 59.6 ml, respectively.

In relation to the total quantity of hemoglobin the female subjects 
had the same aerobic capacity as the male subjects. It is supposed that 
the quantity of hemoglobin in well-trained individuals is related to the 
muscular mass. Thus, the woman in relation to her body weight has
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15-20 per cent less muscular tissue than the man, which explains her 
lower aerobic capacity.

Factors influencing the oxygen intake capacity have been discussed. 
It is assumed that in individuals of good physical condition the limit
ing factor lies in the capacity of the vascular bed in the muscles. 
During maximal running and cycling the heart probably works 
“submaximally” .



Ch a pt e r  X

MAXIMAL WORKING INTENSITIES,  
OXYGEN INTAKE DURING SUBMAXIMAL WORK, 

MECHANICAL EFFICIENCY
7. Introduction.

A number of determinations on working capacity at different ages 
have been published. It is common to test speed and endurance by 
running different distances against time, endurance is also tested by 
a step-test, and the strength by putting the shot, weight lifting, and 
by gripping the dynamometer.

Schiotz (1927) reports an investigation on 4000 boys and girls, 
11-20 years of age. Girls ran 60 m as fast as the boys up to 13 years. 
In running high jump, running broad jump, and ball throw, girls had 
a lower performance than boys. From the beginning of puberty the 
girls showed no further increase in performances, but those of the boys 
increased with age. Broadly speaking, taller and heavier subjects had 
better performances, regardless of age.

Espenschade (1940), from observations on Californian boys and 
girls during adolescence, found that the ability for sprinting and long 
jumping increased in boys during adolescence but reached a maximum 
in girls at the age of 14 years, and then tended to decline.

Jokl and Cluver (1941) tested South African children aged 5-20 
(100 yards running, putting the 10 pound iron shot, 600 yards run
ning). They noted that the power of endurance (600 yards) of boys 
increased steadily, but that puberty retarded the rate of progress in 
performance. The pow7er of endurance of girls before puberty was 
about equivalent to that of boys. It reached an absolute maximum at 
the age of 13 years after which it declined.

Jokl (1946) tested 40 white South African school girls of 13 years 
of age. 20 were in premenarcheal state (M -), while the other 20 had 
started to menstruate (M + ). There w7as a distinct and consistent trend 
for the M - group to surpass the M + group in the 600 yards running 
race. For the 100 yards sprint no differences of any kind were noted.

Culhimbine, Bibile, Wikramanaijake, and Watson (1950) examined 
7000 Ceylonese subjects from the age of 10 years upwards and of both
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sexes (different step-tests, weight lifting, running 100 yards). They 
found with severe exercise a decline in the value of the mean 
endurance index (pulse) of females and males with increasing age, 
and the index was at all ages consistently less for females than for 
males. The variation of endurance time with age and sex was similar 
to that noted for the index. The capacity for prolonged muscular effort 
increased with age (1000 boys examined). In running 100 yards the 
boys were faster than the girls, and speed of running increased with 
age for boys. In the case of the girls tested, speed increased with age 
up to 14 years, after which there was a deterioration in performance.

Johansen (1951) reports investigations on boys and girls 10-14 
years of age (approx. 8000 subjects). They were tested in 60 m run
ning, throwing a ball, and running high jump. The older the children, 
the better were the performances, and those of the boys were better 
than those of the girls of the same age. The greater the height within 
an age group, the better the performance, with the exception of girls 
aged 13-14.

In a test with 17 female and 30 male subjects Metheny, Brouha, 
Johnson, and Forbes (1942) found that the males could on the average 
run twice as long as the females when running at the same rate until 
exhausted.

Robinson (1938) determined the mechanical efficiency for males 
aged 6-91 in having them walk up an 8.6 per cent grade for 15 minutes 
at a rate of 5.6 km per hour. “ After maturity no significant change 
occurs with age, but the means indicate that hoys under 13 years of 
age have a lower mechanical efficiency than older people” .

Morse, Schultz, and Cassels (1949) let boys 10-17 years old walk 
up an 8.6 per cent grade for 15 minutes at the rate of 3.5 miles per 
hour. The mechanical efficiency showed no statistically significant 
variation with age.

The mechanical efficiency of cycling depends, among other things, 
upon the intensity and the rate of movement, but the optimum is 
stated quite differently by different investigators (comp. Henry and 
De Moor, 1950). The reason seems to he that the determinations often 
were not done in a steady state. A high “ efficiency” at a high working 
intensity can mean that a greater or smaller part of the energy is 
delivered anaerobically. The highest efficiency, though, seems to be 
between 20 and 25 per cent for adults.

Walilund (1948) in experiments, with subjects who had heart or 
respiratory troubles while working, with normal healthy subjects, and 
with athletes (all males, about 370 altogether) found no significant 
differences in oxygen consumption (net) between the group-means at
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any load (600-1200 kgm per minute). The efficiency at 600 kgm was
20.8 ±  0.09 per cent, at 900 kgm 22.9 ±  0.09, and at 1200 kgm 24.0 ± 
0.10 per cent. (In the opinion of the writer, it is probable that steady 
state values were not reached during the highest intensity.)

Taylor, Bal, Lamb, and McLeod (1950) determined the cycling 
efficiency of 19 boys aged 7-15. The net efficiency (gross after deduct
ing the basal metabolism) was for the 7-9 year olds 18.4 per cent, for 
boys of 9-11 22.8, and for boys of 12-15 17.9 per cent. The working 
intensity was 3 to 4 times the basal metabolism.

2. Results and discussion.

a. Running at maximal speeds-The subjects 4-19 years of age ran 
on a horizontal treadmill at a rate of 8 km per hour and faster. (The 
adults ran on the treadmill, set at an angel of 1°, 1.75 per cent. In 
consequence the rates and oxygen consumption at a certain rate cannot 
he compared for the two groups). For methods, see Chapter II and III.

Fig. 52 and Table 17 show the average values for the maximal speed 
that the subjects could maintain for approx. 5 minutes’ running. As 
the speed was usually increased by one kilometer at a time, and the 
running time varied somewhat, there tvas of course no very exact 
gradation.

The subjects aged 4-6 ran at a speed of about 10 km, those aged 
7-13 managed about 14 km per hour. The boys of 14-18 ran at the rate 
of almost 17 km, whereas the girls “ stayed” at 14 km per hour.

It can be mentioned that a 5 year old girl (K.L.) ran 960 m in 
5.50 minutes (10.5 km per hour), a boy of the same age (G.S.) 1130 m

tiG . 52.—The average values of the maximal speeds that the subjects could maintain 
for approx. 5 minutes’ running on the treadmill. The number of subjects is given

in Table 17.
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in 6.15 minutes (11 km per hour). The youngest girl reaching 15 km 
per hour was 9 years old (S.R.), and she ran 1050 m in 4.25 minutes. 
A boy of 10 (J.B.) ran 15.5 km per hour in 4.35 minutes which gave 
a distance of 1120 m.

The male adults ran on the average 16.2 km per hour; the females 
13.3 km per hour (note the grade of 1°). With a running time of 
5 minutes, this means that the males ran 1350 m, and the females 
1100 m (a distance 18.5 per cent shorter).

The running experiments, as they were arranged here, can more 
or less be regarded as a test of endurance. The decline in the power 
of endurance of girls after the age of 13, found by Jokl and Chwer, 
among others, is not reflected in this study.

There is a slight relationship between the highest speed run and 
the aerobic capacity. Out of 11 girls aged 14-18 who ran faster than 
the average speed only 6 had a maximal oxygen intake per kg weight 
that was higher than the mean. The corresponding figure for 14 boys 
is 9. In order to determine the correlation of endurance with aerobic 
capacity the duration of work must no doubt be longer.

The great difference between the “ maximal speed” of the youngest 
and the next youngest groups might partly' be explained by the fact that 
the youngest subjects were not strained as much, because it is difficult 
to judge their capacity. A certain volume of air is required in the 
Douglas bag, and as the ventilation of the youngest subjects is small 
the collecting time must be longer and the intensity lower.

Before puberty the difference between boys and girls is insignific
ant, but is later on evident. A comparison of the lactic acid values 
shows that, on the part of the girls, there was certainly no question 
of giving up because of “ laziness” (Fig. 45, p. 94). It may be noticed 
that the girls of 7-9 years could run as fast as the oldest girls. From 
the point of view of the mechanics of motion a person with a body 
height of 165 cm should be able to run faster than one only 130 cm 
tall. In any case “ the mother should never run after her naughty 
daughter-she should send the father” .

b. The oxygen intake during running at submaximal speeds- 
Figs. 53 and 54 show the gross oxygen intake per kg body weight for 
the different age groups (4-18 years) during different rates of run
ning. If the subject did not run, for instance, at the speed of 11 km 
per hour the corresponding oxygen intake was calculated by interpola
tion from the values for 10 and 12 km per hour. At the highest intens
ity the oxygen intake often remained constant (comp. Fig. 3 p. 24). 
This level was reached by different subjects at different rates. There-
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Gross

F ig. 53.-The average values of gross oxygen per kilo body weight for different male 
age groups in relation to speed. The number of subjects is given in Table 17, p. 127.

Gross 
0 Z - intake

F ig . 54.-The average values of gross oxygen intake per kilo body weight for 
different female age groups in relation to speed. The number of subjects is 

given in Table 17, p. 127.

9 Åstrand
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F iq. 55.-The average values of net oxygen intake per kilo body weight for 
different male age groups in relation to speed. The number o f subjects is 

given in Table 17, p. 127.

Net

F ig . 56,-The average values of net oxygen intake per kilo body weight for different 
female age groups in relation to speed. The number o f subjects is given in

Table 17, p. 127.
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fore only those rates were included, where all the subjects in the group 
increased their oxygen intake “ linearly” .

It appears from the figures, that the oxygen intake per kg weight 
increases linearly with the speed, and the younger the subject, the 
greater it is. Furthermore, the increase at a higher speed is about the 
same for different age groups, possibly there is a tendency towards a 
relatively greater increase of oxygen intake for the younger subjects.

Younger subjects have a relatively higher basal metabolism, and 
their higher oxygen intake during work may be a consequence of this. 
Accordingly, the net oxygen intake per kg body weight was calculated 
(the gross oxygen consumption minus the basal metabolism, calculated 
according to Mayo Foundation Standard). Figs. 55 and 56 show' that 
the difference in oxygen intake per kg weight for the different age 
groups at a certain speed is now smaller than when the gross oxygen 
intake was compared, but it is evident that the running of the younger 
subjects is less economical than that of the adults.

The comparison between older and younger subjects is difficult, 
caused by the fact that a certain speed is low' for the older, but 
relatively high for the younger subjects (boys). However, 8-9 km per 
hour corresponds to an oxygen intake of 50-70 per cent of the aerobic 
capacity for all age groups. Excluding the youngest subjects 4-6 
years, it is supposed that the determined oxygen intake, at least very 
nearly, corresponds to the oxygen demand of running at the speed 
of 8 km per hour. Consequently the values of oxygen intake for the 
different age groups are comparable. At the higher speeds an increas
ing percentage of the energy must be delivered anaerobically, and the 
“efficiency” will be lower than that suggested by the curves. The 
highest speeds that the girls 7—17 ran were practically the same, and 
their values are comparable at all rates.

The higher oxygen intake per kg w'eight for the younger subjects 
can be due to anatomical differences. Different leverage may have an 
influence. Furthermore a short leg usually means a short stride at a 
certain speed, and so the stride frequency must be higher in com
parison with the taller person. The ensuing higher frequency can 
decrease the efficiency (comp, cycling at different pedal rates, Hansen, 
1927; Grosse-Lordemann and Miiller, 1937). The stride frequency at a 
rate of 8 km averaged for the 7-8 year old children (12 subjects) 
-04 strides per minute, for the 17-18 year old boys (6 subjects) 160 
strides. Whether these factors will influence the running efficiency, 
and if so, how much, cannot at present be settled. According to Hög- 
berg (1952) the oxygen intake has a minimum at a certain stride 
frequency when a subject is running at a constant speed.

9'
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Net Oz- intake p e r  
kg body w eignt

F ig . 57.-The average values of net oxygen intake for boys and girls while running 
at speeds of 8, 10, and 12 km per hour. The number of subjects is given in Table 17, 
p. 127. Excluding the youngest group the oxygen intake at 8 km per hour probably 
corresponds to the oxygen demand. About 60 per cent o f the aerobic capacity is

utilized at this intensity.

It is possible that the younger subjects more easily reach steady 
state values. Their relatively lower lactic acid values after heavy work 
can, as already mentioned, be the consequence of a higher percentage 
of aerobic work at the higher intensities. This makes the interpretation 
of the relation between the curves at the higher intensities more 
difficult. Because of this, further experiments must be done, including 
determination of the oxygen debt. However, it is not impossible that 
the lower efficiency of the younger subjects is due simply to a more 
ineffective technique. With years of training, this wrould be improved.

For a comparison of the running efficiency between boys and girls 
Fig. 57 was drawn. It shows the net oxygen intake per kg body weight 
for different age groups while running at speeds of 8, 10 and 12 km 
per hour. As for the rate of 8 km per hour the boys and the girls 
practically fit the same curve. The differences are not significant with 
the present number of subjects. The muscular strength of the older 
girls is apparently adapted to their body weight so that their 
efficiency is not less than that of boys, if only the working intensity 
is adapted to their capacity. From about 32 ml per kg body weight for 
the 4-6 year old subjects, the oxygen intake decreases to about 28 ml 
for the oldest groups. At the rate of 12 km per hour the girls have 
lower oxygen intakes than the boys. Thus, the oxygen consumption



averages 45 ml for the boys 7-9, and 41 ml for the oldest, while the 
average values of the girls are 44 and 38 ml, respectively. The rate of 
10 km per hour forms a transition to 8 km as far as the difference 
between boys and girls is concerned.

The reason for the girls’ lower oxygen intake and apparently higher 
efficiency certainly is that they have not covered the energy demand 
aerobically, at least not to the same extent as the boys. The fact that 
the oxygen consumption increases linearly with the rate is by no 
means an indication of a constant efficiency (comp. Christensen and 
Högberg, 1950 b). As the mechanical efficiency is lower during an
aerobic work as compared with aerobic (Asmussen, 1946; Christensen 
and Högberg, 1950 b) the oxygen intake, including oxygen debt, of the 
older girls is greater than that of boys while running, for instance, 
12 km per hour. Thus the figs, must be critically interpreted.

Girls 12-13 have almost the same maximal speed as the boys of 
the same age, but they have a lower aerobic capacity (the boys 56 ml 
per minute and per kg, the girls 50 ml). The running efficiency at 
8 km per hour is about the same. A smaller oxygen demand than that 
of the boys at higher rates is not probable, e.g. 2.5 ml per minute at 
12 km. At this rate the girls are closer to the upper limit of oxygen 
intake than the boys. The anaerobic processes must play a more im
portant rôle, and their lactic acid values must be higher. It is also 
found that their maximal lactic acid concentrations are considerably 
higher than those of the boys, 18.5 mgm per cent. The same considera
tions apply to the older girls.
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c. The mechanical efficiency during cycling at submaximal intens
ities- The mechanical efficiency during cycling of 21 male and 31 
female subjects was determined. The determinations were made ac
cording to the formula:

Mechanical efficiency (net) —
work performed X 100 

(total energy) — (basal energy exchange)

Total energy was calculated from the values of oxygen intake 
during work. The basal metabolism was calculated according to Mayo 
Foundation Standard. The caloric coefficient of the oxygen was set at 
4.90 Calories per litre.

The intensities were 900, 1200, and 1500 kgm per minute lor males 
and 600 and 900 kgm for females (50 pedal revolutions per minute). 
• The maximal work done ranged between 1800 and 2400 kgm per
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minute for males and between 1200 and 1650 kgm for females (comp. 
1 horse power =  4500 kgm per minute). As the pedal frequency could 
not always be kept constant the actual work is not known. However, 
the intensities are too high to permit steady state values.) The reason 
for not including all subjects in the calculations is that they were not

F ig . 58.-Gross oxygen intake (dots) and net mechanical efficiency (squares) for  
21 male and 31 female adults during cycling at different intensities. The values

are given in Table 18. p. 138.

tested at all intensities. However, the values of mechanical efficiency 
differ less than 0.1 per cent from the means of the entire material.

In Fig. 58 (Table 18) it appears that the oxygen consumption in
creases linearly with increased intensity, and that the males and 
females, broadly speaking, fit the same curve. At 900 kgm the oxygen 
intake for the males was 2.09 litres per minute, for the females 2.06 
litres. It is impossible to decide if the oxygen supply covered the 
oxygen demand. At the lowest intensities, 600 and 900 kgm for females 
and males respectively, this certainly was the case (the oxygen intake 
is 50 per cent of the aerobic capacity’ ) . Judging from the results 
obtained by Christensen and Högberg (1950 b), well-trained individ
uals certainly’ will be able aerobically, to do work corresponding to 
70 per cent or slightly more, of their aerobic capacity. Probably the 
true efficiency is determined at the intensities of 900 and 1200 kgm for 
males, 600 and possibly 900 kgm for females. The one at 1500 kgm is 
perhaps too high.

I
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For the males the efficiency is very constant and varies between 
23.3 and 23.7 per cent. For the females it is 22.5 per cent at 600 kgm 
and 23.1 per cent at 900 kgm. For 600 kgm the difference is almost 
significant in comparison with 900 kgm for males, and significant in 
comparison with 1200 kgm per minute. On the other hand the differ
ence is hardly of practical importance. With a work-load correspond
ing to 50 per cent of the aerobic capacity, and at a pedalling rate of 
50 per minute (Hansen, 1927; Grosse-Lordemann and Müller, 1937) 
optimal working conditions are prevailing. For the well-trained adult 
individuals the net efficiency then is about 23 per cent, independent 
of sex (comp. Wahlund 22.9 per cent at 900 kgm per minute for men).
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3. Summary.

Among other things the oxygen consumption has been determined 
for 72 boys and 67 girls aged 4-18 during horizontal running at 
different speeds.

The maximal speeds that could be kept for about 5 minutes were 
almost the same for boys and girls up to the age of 12-13, 10 km per 
hour for the 4—6 year old subjects, 14 km for those aged 7-13. 
The older girls “ stayed” at the same maximal rate, whereas the boys 
reached 17 km per hour.

While running at different rates, 8 km per hour and faster, the net 
oxygen intake per kg body weight increased as a rule linearly up to 
at least 13 km per hour (except for the youngest). The oxygen intake 
per kg was generally greater at a certain rate, the younger the sub
ject was. Possible reasons for this have been discussed.

The oxygen intake probably corresponds to the oxygen demand for 
subjects aged 7 years and over while running at the rate of 8 km per 
hour (the intensity corresponds to 50-70 per cent of the aerobic 
capacity). The running efficiency was here the same for boys and girls 
of the same age. At higher rates the average oxygen intake of the 
females 10—17 years was lower than that of the males, probably due 
to a lower aerobic capacity.

40 males (20-33 years) and 44 females (20-25 years) reached 
during running up a grade of 1°, a maximum of 16.2 and 13.3 km per 
hour, respectively.

The mechanical efficiency at different working intensities on a
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bicycle ergometer has been determined for 21 male and 31 female sub
jects. At an intensity corresponding to about 50 per cent of the aerobic 
capacity (600 kgm per minute for females and 900 kgm per minute 
for males), and at a pedal frequency of 50 per minute the efficiency 
was 22.5 and 23.4 per cent, respectively. These values are considered 
to be close to the maximal values.



Ch apter  XI

TESTS OF PHYSICAL FITNESS AND 
CONDITION BASED ON HEART RATE, OXYGEN 

INTAKE, AND VENTILATION DURING 
SUBMAXIMAL WORK

1. Introduction.

The generally applied tests for physical fitness, physical condition, 
etc. can be separated in two main groups, one where the maximal 
capacity for sustained work (maximal oxygen intake) is determined 
and the other where, e.g., heart rate or respiratory rate are deter
mined at a submaximal level of work. On the here presented experi
ments both principles can be applied and it might be of interest to 
compare the results obtained.

2 . Results.

The experiments were done on a bicycle ergometer at the intensities 
900, 1200, and 1500 kgm per minute for the males, and 600 and 
900 kgm per minute for the females. A total of 21 male (20-33 years) 
and 31 female subjects (20-25 years) were tested.

The results are found in Table 18.
The average values of oxygen intake at the different intensities 

follow an almost straight line (Fig. 58, p. 134), regardless of sex. 
Whether the oxygen intake at the highest intensities corresponds to 
the oxygen demand cannot be settled with certainty. At the lower 
intensities, the mechanical efficiency is the same size for males and 
females, about 23 per cent (see Chapter X).

During the heaviest manual labour, the working intensity can be 
estimated to correspond to about 50 per cent of the aerobic capacity 
(see Chapter XII), and so these values are of special interest. In Fig. 42 
(p. 83) it is shown, that this “ 50 per cent load” is about 600 kgm 
per minute for a well-trained woman. The average value of the oxygen 
intake is 1.5 litres per minute, while the heart rate is 138. The ventila
tion averages 35 litres; calculated per litre oxygen intake 23 litres. This 
ventilation is only 39 per cent of the maximal ventilation. For males 
"the 50 per cent load” is about 900 kgm per minute. The average value
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F ig . 59,-The average of heart rate for 21 male and 31 female adults in relation to 
oxygen intake. The two curves to the right show the average heart rate in relation 
to the ratio of oxygen intake to aerobic capacity (per cent). Continuous line =  
male, dashed line =  female. Related to the aerobic capacity the difference in heart 
rate between man and woman doing a certain work is reduced to less than 10 heats 

per minute. All subjects are well-trained.

for the oxygen intake is 2.1 litres per minute; the heart rate is 128. 
The ventilation averages 42 litres; calculated per litre oxygen intake 
20 litres. The ventilation is 34 per cent of the maximum.

For the women 900 kgm per minute corresponds to an oxygen 
intake of 73 per cent of the aerobic capacity. Corresponding per
centage of 1200 and 1500 kgm per minute for the males are 64 and 79, 
respectively.

Fig. 41 (p. 83) shows how the ventilation increases linearly with 
the oxygen intake for males. The ventilation per litre oxygen intake 
is 20.1 litres when oxygen intake is 2.09 litres, and 21.1 litres when 
3.33 litres. The small increase of ventilation indicates that also 1500 
kgm per minute can probably be managed aerobically. The ventilation 
per litre oxygen intake for the females is 3-4 litres higher than that of 
the males when a similar percentage of the aerobic capacity is utilized.

At these moderate intensities a smaller percentage of the ventila
tion capacity is utilized than of the aerobic capacity (Fig. 42, p. 83). 
When the ventilation attains about 50 per cent of the maximal value 
(61 litres per minute for males, 45 litres for females), the oxygen 
intake for males corresponds to 70 per cent, and for females 65 per 
cent the aerobic capacity.

Fig. 59 shows the heart rate at different oxygen consumptions. For 
the males the average value increases linearly with the oxygen intake 
from 128 at 2.1 litres to 167 at 3.3 litres. At an oxygen intake of 
2.1 litres, the females have a heart rate 40 beats higher than that of 
the males. This must primarily be due to their smaller stroke volume 
(comp. Chapter IV). In relation to the different aerobic capacity of 
males and females the difference in heart rate is, however, rather 
small. Thus, in these experiments the average heart rate of the female 
subjects is only 8-10 beats higher than that of the males, when the
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comparison is done for a certain percentage of the aerobic capacity 
(Fig. 59, the two curves to the right).

Discussion.

At present there are divergent opinions about the heart rate as 
criterion of physical condition and of working capacity. One reason is 
probably the fact, that no clear distinction is made between the two 
terms, and in the opinion of the writer they denote different things: 
working capacity is a synthesis of aerobic and anaerobic capacity, me
chanical efficiency, and physical condition; physical condition states 
how the circulation, respiration, muscles, etc., are fit to hard work of 
a long duration. The heaviness of the work must be related to the in
dividual’s working capacity. Thus, working capacity refers more to 
quantity, physical condition to quality.

The graphs of heart rates in Fig. 59 might very well represent from 
the left a group of untrained individuals or individuals with cardiac 
insufficiency (the females), and a group of very well-trained individ
uals (the males). As a matter of fact both groups are well-trained. 
Well-trained men with a small aerobic capacity will fit the same line 
as well-trained women with a great oxygen intake capacity (comp. 
Fig. 10 p. 37). Certainly there is a considerable overlapping for the 
values of trained, untrained, and “ pathological” individuals, regard
less of sex. As the resting value and maximal value of the heart rate 
are practically the same for individuals in different physical con
dition, the slope of “ the heart rate curve” will be influenced more 
by the aerobic capacity than by the physical conditions. This is also 
indicated by the wide scattering of the values for the heart rates in 
Fig. 10. It is evident that it is impossible to judge a person’s physical 
condition from the slope and mean of a curve showing the heart rate 
in relation to oxygen intake or working intensity, if not his aerobic 
or working capacity is taken into consideration. These circumstances 
can entirely explain why tests with submaximal, fixed working intens
ities give results so difficult to interprete. As an example, may be 
mentioned that Melheny et al. (1942) found that the oxygen intake 
and the ventilation were almost similar for males and females when 
doing a submaximal work on the treadmill, but that the heart rate 
and lactic acid concentration were higher for females (which very 
well agrees with the results of the writer’s experiments on the bicycle 
ergometer). As the values of the best women were comparable to those 
of the men with the poorest physical conditions the conclusion was 
drawn that the physical condition of women was poorer than that
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Heart rate a t an 
o2- intake of 2 Ut/min

m ax. Ojr- in ta k e

Fig. 60-Heart rates at an oxygen intake of 2 litres per minut (interpolated) for 
17 male and 16 female adults in relation to the aerobic capacity.

All subjects are well-trained.

of men. The only conclusion that is permissible to draw from these data 
is that women have a lower working capacity.

Fig. 60 is drawn in the following manner. For 17 male and 16 female 
subjects the oxygen consumption is assumed to be 2.0 litres per 
minute, and the interpolated heart rates have been related to the 
aerobic capacity. (The reason for the limited number of subjects is 
that only their “ heart rate curves” have been choosen whose heart 
rate increased linearly with the oxygen intake.) The figure shows a 
pronounced tendency towards a low heart rate if the aerobic capacity 
is high, and the values of the women fit fairly well as a continuation 
of the males’ values. This agrees well with the results of Kjellberg, 
Rudhe, and Sjöstrand (1949 c), who found a high correlation between 
the total amount of hemoglobin and the heart rate during work at an 
intensity of 600 kgm per minute.

However, the figure also shows that the heart rate gives only a 
rough conception of the individual’s aerobic capacity. For instance, 
one subject has the heart rate 142 and another 164 at an oxygen intake 
of 2,0 litres, and both have an aerobic capacity of 3.1 litres per minute. 
Whether the variations in heart rates are due to differing physical 
condition cannot be decided.

The heart rate at a certain oxygen consumption is generally higher 
in an untrained than in a trained subject, the aerobic capacity being 
equal. This is due mainly to the smaller stroke volume in the un
trained (Christensen, 1931 a). Thus, when testing a person on dif
ferent occasions the heart rate during moderate exercise will give 
valuable information concerning his physical condition. How much the 
heart rate will decrease in relation to the increased aerobic capacity 
cannot be settled here.
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For a well-trained individual, the heart rate quickly attains a 
steady state after work is started, and this rate is maintained even for 
prolonged work. For untrained persons or persons with cardiac insuf
ficiency the heart rate will not be stabilized, but will gradually increase 
(Christensen) , provided the work-load is relatively great. In order to 
test the physical condition or the subject’s performance with regard to 
the work done, the heart rate ought to be counted for, e.g., 10 minutes, 
and the end-value of the heart rate as well as the appearance of “ the 
heart rate-tim e diagram” must be regarded (Sjöstrand, 1950).

In this study a high correlation between the aerobic capacity and 
the body weight is found (Fig. 49 p. 106). A certain work-load per kg 
weight consequently will give about the same stress to the organism. 
The women’s work should he 15-20 per cent lower per kg weight than 
that of men, and the heart rate would practically attain the same 
level. On the other hand, take two subjects having the same aerobic 
capacity and training state, but one of them has 20 kg more excess fat 
than the other. At a certain work-load per kg weight, the heavier man 
will attain the highest heart rate, because he has done the heaviest 
work, and he has worked closer to the upper limit of his performance 
as compared with the thinner man.

When testing a subject’s fitness for manual labour, military service, 
physical performance on track and field, where the body weight has to 
be “ carried” , the working capacity per kg weight ought to be the basis 
for judgement. In general, the demand for aerobic capacity must he 
higher, the heavier the individual. The exception is found if he can 
utilize his weight in his job.

When testing a subjects’ fitness for a job in a sitting position the 
drawback of excess fat is not so great, and the demand for aerobic 
capacity may he estimated only with regard to the energy require
ments of the job. The test-work can, e.g., be done on a bicycle ergo- 
meter and a working intensity be chosen, regardless of body weight.

As for the test, a general one is hardly possible to employ, but the 
man must be tested for the stress of the job, and for the factors that 
will limit his performance, e.g. capacity of energy output, ability to 
sustain heat etc. As for the metabolism, it is suggested that the oxygen 
intake during the job may not exceed 50 per cent of the aerobic 
capacity (see Chapter XII). A determination of the individual’s 
maximal oxygen intake is hardly possible as a method of routine, but 
probably the total amount of hemoglobin, and perhaps the lean body 
mass, will give good information about the aerobic capacity (comp. 
Fig. 17, p. 48). A “ control” of the calculated capacity may be obtained 
by giving the subject a certain amount of work, corresponding to a
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certain percentage of the estimated aerobic capacity. In this material, 
a working intensity on the bicycle ergometer of 180 kgm per minute 
and per 100 gm hemoglobin is calculated to give an average oxygen 
intake corresponding to 70 per cent of the aerobic capacity (heart rate 
about 154 for males, 164 for females, see Table 21, p. 144). A varied 
intensity fits somewhat better, e.g. 200 kgm per 100 gm hemoglobin 
when the amount of hemoglobin is 300 g, and 170 kgm when the 
amount is 700 g. (It must be stressed that the absolute figures for 
total hemoglobin are lower in the writer’s experiments than in others). 
If it is a job where the body must be “ carried” , the weight of the 
tested individuals ought to be regarded when choosing the test-load.

To turn back to the physical condition, the central problem is 
whether this term shall be related to the active protoplasmic mass or 
to the total body weight. It goes against the grain to characterize a 
man weighing 150 kg as a man of good physical condition in spite of 
the fact that the capacity of his circulatory system may be very great 
in relation to the protoplasmic mass, but insufficient if related to the 
150 kg that shall be carried.

The term good physical condition can apply to a man in a good 
state of health who has by rational training made “the best” of his 
physical development; his working capacity and physical fitness for 
heavy work may be high or low depending upon his natural endow
ment.

In the clinic it is this physical condition, less the working capacity, 
that shall be tested. It is very important to recognize this when choos
ing the test-method and comparing results of different age groups or 
of the two sexes.

It may be interesting to see the individual variations of the heart 
rate when the work-load is chosen according to different principles. 
From the point of view of physical condition, the scattering ought to 
be relatively small when working with this homogeneous material.

Table 19 shows the average values of the heart rate, the standard 
deviation, and the standard error of the mean for 17 male and 16 
female subjects. Intensities, oxygen intakes, and heart rates have been 
determined or calculated by interpolation. If the working intensity is 
chosen regardless of the subject’s weight (600-1500 kgm per minute) 
the standard deviation varies between 11.4 and 12.4 heart heats, and 
is relatively independent of sex and intensity.

Table 20 shows results where the load was varied with regard to 
the body weights of the subjects, on one hand a certain intensity per 
kg body weight was chosen regardless of its size (one lighter and one 
heavier load); on the other hand the load per kg was varied with the

I
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TABLES 19, 20, 21
The average heart rate, the standard deviation, and the standard error o f the mean 
during cycling at different working intensities. The number of subjects is 17 male

and 16 female adults.

Sex
Number

of
subjects

Intensity
kgm/min.

Heart rate
T ±  £ -

Dispersion 
a x .

Average O. 
-intake in 

p. c. of 
aerobic 
capacity

5 16 600 137 ± 3 .0 a =  1 2 . 0 52.0
$ 16 900 164 ± 3 .1 a =  1 2 . 2 72.5

d 17 900 128 ± 3 .0 a =  12.4 49.9
d 17 1 2 0 0 148 ± 2 .8 3 =  1 1 . 6 63.9
d 17 1500 166 ± 2 .8 3  =  11.4 79.5

TABLE 19
The heart rate is determined during work at intensities regardless o f the

subject’s weight.

Sex
Number

of
subjects

Body weight
" k g

Intensity 
per kg 
weight 

kgm/min.

Heart rate
Y ±  £ x

Dispersion 
a x

Average
intensity
kgm/min.

9 16 _ 1 2 148 ± 2 .3 3 =  9.1 725

9 16 - 16 168 ± 2 .7 3  =  10.5 966
d 17 - 15 139 ± 2 .6 3 =  10.7 1068
d 17 - 20 161 ± 2 .9 3 =  11.7 1424

50.0-59.9 13.4

9 16 60.0-69.9 1 2 . 8 151 ± 2 .4 3 =  9.5 736
70.0-79.9 1 2 . 2

60.0-69.9 16.6
d 17 70.0-79.9 16.0 144 ± 2 .5 3  =  10.3 1153

80.0-89.9 15.2

TABLE 20
The heart rate is calculated by interpolation, and the working intensity is varied

with the subject’s weight.

Sex
Number

of
subjects

0 2 -intake 
in p. c. of 

the
maximum

Heart rate
X ±  E -

Dispersition
G X

Average
intensity
kgm/min.

d 17 50 128 ± 2 .3 3 =  9.4 920

9 16 50 138 ± 2 .2 Q II 0° bo 612
d 17 70 154 ±  1.9 3 =  7.8 1329

9 16 70 164 ± 2 .3 3 = 9 .0 908

TABLE 21
The heart rate is calculated by interpolation. The working intensity corresponds to 

50 and 70 per cent, respectively, o f the subject’s aerobic capacity.
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body weight. The load was 20 per cent lower for the females than for 
the males of the same weight, (i.e. the difference of the maximal 
oxygen intake per kg body weight). The standard deviation in these 
experiments are somewhat smaller than in Table 19 (9.1 to 11.7).

The standard deviation is smallest when an intensity is chosen with 
regard to the aerobic capacity of the subject, Table 21. Working inten
sities corresponding to 50 and 70 per cent, respectively, of the maximal 
oxygen intake were “ performed” . The standard deviations vary be
tween 7.8 and 9.4 heart beats.

The calculations involve intensities corresponding to 50-80 per cent 
of the aerobic capacity.

At a certain heart rate, 170 per minute (comp. Wahlund, 1948), 
the oxygen intake, and consequently the working intensity (and 
minute and stroke volume of the heart), will be individually rather 
different. For the males the heart rate of 170 is attained when the 
oxygen intakes average 82 per cent of the aerobic capacity (a =  6.3); 
for the females it averages 75 per cent (a =  7.6). The order of the 
“methods” as far as “precision” is concerned agrees fairly well with 
the preceeding arguments. However, the individual variations are con
siderable, regardless of working intensity.

A more comprehensive discussion of “physical fitness tests” is 
not justifiable here. The reader is referred to reviews given by Si
monson ( 1944); Taylor (1945); Lundgren (1946); Karpovich (1947); 
Cureton (1947).

It shall be emphasized, however, that in testing the circulatory- 
respiratory fitness a type of work must be chosen which engages great 
groups of muscles, and that the working intensity must be relatively 
high. The duration of the work must be long enough to permit the 
adjustment of circulation and ventilation to the exercise, and the 
determinations have to be done particularly during the later phases 
of adaptation. Otherwise it will be quite different functions that are 
tested. Naturally, it is of interest to determine the anaerobic capacity, 
but it is extremely difficult, as regards methods, to get consistent 
results. As an example of results, difficult to interpret in the opinion 
of the writer, may be mentioned Cureton’s (1951) all-out treadmill 
tests of maximal physical efficiency, applied inter alia to a great 
number of champion athletes. Often the running time was only 1-2 
minutes, 5 minutes at the most. Accordingly the duration was usually 
too short to permit the adjustment of respiration and circulation to the 
demands of the work. During the entire period of running the oxygen 
intake was determined, and its size was influenced by oxygen con
sumption during rest (the first seconds), by submaximal values (the

tO ASTRAND
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time of adaptation), and possibly by maximal values. Thus, the deter
mined oxygen intake gives no information about the one or the other. 
As running time varied, a comparison between the subjects will also 
be misleading. The values Cureton found for the gross oxygen intake 
of champion athletes are without exception lower than the average 
values of the male subjects in the writer’s study, and often they are 
lower than those of the female subjects with the lowest aerobic ca
pacity. Moreover, Cureton determined the oxygen debt, and because 
of the methodical difficulties it is not astonishing that the gross total 
oxygen consumption (oxygen intake during running + oxygen debt) 
showed a low correlation with the subjects’ performances on the track 
and field.

i . Summary.

“Normal values“ of heart rate, oxygen intake, and ventilation were 
given for 21 male (20-33 years) and 31 female subjects (20-25 years) 
during cycling at different intensities. Oxygen intake and ventilation 
were related to the maximally obtained values.

In tests of physical condition by examinations of the circulatory 
and respiratory system during work the individuals aerobic capacity 
must be regarded. It is supposed that this capacity can be calculated 
from the total amount of hemoglobin or the lean body mass. In this 
way it is possible to choose a test-load fitting the subjects working 
capacity.

The difficulties to obtain consistent results were discussed.



Ch apter  XII

GENERAL DISCUSSION

A decisive analysis of an individual’s working capacity is im
possible. Different factors will, in varying degrees, influence the per
formances of different individuals, and for one and the same person 
the working capacity varies from day to day. The psychological state 
is probably most unstable. The environment of the individual, his 
state of mind, and his attitude to the job might highly influence his 
performance. From a physiological point of view working capacity 
includes the individual’s capacity of energy output and his mechanical 
efficiency. During heavy work of prolonged duration the aerobic capa
city is, first of all, probably the limiting factor {Dill, 1933), during 
short spells of hard work the anaerobic capacity is decisive.

In this chapter the working capacity from the viewpoint of manual 
labour (1), and school and junior sports (2) will be discussed.

1. Manual labour.

Brody (1945) concludes the following: “The maximum long-range 
or life-time efficiency, however, involves liberal rest periods and mo
derate work rate. One of the problems of “ scientific management” or 
“work rationalization” , whether it be of man, cow, or horse, is to 
determine for animals of given productive capacity the work level foi- 
maximal long-range efficiency.

Machines are not usually run at more than 50 per cent of their 
capacity, and a similar safety margin should perhaps be allowed to 
man and animals so as to avoid injury or untimely death. The problem 
in work rationalization is to determine the maximum rate of work 
that can be carried on day in and day out and still retain vigour to 
an advanced age” .

Dill (1936) suggests as “arbitrary but useful lines of demarcation 
for hard work” a work metabolism between 3 and 8 times the rest 
metabolism.

Lundgren (1946) and Zotterman and Lundgren (1948) investigated 
the energy output during lumber work, one of the heaviest of manuel

10*
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works. They found that most single work operations demanded a mean 
of about 9 to 11 Calories per minute.

Physiological investigations in hot steel mills carried out by this 
laboratory1 showed that the oxygen intake during many work oper
ations was about 2 litres per minute. The blood lactate concentration 
in some cases attained values significantly above the resting level, 
indicating that the level of activity approached the capacity of the 
workman (comp. p. 134). Tests of physical condition in the beginning 
and at the end of the 8 hours’ work period gave in a few cases indi
cations of overstrain of the circulatory system. (Significantly higher 
heart rates at 900 kgm per minute at the end of the working day).

With regard to their physical working capacity and condition these 
workers certainly can be compared with the male students in this 
experiment. This assumption is supported by the following data. The 
workers in the steel mill had a total amount of hemoglobin that aver
aged 0.98 per cent of the body weight, as compared with 1.00 per cent 
for the students. When cycling at 900 kgm per minute the average 
value of the heart rate was for the workers 127, for the students 128. 
The students were trained by sport and athletics, the workers by hard 
work. The maximal oxygen intake averaged 4.1 litres per minute for 
the students. Evidently, the workmen must often utilize up to 50 per 
cent of their aerobic capacity while on the job, but they avoid exceed
ing this percentage. This “ safety margin” lies on the level suggested 
by Brody. The condition precedent for so high an “ optimal” working 
intensity is that the work involves large groups of muscles (comp, 
p. 121). The “ 50 per cent load” must be related to the capacity of the 
involved muscles and not to that of the body as a whole. When in
creasing the metabolism over this 50 per cent, the feeling of discomfort 
and strain will probably be marked.

As the energy output approaches the capacity of the workman, he 
becomes more sensitive to changes in environmental conditions. An 
environment unfavourable to heat dissipation increases the stress on 
the circulatory system. An accelerated heart rate and an elevated body 
temperature will be observed, and a feeling of heat oppression and 
discomfort will be the consequence for the workman. If the water 
lost in the formation of sweat is not replaced the working capacity 
will be further reduced (Adolph, 1947; v. Dobeln, 1951). In unfavour
able working positions the stress on the circulation can be higher 
than that indicated by the metabolism, e.g. due to the effect of gravity 
(Asmussen and Christensen, 1939 \ Asmussen, Christensen, and Nielsen,

1 “ Arbetsfysiologiska undersokningar i Nykroppa” , unpublished.
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1939 a). A static work operation is relatively more of a strain than 
a dynamic one.

Due to similar adverse working conditions the “ safety margin” 
of the work level ought to involve a smaller percentage of the aerobic 
capacity. A maximum for heart rate, ventilation (at high altitudes), 
hodv temperature, have to be chosen. Applying the values for heart 
rate and ventilation obtained in this study, when the oxygen intake 
is 50 per cent of the maximum, the upper level for heart rate should 
be 130, and for ventilation 41 litres per minute (Tables 18 and 20. 
p. 138. 144).

A problem more and more pressing, especially in wartime, is how 
to employ women in industry. “ The first problem involved is whether 
they are physically able to perform industrial work as well and as 
efficiently as men, and, if not, what their limitations are and how 
these can be met, so that this large labour group can be utilized to 
the best advantage” (Baetjer, 1946). The discussion above concerning 
males probably applies to females (except during pregnancy). There 
are no proved reasons why 50 per cent of their capacity could not be 
utilized in manual work. As for the aerobic capacity, it is in this study, 
25-30 per cent lower for females as compared with males. Conse
quently the heaviest work “permitted” for women should be a corres
ponding percentage lower. Her mechanical efficiency is of the same 
order as the man’s (in cycling and running), provided the work done 
is related to her working capacity, judged from the concentration of 
blood lactate. She can push herself to the same state of exhaustion 
as the man. For the G.C.I. students the “ 50 per cent load” corresponds 
to an oxygen intake of 1.5 litres per minute, a heart rate of 135, and 
a ventilation of 34 litres per minute.

The physical performances by women, for instance in agriculture, 
demonstrate fitness even for a hard job. It is unfortunate that the 
problem of “ utilization of womanpower by industry” is so tempered by 
traditions and prejudices. The utilization of women for hard physical 
work is probably more a psychological and social problem than a phy
siological one.

Among unfavourable working conditions, it must be taken into 
account that women usually have household duties and responsibilities 
which require many hours of work in addition to those spent in 
industry, but this could be compensated by part-time employment 
(Baetjer).

In order to select the right man or woman for the job demanding 
high working capacity the test method suggested in Chapter XI (p. 142) 
will probably give valuable information. The expenditure ol energy
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necessary for doing the job can, in most cases, be determined by the 
Douglas-bag method, by counting the heart rate, or by measuring the 
body temperature (Lundgren, 1946; Berggren and Christensen, 1950).

As for the figures given above, they apply to well-trained individu
als up to approx. 30 years. It is very important to investigate the 
psysical working capacity of older individuals, especially as the aver
age age of the population capable of doing hard manuel labour is 
relatively high and tends to increase.

2. School and junior sports.

The writer’s experiments, partly confirming others, indicate that 
the aerobic capacity in relation to body weight is about the same for 
boys within all the age groups in school (from 7 years on). On the 
other hand the resting metabolism is relatively higher in younger boys, 
and so their net aerobic capacity is lower. At least in running their 
efficiency is lower, and the aerobic capacity will cover a relatively 
smaller intensity range. In these respects girls are comparable with 
boys of the same age, up to the beginning of puberty, but afterwards 
the aerobic capacity is 25-30 per cent lower than that of the males, 
in relation to body weight it is 15-20 per cent lower (comp. Figs. 50 
and 51, p. 108). The mechanical efficiency during cycling and running 
is for both sexes the same, provided the intensity is adapted to the 
working capacity.

If the maximal blood lactate concentration attainable during exer
cise is regarded as a measure of the anaerobic capacity, then this is 
similar for both sexes (Fig. 45, p. 94). The lower maximum in younger 
subjects is not decidedly due to an “ insufficient” anaerobic capacity. 
For the ages before puberty there are some results that can be inter
preted as “ contra-indications” against prolonged hard muscular exer
cise (relatively small blood volume and stroke volume, comp. p. 56). 
Further experiments are necessary.

A prediction of an individual’s working capacity from the values 
of maximal oxygen intake and lactic acid is not possible. A boy of 
9 years may have the same maximum in relation to weight as one 
of 18, but he cannot run nearly as fast. The principal causes are 
factors of pure body mechanics. Nor is there, in the writer’s experi
ments, within an age group any definite relationship between the 
maximal running rate and the mentioned maximal values. In several 
cases the net energy output at the lower rates has been the same for 
two subjects with the same aerobic capacity, but the one has in the 
maximal experiment run at a rate, perhaps 2 km per hour higher.
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On the other hand, it can be stated that an aerobic capacity equal to 
or higher than the average values was usually found in those subjects, 
within the group, who reached the highest intensities. A great oxygen 
intake capacity is certainly necessary for a runner in order for him to 
make good records in middle and long distance races. As an example it 
may be mentioned that the Olympic 1500 m champion in London 1948, 
H. Eriksson, -while running on a treadmill has reached an oxygen in
take of 68.4 ml per minute and per kg body weight (5.24 litres per 
minute gross). The 4th man in the same race, G. Bergquist, has at
tained 73.7 ml (4.81 litres gross) (Högberg and Åstrand, results not 
published). These figures should be compared with the average values 
of 58.6 ml for G.C.I. students; highest individual value 67.4 ml (comp. 
Chapter IX).

A very important problem in physical education is what types of 
sport and competition should be practised by youths at different ages. 
The debate principally concerns the endurance events. As the aerobic 
capacity is relatively as great for younger children as for male adults, 
the children should also be capable of doing prolonged, strenuous, 
exercise. (A possible difference in supply of fuel may influence the 
working capacity. Robinson (1938) found in children, “ a lower R.Q. 
during moderate work which may reflect a less adequate carbohydrate 
supply when exercise is undertaken” ). However, prolonged stress is 
unfamiliar to children, but it is very difficult to judge whether then- 
aversion is of a psychological or physiological character. The children 
spontaneously choose varied exercises, they readily strain themselves 
maximally for some seconds but heartily dislike monotonous, heavy 
work. Their way of living is rather of an “ anaerobic” character. It 
must be stressed that the organism by rational and careful training 
must be adapted to the demands of strenuous work in order to avoid 
overstrain. A great aerobic capacity, due to natural endowment, is 
certainly one condition precedent, but nevertheless the involved organs 
must be trained. To reach the highest standard the middle or long 
distance runner trains for at least 6-8 months; such a training plan 
is impossible for children to undergo, it does not fit their ment
ality. Thus, the motive for the choice of events in school and junior 
sports is first of all a psychological and pedagogical one, not a physio
logical and medical.

Frequently young people, say of 16-17 years of age, turn up 
élite performances in athletics. In the writer’s experiments some gills 
and boys aged 15 have attained values of oxygen intake, ventilation 
etc. of the same size as the highest individual values for adults (means 
the absolute values). From a physiological point of view they have,
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no doubt, “primarily” a physical working capacity comparable with 
the adults’ . If they prepare their competition season carefully, and 
have judicious coaching, there are probably no physiological reasons, 
why they should not compete in endurance events. However, it is 
dangerous to use the “ exceptions” as a proof that the events in question 
are well suited to their years. The consequence can be an overstrain 
of the competitor, and cases are described where young people in 
connection with some competition have developed, for example, cardiac 
insuffiency.

To give young people a certain endurance training, events should 
be chosen where stress and recovery alternate repeatedly, e.g. hall 
games, skiing and cross-country running (“ orientering” ) in varying, 
hilly, terrain. Durations and distances must be chosen above all, with 
regard to the training state of those taking part. During puberty 
there is probably no reason to be particularly cautious with physical 
exercises. In these experiments the results obtained for both hoys and 
girls during puberty fit well in between those for the younger and 
older age groups.

From a physiological point of view females can participate in the 
same sports as males. Before puberty, girls have the same physical 
performances as boys in some events, in others they are definitely 
inferior. This can very well depend on their mentality which “prefers 
playing with dolls to smashing window-panes” , thus, the difference 
can be explained as an effect of training.

As for women, it must be kept in mind that the results they can 
obtain must be of a different size as compared with those of men. 
They have not the same capacity for prolonged, strenuous muscular 
work, but this is no reason why, for instance, forms of athletics re
quiring endurance should be harmful to them. They have not the 
same emulation as the men, but if it is a pleasure for them, and if 
they have trained carefully, they may very well also compete over 
longer distances. However, they must put up with being rather critically 
regarded: an exhausted woman straining herself towards the finishing 
tape is a sight more repugnant than a man in the same situation.

The participation in muscular exercise during menstruation or 
pregnancy is a special problem which, how'ever, cannot be discussed 
here. (None experiments were done during the menstrual period.)

As for the grouping of children according to “physical age” (comp. 
Schiotz, 1927) in competitions the writer’s experimental results cannot 
afford reasons pro or contra. There is no tendency', however, to a 
higher oxygen intake capacity per kg body weight for the heavier 
children as compared with lighter children of the same age.
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As emphasized above there is a gradual increase in the average 
age of the population. This brings on social problems on labour market, 
and suggests physiological investigations with older subjects. It is the 
writer’s sincere wish that this book may be only one in a series of 
reports on the physical working capacity in relation to sex and age.
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APPENDIX

The tables give the individual values obtained for the subjects in 

running or cycling, and some other data.

It may be called attention to the fact that the maximal tidal air 

and respiratory rate have not always been attained in the same ex

periments. The body weight varied somewhat during the experimental 

period, and consequently the value stated for maximal oxygen intake 

and for maximal oxygen intake per kg weight does not always fit 

the figure given for body weight.

11 ASTRAND



1. Wale.

Subject age
years

body
height

cm
body

weight
kg

vital
capa
city
litre

(BTPS)

resi
dual
capa
city
litre

(BTPS)
heart
rate

lactic 
acid 
m gm 
p.c.

B.A. 4 107 18.9 207
B.P. 4 107.5 17.9 207 _
H-U.B. 4 111.5 20.6 188 76
A.K. 4 118 24.5 200 72
L-O.S. 5 108.5 16.0 200 33
M.O. 5 108 17.9 200 65
G.S. 5 117 20.7 214 _
K.K. 6 — 23.0 207 54
K.R. 6 116 20.6 207 38
U.E. 6 128 27.8 203 _
T.H. 7 125 25.3 1.84 205 70
C.N. 7 126 25.1 2.01 200 60
u .c . 8 131 29.2 1.84 220 99
U.E. 8 138.5 31.4 2.33 220 89
H.O. 8 138.5 29.6 2.15 214 64
L-A.J, 9 129 31.0 2.11 209 _
S.H-fi. 9 138 30.5 2.38 202 110
S.H. 9 143 31.6 2.51 209 107
U.G. 9 140 31.9 2.43 214 65
O.P. 9 133.5 36.5 2.27 207 103
K.J. 9 138 34.2 2.20 207 73
L.K. 9 140 31.8 2.44 191 62

Maximal values

vent, 
lit min. 
(BTPS)

resp.
rate

tidal
air

litre

max. 0 2 
intake 

lit/min. 
(STPD)

max. Oo 
intake 
per. kg 

m l/min. 
(STPD)

total
Mb

gram

blood
volume

litre

Hb
con-

centr.
per
cent

40.4 68 0.43 0.93 49.2
39.3 67 0.60 0.94 52.1
43.3 90 0.49 0.97 47.4
41.8 72 0.58 1.09 44.2
30.9 69 0.45 0.77 48.4
38.9 75 0.54 1.02 57.6
42.6 67 0.62 1.10 52.9
35.5 63 0.87 1.01 43.2
41.9 65 0.65 1.01 48.6
43.5 68 0.76 1.30 46.9
44.1 65 0.72 1.40 54.7
55.8 76 1.02 1.61 62.7 229 1.60 93
59.3 55 1.19 1.63 55.4 212 1.57 88
60.7 56 1.10 1.72 54.7 218 1.59 89
62.2 64 0.88 1.72 58.0 225 1.76 83
59.7 65 1.07 1.65 52.7 — — —

68.9 72 1.03 1.71 56.0 — — ___

75.2 62 1.25 1.84 59.2 250 1.75 93
67.7 83 1.14 1.89 59.4 — — ___

59.5 57 1.13 1.89 51.8 212 1.53 90
62.4 68 1.03 1.91 55.0 285 2.08 89
66.2 81 1.09 2.01 62.7 — ___ ___

2. Male.

O.W. 10 132 31.1 2.25 208 — 72.5 77 1.14 1.78 56.8 — — —
C.L. 10 139.5 37.0 2.45 227 125 74.6 65 1.14 1.88 51.2 — — —

B.S. 10 144 34.1 2.70 223 115 71.9 61 1.19 1.89 55.3 240 1.71 91

J.B. 10 142.5 33.3 2.27 214 76 70.9 58 1.28 2.05 61.5 265 1.76 98

H.A. 10 148 37.6 3.02 202 102 63.9 55 1.21 2.08 54.9 270 1.94 90

L.K. 10 154 44.2 2.90 216 63 69.1 55 1.60 2.28 51.1 287 2.03 92

A.N. 11 136 31.3 2.24 216 83 75.0 64 1.12 1.80 57.3 252 1.82 90

E.H. 11 145 33.8 2.49 209 77 70.4 64 1.20 1.88 55.8 254 1.76 94

K.L. 11 137 35.6 2.75 200 — 50.0 32 1.62 1.93 54.1 — — —
B.B. 11 148 34.0 2.56 209 50 69.2 54 1.31 2.10 61.5 — — — i—*
N-E.A. 11 154.5 38.7 3.16 205 90 76.5 57 1.38 2.26 58.6 297 — — 05CO
E.P. 11 157 44.7 3.25 207 62 75.3 54 1.44 2.31 51.6 — — —
J.L. 11 152.5 38.8 2.44 204 81 77.5 52 1.60 2.32 59.7 — — —
B.H. 12 139 31.8 2.52 192 54 58.1 43 1.36 1.79 57.2 282 2.23 82

D.C. 12 146 33.9 2.62 191 — 58.1 66 1.02 1.86 54.6 — — —
K.H. 12 145 35.3 3.00 196 45 64.9 44 1.94 1.99 56.2 — — —
N-E.A. 12 147 37.6 2.84 225 — 61.6 53 1.43 2.03 54.3 — — —

T.C. 12 152 41.0 3.19 175 ' — 58.7 42 1.67 2.19 53.0 — — —

u .s . 12 146 39.6 3.08 200 — 72.8 46 1.67 2.23 56.6 — — —

H.G. 12 168 42.2 3.38 196 82 80.9 60 1.41 2.39 56.4 — — —

V.S. 12 150 42.5 2.80 205 57 84.7 60 1.47 2.57 60.4 — — —
B.N. 12 164 51.0 4.33 184 143 69.5 31 2.54 2.96 59.2 — — —
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3. Male.

Subject age
years

body
height

cm
body

weight
kg

vital
capa
city
litre

(BTPS)

resi
dual
capa
city
litre

(BTPS)

Maximal values

total
Mb

gram
blood

volume
litre

Hb
con-

centr.
per
cent

heart
rate

lactic
acid
mgm
p.c.

vent, 
lit/min. 
(BTPS)

resp.
rate

tidal
air

litre

max. Oo 
intake 

lit/min. 
(STPD)

max. Os 
intake 
per. kg 

ml min. 
(STPD)

G.G-h 13 146.5 33.9 2.68 213 104 73.0 57 1.31 1.84 54.0 259 2.21 76
O.C. 13 148 37.1 2.84 200 61 70.0 67 1.07 2.04 54.9 324 2.26 93
R.E. 13 159.5 43.0 3.15 234 — 72.1 43 1.74 2.33 54.6 — — —
B.N-son 13 150.5 42.0 3.11 209 — 80.8 54 1.60 2.42 57.6 — — —
G.G-r. 13 157.5 46.6 — 204 73 83.4 68 1.30 2.66 57.1 392 2.71 94
B.G. 13 160 51.9 3.68 214 72 84.0 57 1.69 2.78 54.9 412 2.97 90
H.B. 13 — 52.0 3.80 237 — 73.5 57 1.75 2.83 55.2 — — —
H.M. 13 163 49.0 3.68 230 90 102.3 67 1.53 3.05 61.9 545 3.70 96
K.A. 13 169.5 60.6 4.10 209 55 105.0 58 1.87 3.36 55.3 — — —
B.N. 13 167 57.1 — 180 113 75.5 — — 3.40 59.6 — — —
K-T.L. 14 150 40.6 2.78 202 81 84.5 61 1.62 2.59 63.7 — --- —
A.O. 14 167 48.0 3.47 198 74 94.0 54 1.70 2.85 58.8 454 3.45 85
E.D. 14 160 49.8 3.22 217 77 96.5 61 1.93 2.96 59.3 432 3.34 84
K.A. 14 176 64.0 5.15 196 85 120.2 57 2.11 3.70 57.7 561 4.05 90
G.J. 14 182 65.0 5.35 205 77 119.6 43 2.71 3.72 56.8 — — —
L.J. 15 155 45.1 3.24 211 113 97.5 68 1.65 2.78 61.1 395 2.56 100
B.N. 15 177 62.4 5.27 178 101 110.8 39 3.26 3.83 61.3 798 5.13 101
B.B. 15 182.5 74.0 — 192 81 131.7 46 2.92 4.05 54.8 768 4.45 112
R.B. 15 180 69.6 5.93 222 105 134.1 59 3.20 4.36 62.5 689 4.31 104
R.J. 15 188 76.2 6.57 208 110 140.3 41 4.08 4.47 58.6 837 5.09 107
J-O.G. 16 165.5 45.2 3.20 207 85 95.8 58 1.68 2.84 62.2 416 3.08 88
S.K. 16 176 62.0 4.83 198 89 79.6 28 3.19 3.24 52.5 624 3.97 102
L.S. 16 173 64.0 4.81 194 100 132.2 60 2.46 3.96 62.4 680 4.60 96

4. Male.

B-E.B. 17 177.5 56.5 4.47 212 110 94.3 38 2.58 3.48 61.3 563 3.35 109

B.H. 17 177.5 67.4 5.82 198 138 89.4 33 3.06 3.65 54.2 623 4.21 96

L-T.P. 17 184 72.9 5.78 194 133 139.3 54 2.93 4.35 59.2 733 4.72 101

G.R. 18 181 62.9 6.09 194 83 99.5 35 2.93 3.56 57.0 651 4.40 96

s.c. 18 171 73.0 5.09 220 104 123.7 48 2.67 3.71 51.0 582 3.90 97

Ä.J. 18 187 73.4 6.48 200 102 139.2 48 3.40 4.35 58.8 693 4.85 93

H.S. 20 180 73.5 5.11 1.24 208 80 127.4 56 2.90 4.29 58.4

L.B-r. 21 176 66.3 5.35 1.18 200 — 124.4 34 3.90 3.95 59.6

G.H-ii. 21 174 70.5 4.75 1.03 194 — 144.6 59 2.94 4.43 62.8

HI). 22 174.5 71.2 — — 188 158 129.2 43 2.95 3.78 53.0 649 4.18 101

S-A.A. 22 176 66.0 5.67 1.35 180 71 100.9 37 3.21 4.11 62.2

K-O.B. 22 169.5 70.1 5.13 1.27 200 106 153.0 53 3.49 4.36 62.1

B.J. 23 172 65.0 5.66 1.01 186 99 111.3 49 2.78 3.73 57.8

P.D. 23 179 71.2 6.32 1.54 196 130 113.7 31 3.63 4.24 59.3

P.L. 24 167 58.4 4.17 2.07 186 91 91.5 47 2.26 3.30 56.5

O.S. 24 177 65.8 4.77 1.23 196 113 106.4 40 3.02 3.77 57.2

I. A. 24 178 68.6 5.16 1.27 200 99 98.7 30 4.00 3.95 57.6

I.S. 24 171 69.2 5.22 1.40 212 95 115.9 46 2.85 4.11 59.4

I..P. 24 169 61.7 5.50 0.97 192 101 115.3 41 3.72 4.13 67.4

H.H-d. 24 165 67.3 4.89 1.02 194 100 124.9 58 2.78 4.21 63.0

S-J.E. 24 187 72.2 6.32 1.52 182 110 129.8 38 3.82 4.29 59.6

G.H-m. 24 173 68.9 5.77 1.31 171 114 135.5 33 3.90 4.34 62.9

Y.G. 24 184 77.6 5.97 1.24 194 99 139.7 45 3.42 4.49 57.9

B-L.L. 24 185 75.1 6.68 1.30 188 104 134.9 43 3.30 4.68 62.4
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5. Male.

Subject age
years

body
height

cm
body

weight
kg

vital
capa
city
litre

(BTPS)

resi
dual

capa
city
litre

(BTPS)

Maximal values

total
Hb

gram
blood

volume
litre

Hb
con-

centr.
per

cent
heart
rate

lactic.
acid
mgm
p.c.

vent, 
lit min. 
(BTPS)

resp.
rate

tidal
air

litre

max. O» 
intake 
lit min. 
(STPD)

max. 0» 
inta ke 
per. kg 

ml min. 
(STPD)

G.O. 25 177 67.8 5.45 1.75 200 119 112.1 37 3.05 3.88 57.2
B.D. 25 169.5 64.0 4.93 1.10 200 120 137.2 43 3.79 3.89 60.4
G.B. 25 173 65.7 5.46 1.40 208 104 146.9 41 3.64 3.95 60.2
Bi.L. 25 185 82.7 6.95 1.86 196 94 130.3 30 4.21 4.64 56.1
Bo L. 26 188 77.7 6.32 1.47 190 — 116.9 39 3.74 3.96 51.1
U.A. 26 171 65.6 — • --- 198 146 120.2 49 2.48 4.10 61.9 750 4.77 102
G.H-d. 26 180.5 74.7 5.95 1.71 210 135 136.1 44 3.06 4.87 65.1
B-O.K 27 184 71.4 — — 200 115 127.2 43 2.93 3.86 53.9 637 — —

L.B. 28 178.5 77.2 6.09 1.95 176 98 104.5 43 3.17 3.99 51.7
K-E.S. 28 178 71.0 5.98 1.81 180 122 119.4 40 2.90 4.12 58.0
J.E. 28 176 73.0 5.29 1.32 196 95 118.8 47 2.82 4.13 56.6
P-O.Â. 28 178 74.0 5.01 1.57 204 155 160.3 54 3.30 4.61 62.3 846 4.95 I l l
A.W. 28 187 79.0 6.90 1.96 184 119 136.0 43 4.09 5.09 64.1 828 5.07 106
L.L. 29 178 63.5 5.55 1.81 200 134 103.1 34 3.18 3.49 54.3
H.A. 29 185 86.6 6.08 1.35 192 120 127.6 35 3.91 4.17 48.1
S.H. 30 171 58.5 5.02 1.80 180 — 105.7 45 2.95 3.61 61.7
B.G. 30 174 71.2 — — 194 106 108.2 39 3.06 3.63 51.7
O.B. 30 174 61.9 — — 174 101 114.8 50 2.94 3.88 62.5 650 4.31 98
H.K. 30 178 70.6 6.61 1.79 203 — 107.5 30 4.01 4.14 58.6
E.B. 31 178.5 81.6 7.11 1.97 188 116 125.9 36 4.72 4.66 57.1
S.B. 32 179 71.2 6.18 2.07 192 — 107.9 34 3.16 4.02 56.9
B.B. 32 183 74.0 7.26 2.12 209 129 117.8 27 4.35 4.18 56.9
K.F. 33 172 66.0 4.41 1.15 207 139 121.4 57 2.57 3.71 56.1
T.W . 33 166 66.2 4.80 1.52 182 94 119.0

< . -  -

40 3.37 3.97 59.9

6. Female.

B.J. 4 109 17.4
E.H. 4 — 17.9
E-B.W. 5 108 17.5
K.L-n. 5 111 17.5
A-M.W. 5 114 19.2
C.P. 6 113 17.5
K.L-n. 6 114.5 21.9
H.W. 7 121 20.6 1.76
L.R. 7 121 22.7 1.80
C.N. 7 133 24.2 2.01
C.S. 8 132 27.9 1.69
A.H. 8 135.5 29.8 2.04
I-B.M. 8 131 29.0 2.04
M.O. 8 142 33.0 2.24
S.R. 9 133 25.0 1.84
V.A. 9 133 28.7 1.89
H.C. 9 131.5 27.7 —
C.B. 9 129 27.8 1.88
M.L. 9 133.5 27.6 2.18
I.B. 9 138 28.2 1.96
V.H. 9 134 28.3 1.97

214 69 32.5 58 0.55
176 — 32.0 81 0.40
211 60 35.0 76 0.46
211 — 31.0 57 0.55
202 51 32.3 56 0.58
202 — 35.9 64 0.55
211 — 38.9 73 0.55
216 77 48.2 71 0.69
207 84 49.2 78 0.64
204 85 51.4 58 0.88
194 64 54.8 67 0.84
207 71 51.2 64 0.95
205 •— 56.7 54 1.07
212 80 67.6 55 1.22
211 67 63.4 62 1.12
219 84 62.0 94 0.66
220 — 61.0 63 0.99
210 — 55.8 61 1.09
223 85 58.5 58 1.14
212 74 62.6 78 0.84
212 70 60.0 77 0.74

0.74 42.4
0.86 47.0
0.88 49.8
0.89 52.2
0.94 49.2
0.90 51.5
0.94 42.9
1.21 57.2 151 1.09 90
1.29 55.8 189 1.40 88
1.33 55.0 187 1.39 90
1.41 50.4 176 1.40 82
1.49 49.3 182 1.44 82
1.58 54.7 — — —
1.79 54.7 245 1.52 105
1.43 57.4 - —
1.44 50.4 174 1.24 91
1.53 55.1
1.56 55.8
1.62 58.7 259 1.83 92
1.65 58.4
1.67 58.8 248 1.94 83
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7. Female.

Subject age
years

body
height

cm
body

weight
kg

vital
capa
city
litre

(BTPS)

resi
dual
capa
city
litre

(BTPS)

Maximal values

total
Hb

gram
blood

volume
litre

Hb
con-

centr.
per
cent

heart
rate

lac tic- 
acid 
mgm 
p.c.

vent, 
lit min. 
(BTPS)

resp.
rate

tidal
air

litre

max. 0 2 
intake 

lit, min. 
(STPD)

max. Oü 
intake 
per. kg 

ml min. 
(STPD)

A-M.W . 10 144.5 31.9 2.10 200 46.2 51 1.03 1.48 46.4
K.H. 10 129 27.0 2.05 214 62 53.5 68 0.85 1.50 55.6 _ _ -_,
B.H. 10 137.5 30.5 1.88 214 76 62.9 64 0.97 1.55 50.9 254 1.59 104
S.Ä. 10 143.5 29.8 2.53 192 56 59.5 57 1.01 1.57 52.7 202 1.52 86
M.L. 10 141.5 31.7 2.41 218 99 71.1 78 1.00 1.69 53.0 234 1.69 90
E.B. 10 142 33.0 2.43 200 — 56.3 60 0.94 1.71 51.5 _ _ _
B.H. 11 134.5 30.5 2.33 203 80 49.7 52 0.96 1.54 50.5 251 1.79 91
U.W. 11 140 31.1 2.37 220 97 65.9 54 1.24 1.71 54.8 248 1.73 93
I-B.H. 11 143 37.4 2.31 217 61 62.1 61 1.00 1.81 48.2 285 1.97 94
I.W. 11 142.5 34.0 2.63 202 — 56.4 58 1.05 1.82 53.5 _ _ _
E.S. 11 148 34.0 2.23 206 116 80.9 82 1.00 1.90 56.1 264 2.14 80
K.D. 11 138 35.7 2.30 217 91 58.7 53 1.36 1.91 53.7 355 2.30 100
I.N. 11 144 36.0 2.34 207 84 71.0 59 1.26 1.94 53.7 302 2.06 95
B.W. 12 151.5 39.8 2.74 202 94 66.8 50 1.34 2.01 50.4 315 2.44 84
I.B. 12 159.5 40.9 2.71 207 84 65.5 56 1.55 2.02 49.4 284 2.12 87
A-M.W . 12 150 39.6 2.52 203 113 72.9 51 1.45 2.11 53.2 271 1.93 91
K.P. 12 152 44.0 2.82 214 90 79.8 60 1.37 2.18 49.6 325 2.35 90
I-B.L. 12 159 44.3 3.16 217 100 72.5 49 1.61 2.38 53.5 373 2.58 94
M.L. 12 159 51.5 3.69 198 119 66.9 41 2.11 2.55 49.8 363 2.68 88
G.S. 13 158 42.3 3.80 217 94 71.9 45 1.61 2.07 48.8 377 2.72 90
L.K. 13 155 45.7 2.78 194 84 67.6 46 1.47 2.19 47.9 _ _ _
M.F. 13 161 43.7 3.59 188 101 91.5 58 1.66 2.29 53.0 357 2.59 90
M.J. 13 160 48.3 3.63 208 97 86.9 59 1.47 2.33 47.8 372 2.91 83
G.S-g. 13 175 52.8 4.01 222 76 100.6 59 1.86 2.53 48.1 500 3.42 94

8. Female.

B.S. 13 156 53.2 3.22 214 104 102.6 88 1.28 2.67 50.3 490 3.00 105

G.S-h. 13 164 60.5 3.59 212 113 92.9 46 2.54 2.72 45.0 373 2.91 83

U.L. 14 156 46.2 2.94 205 145 82.9 71 1.34 2.05 44.4 365 2.55 93

B.S-n. 14 160 47.8 3.50 205 73 83.0 53 1.61 2.32 48.5 360 2.41 97

K.C. 14 165.5 60.3 3.65 202 82 100.7 55 1.90 2.69 44.4 355 2.45 94

B.F. 14 167 56.4 4.32 194 110 80.7 44 2.41 2.75 48.7 487 3.73 85

B.S-m. 14 165 53.5 3.65 205 122 97.1 58 1.68 2.79 52.5 463 3.46 87

K.L. 15 164.5 45.5 3.44 202 95 68.4 40 2.13 2.02 44.4 — — —
U.AV. 15 162 55.8 3.47 200 97 79.9 54 1.60 2.39 42.6 393 2.60 98

K.H. 15 168 57.0 3.80 217 97 95.1 54 1.80 2.44 42.5 395 2.64 97

B.L. 15 165 62.6 3.90 192 75 88.9 41 2.15 2.69 43.4 450 3.11 94 H-A

R.S. 15 167.5 64.0 4.16 200 106 93.4 51 1.89 2.95 45.8 550 3.57 100 CO

F.L. 15 173 67.1 4.26 200 104 97.1 47 2.08 3.31 49.3 527 3.64 94

G.Ö. 16 165.5 52.5 3.24 212 77 73.6 55 1.43 2.25 42.8 — — —
K.P. 16 163 50.5 4.04 207 93 82.7 46 1.95 2.32 46.2 — — ■—

G.S. 16 176 52.7 4.62 205 92 90.8 55 2.06 2.42 45.8 418 3.35 81

G.E. 16 170 59.4 3.79 205 143 88.1 46 1.85 2.68 44.8 430 3.11 90

S.S. 16 162 54.7 3.65 207 144 98.1 60 1.75 2.69 49.3 412 3.15 85

B.N. 16 170 61.5 4.28 214 104 119.1 56 2.12 2.92 47.0 — — —
I.E. 16 167 60.9 3.49 200 84 95.9 52 1.85 2.95 48.8 — — —
A-L.W . 16 165 60.2 5,04 206 121 102.9 52 2.03 3.08 51.2 456' 3.41 87

B.B. 17 169 57.0 4.59 214 119 95.3 44 2.22 2.84 50.1 422 3.12 88

M.W. 17 169.5 63.7 4.63 188 125 91.9 46 2.28 2.94 45.8 566 3.96 93



e a r s

20
20
20

20

20
21
21
21
21
21
21
21
21
21
21
21
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21
21
22
22
22
22

22
22
22
22
22
22
22
23
23
23
23
23
23
23
23
24
24
24
24
24
25

body
height

cm

body
weight

kg

vital
capa
city
litre

(BTPS)

resi
dual
capa
city
litre

(BTPS)

Maximal values

heart
rate

lactic
acid
mgm
p.c.

vent, 
lit /min. 
(BTPS)

resp.
rate

tidal
air

litre

max. 0» 
intake 

lit/min. 
(STPD)

max. O« 
intake 
per. kg 

ml min. 
(STPD)

162 53.5 3.26 1,00 192 i n 84.1 47 1.93 2.44 45.4
163 55.6 4.64 1.13 207 93 86.8 42 2.85 2.89 51.7
175 64.5 4.62 1.10 192 79 100.3 44 2.35 2.99 46.3
170 63.0 3.99 0.89 188 87 94.3 50 2.31 3.02 48.3
169 60.9 — — 186 101 101.8 40 2.73 3.08 50.6
155 51.9 3.59 0.98 207 129 89.0 55 1.83 2.51 48.4
166 53.4 4.69 0.98 204 99 93.2 48 2.13 2.59 48.6
162 60.5 3.70 0.95 196 89 81.7 46 2.06 2.63 43.8
167 57.4 3.92 0.92 200 79 74.4 46 1.74 2.65 44.7
161 52.7 3.47 1.44 192 105 86.2 55 1.78 2.69 51.1
164 59.4 4.35 1.05 194 79 78.7 45 2.13 2.83 47.6
173.5 66.5 4.31 1.17 198 108 89.8 35 2.54 2.92 43.2
160 61.0 3.98 1.09 184 127 97.7 46 2.18 3.08 50.6
170 62.0 4.66 1.38 194 69 96.7 46 1.99 3.16 51.5
172 66.0 5.76 1.36 200 131 107.2 45 2.48 3.22 49.0
168 57.3 4.91 1.41 184 99 92.9 42 2.31 3.23 56.4
166 66.8 — — 188 109 104.1 63 1.96 3.25 49.0
173 71.3 4.82 0.95 225 129 114.8 49 2.70 3.26 45.9
173 65.0 4.99 1.07 207 122 114.4 39 3.29 3.36 51.7
164 50.0 3.15 1.33 200 119 77.2 52 1.64 2.41 48.4
164 56.7 3.94 1.06 204 105 83.7 50 1.96 2.69 47.5
169 55.0 4.47 1.57 192 69 78.1 28 2.92 2.70 49.6
158 59.7 3.56 1.17 198 83 84.8 48 2.22 2.73 45.7

Hb
total blood con-
lib volume centr.

gram litre per
cent

534 3.81 01

169 59.5 4.23 1.28 205 128
158 56.7 4.40 1.22 203 106
169.5 64.2 — — 198 111
164 63.5 4.39 1.01 196 118
172 64.7 3.92 1.07 205 93
173 66.2 4.68 1.22 208 121
166.5 72.8 4.50 0.76 200 82
158 53.2 3.99 0.98 207 110
164 60.8 — — 190 118
160 61.5 — — 192 —
164 65.0 4.15 1.17 184 72
165 51.2 4.47 1.10 220 116
171 68.2 — — 207 —
162 60.7 3.95 1.17 200 134
171 66.0 5.00 1.14 205 —
163 56.2 4.29 1.00 184 116
166.5 56.5 — — 194 98
164 60.4 4.78 1.18 222 99
159 53.2 4.06 0.76 188 106
172 64.0 4.54 1.29 188 94
161 57.5 3.99 0.92 200 103

88.7 44 1.98 2.75 46.2
94.1 51 1.92 2.86 50.5
91.2 46 2.13 2.97 46.3 482
98.6 53 2.58 2.99 46.5
91.2 55 1.79 3.05 47.4
97.6 40 2.46 3.07 46.4

104.1 56 2.10 3.20 46.6
91.8 49 2.27 2.70 50.9
83.7 42 2.08 2.76 45.0 460
85.6 43 2.04 2.94 47.7
77.0 30 2.62 3.00 46.2

106.2 46 2.43 3.05 59.6 515
93.8 51 1.94 3.09 45.3

104.7 56 2.30 3.11 51.2
108.4 46 2.43 3.40 51.9

90.9 50 2.18 2.54 45.1
89.7 43 2.07 2.71 47.8 483
76.2 34 2.89 2.74 45.3
84.4 56 1.92 2.78 52.2

105.1 49 2.21 3.02 47.2
83.1 44 2.44 2.83 49.2

3.56

3.69

3.60

3.65

88

81

93

86


