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Summal~.. In two experiments maximal aerobic 
power (Vo . . . .  ) calculated from maximal mechan- 
ical power (Wmax) was evaluated in 39 children 
aged 9-11 years. A maximal multi-stage cycle er- 
gometer exercise test was used with an increase in 
work load every 3 min. In the first experiment 
oxygen consumption was measured in 18 children 
during each of the prescribed work loads and a 
correction factor was calculated to estimate 
~ro . . . .  using the equation 12O2r.,x---12. Wm,x+5 
�9 weight. An appropriate increase in work rate 
based on height was determined for boys (0.16 
W.cm -1) and girls (0.15 W.cm -~) respectively. 
In the second experiment 21 children performed a 
maximal cycle ergometer exercise test twice. In 
addition to the procedure in the first experiment a 
similar exercise test was performed, but without 
measurement of oxygen uptake. Calculated 
r  . . . .  correlated significantly (/9<0.01) with 
those values measured in both boys (r--0,90) and 
girls (r---0.95) respectively, and the standard error 
of estimation for Vo . . . .  (calculated) on 12o . . . .  
(measured) wass less than 3.2%. Two expressions 
of relative work load (%12 o . . . .  and %Wmax) were 
established and found to be closely correlated. 
The relative work load in %1)'o . . . .  could be pre- 
dicted from the  relative work load in % Wmax with 
an average standard error of  3.8%. The data de- 
monstrate that calculated 12o2 .... based on a maxi- 
mal multi-stage exercise test provides an accurate 
and valid estimate of 12o . . . .  " 
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Introduction 

It is difficult to define overall physical perform- 
ance, and even more difficult to measure it. The 
direct measurement of maximal oxygen uptake 
(1)o . . . .  ) is restricted to performance in a well- 
equipped laboratory with the help of trained and 
skilled personnel. Thus, it is not realistic to apply 
the direct measurement of 1202m,x to the screening 
of large populations or to locations apart from the 
laboratory. 

Several methods of estimating 12o2~,x, using 
submaximal exercise testing, have been develop- 
ed. The most widely accepted method is based on 
heart rate (HR) response to a corresponding work 
load (,~strand and Ryhming 1954; Bengtsson 
1956; Maritz et al. 1961; Margaria et al. 1965; 
Wyndham et al. 1966; Harrison et al. 1980). Eval- 
uation by the measurement of the respiratory ex- 
change ratio during submaximal exercise has also 
been used (Issekutz et al. 1962). The standard er- 
ror of estimation for these methods of prediction 
o f  PO2rraa x from submaximal exercise tests is of  the 
order of 10%-15% (Astrand et Rodahl 1986; Shep- 
hard 1984), and these methods are thus very lim- 
ited in accuracy. Greater accuracy has been de- 
monstrated by using a maximal predictive cycle 
ergometer test with a fixed increase in work load 
every minute for estimating 12o . . . .  (Patton et al. 
1982; Myles and Toft 1982). Even this method 
provides a correlation of the estimated 12o2~o~ to 
the directly measured 12%m,x' which is too low for 
reliable use in establishing individual fitness le- 
vels. 

In a common multi-stage exercise test per- 
formed in young men a very close relationship 
has been found between the relative work load in 
percentage maximal aerobic power (% 1202max) a n d  
the relative work load in percentage maximal me- 
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chanical power output (%Wmax) (Pedersen and 
Nielsen 1984). This paper reports the evaluation 
of a similar indirect test of VO2m.x in children, 
based on a calculation from maximal mechanical 
power (Win,x). The paper also reports the signifi- 
cance of the procedure for establishing relative 
work load in the assessment of exercise response 
of a physiological variable. 

Subjects and methods 

Two experiments were performed. All subjects in both experi- 
ments received a full explanation of the procedures. Informed 
consent was obtained in both experiments from each child and 
guardian before participation. The study was approved by the 
Research Ethics Committee of the Medical Faculty of the Uni- 
versity of Odense. 

First experiment. Eighteen healthy children aged 10-11 years 
participated. One boy and one girl were excluded, due to fail- 
ure in Douglas bag air collection at maximal work load. The 
physical characteristics of the subjects are shown in Table 1. 

Second experiment. Twenty-one healthy children aged 9-11 
years participated. One boy did not meet the criteria for maxi- 
mal work and was excluded. The physical characteristics of 
the subjects are shown in Table 1. 

Procedures 

First experiment. This experiment was performed partly to de- 
termine a correction factor used in the calculation of 12o . . . .  
from Wm~x and partly to establish an appropriate increase in 
the work load of the test. The subjects pedalled an electrically 
braked cycle ergometer (Siemens-Elema, Simonsen and Weel, 
Copenhagen, Denmark) continuously at 60-80 rpm (Test 1.1). 
The initial work load was 20 W with an increase of 20 W every 
3rd min until voluntary exhaustion. The. child was verbally en- 
couraged throughout the test. The criteria for acceptance of  
the work being maximal were HR > 185 bpm, the ventilatory 
coefficient (VE: Vo2)>--30 and the respiratory exchange ratio 
> 1.0. 

Second experiment. To determine the accuracy and validity of  
the test, a second experiment, independent of the first experi- 
ment, was performed. With a time interval of exactly 1 week 
between the tests the subjects twice pedalled an electrically 
braked cycle ergometer (Meditronic 40-3, Kivex, Copenhagen, 
Denmark) continuously at 60-80 rpm (test 2.1 and test 2.2). On 
both occasions the initial work load was 25 W with an increase 

Table 1. Physical characteristics of the ~subjects (mean _+ SD) 

of 20 W or 25 W, depending on the height of the subject, every 
3rd min until exhaustion. The same criteria as in the first ex- 
periment were applied for the maximal exercise test to be ac- 
ceptable. 

Measurem en ts 

First experiment. During the last minute of every work interval 
HR was measured from electrocardiogram recordings and the 
oxygen uptake was determined using the conventional Dou- 
glas bag technique. Oxygen and carbon dioxide contents of 
the expired air were measured using paramagnetic (Servomex 
OA 184, Simonsen and Weel, Copenhagen, Denmark) and 
infra-red (Beckman LB2, Simonsen and Weel, Copenhagen, 
Denmark) analysers respectively. Calibration of the analysers 
was performed by frequent comparisons with test gas analyses 
obtained using the micro-Scholander method. 

Transforming the equation for calculation of the mechan- 
ical net efficiency of work, Vo . . . .  can be calculated as 

12o . . . .  (ml. m i n -  ~) = kl- Wm,x (W) + 5' weight (kg) 

where k1 is the correction factor for the physical units, caloric 
equivalent for oxygen, and mechanical efficiency for muscular 
work and 5-weight the resting metabolic rate of children (Izu- 
kawa and Drash 1968). 

Second experiment. The HR was monitored by telemetry (Sport 
tester PE-3000, Polar Electro, Kempele, Finland) throughout 
the test and recorded at the end of every work load. Once, 
randomly (test 2.1), the oxygen uptake during the test was de- 
termined using the conventional Douglas bag technique as de- 
scribed for the first experiment. In both tests Vo . . . .  was calcu- 
lated from W . . . .  Neither the investigator nor the child knew 
the time taken to complete the other test. 

Workin9 capacity and relative work load 

The protocol employed provided two expressions of maximal 
work capacity and two expressions of relative work load. First- 
ly, the determination of oxygen uptake at every submaximal 
and maximal work load allowed the calculation of the relative 
aerobic work load, i. e. the oxygen uptake as %I7o . . . .  �9 Second- 
ly, Wm,x was determined from the equation 

Wmax = Wh'Jff Wa.t.180 -~ 

where Wd is the increase in work load, Wh the highest work 
load carried out over a complete 3-rain period, and t the work 
time in s in the subsequent work period. After determining 
Wmax the employed absolute work loads in watts could be 
converted to % Wma x. 

First experiment Second experiment 

Boys Girls Boys Girls 
(n = 8) (n = 8) (n = 9) (n = 11) 

Age (years) 10.5 + 0.3 10.5 • 0.3 10.2 _+ 0.4 10.3 • 0.3 
Weight (kg) 36.3 + 7.9 34.2 + 7.6 32.4 + 3.5 38.2 • 9.3 
Height (cm) 144.0 + 7.1 143.5 • 6.2 141.7 + 5.1 145.3 __+ 5.8 
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Table 2. Maximal measured and calculated values of aerobic power (lZo . . . .  ), heart rate (HR) and respiratory quotient (R) (mean 
:2SD) 

First experiment Second experiment 

Boys Girls Boys Girls 

Direct Iko . . . .  
(1. min - 1) 1.64 5= 0.20 a'" 1.45 ___ 0.32 b 1.82 + 0.22 a 1.75 + 0.25 
(ml .kg - l -min  -1) 46.2:2  6.7 a'b 42.5 +4.5 b 56.4 ___4.6 a 47 .1 :2  8.0 

Calculated l)-o . . . .  
(1.rain -1) 1.58_+ 0.13 a'b 1.42_0.32 b 1.82+0.21" 1.75+ 0.28 
(ml .kg - l -min  -1) 44 .6 :2  6.7 a'b 41.7 +4.9 b 56.2 +4.9 a 47.0 + 8.4 

Maximal HR 199 :2 10 203 :2 8 197 + 8 199 :2 11 
(beats.rain-I)  

Maximal R 1.02 ___ 0.06 1.06 5:0.06 1.03 + 0.11 1.06 5:0 .06 

p < 0.05 ; a compared to girls; b compared to second experiment 

Statistics 

Standard parametric statistical methods were used for calcula- 
tion of mean, standard deviation (SD) and the correlation 
coefficient. Regression analyses were carried out by the least 
squares method. Differences between the directly measured 
and the estimated values of subjects were assessed by a paired 
Student t-test, and differences between the sexes and between 
the pair of experiments on the subjects were assessed by a two- 
tailed Student t-test. A probability value of less than 0.05 de- 
termined statistical significance. 

Results 

T a b l e  2 p re sen t s ,  t h e  d a t a  o n  d i r e c t l y  m e a s u r e d  
a n d  c a l c u l a t e d  Vo . . . .  , H R  a n d  r e s p i r a t o r y  q u o -  

t i e n t  f r o m  e a c h  o f  t h e  t w o  e x p e r i m e n t s .  M e a n  va l -  
u e s  o f  ~r O . . . .  f o r  t h e  boys were significantly 
h i g h e r  t h a n  t h o s e  v a l u e s  o b t a i n e d  fo r  t h e  g i r l s  i n  
b o t h  e x p e r i m e n t s .  I n  b o t h  sexes  t h e  m e a n  v a l u e s  
o f  l)o~ . . . .  w e r e  s i g n i f i c a n t l y  h i g h e r  i n  t h e  s e c o n d  
e x p e r i m e n t  c o m p a r e d  to  t h e  f i r s t  e x p e r i m e n t .  
T h e r e  w e r e  n o  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  va l -  

ues of l?o2~ax measured directly and those calcu- 
lated. 

Maximal HR and respiratory quotients were 
not significantly different either between the sexes 
or between the two experiments. 

In the first experiment the correction factor kj 
was calculated from the directly measured l)'o2m,x 
a n d  Wma x. NO significant difference between the 
mean values of the boys and girls was found, and 
the mean value of 12 from both the sexes com- 
bined was used in the estimation of 1)o . . . .  . 

The inter-relationships in the first experiment 
o f  ~rO2ma x measured directly and that calculated 
from the equation are presented as a correlation 
matrix in Table 3. All correlation coefficients for 
measured and calculated values of I?O2mox were 
statistically significant and ranged from 0.67 to 
0.93. A higher correlation between calculated and 
directly measured l?O:max was demonstrated in the 
second experiment (Table 4). All correlation coef- 
ficients were highly significant and ranged from 
0.84 to 0.96. 

Table 3. Correlation coefficients for maximal aerobic power 
(12o ..... ) measured and calculated in the first experiment 

Direct lko . . . .  

1. ra in-  1 m l - k g - l . m i n - 1  

Boys Girls Boys Girls 

Calculated l)'o . . . .  

(1. m in -  1) 
(ml. kg-  1.rain-l)  

0.67** 0.93* 
0.79* 0.68** 

*p<0.01 
**p<0.05 

Table 4. Correlation coefficients* for maximal aerobic power 
(~o . . . .  ) measured (test 2.1) and calculated (test 2.2) in the sec- 
ond experiment 

Measured 17o . . . .  (test 2.1) 

1- m i n -  1 ml. kg-  i. m i n -  l 

Test 2.2 Boys Girls Boys Girls 

Calculated 1~o . . . .  
(1. m i n -  1) 
(ml. kg - l -min -1 )  

0.90 0.95 
0.84 0.96 

* All coefficients were p<0.01 
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A highly significant correlation was found in 
test 2.1 of  the second experiment between the 
measured and calculated values of  I2o . . . .  , both 
with I?% expressed as 1.rain-1 (r=0.970, 
p < 0.001) and with l?o~ expressed as 
ml. kg-  ~. min - ~ (r = 0.980, p < 0.001) as presented 
in Fig. la and b. The directly measured value (de- 
pendent value) could be predicted from the calcu- 
lated value (independent value) with an average 
standard error of  estimation of 0.06 1. min-~ and 
1.6 m l . k g - ' . m i n  -~ respectively and, hence, a 
95% confidence limit of  _+0.12 l .min -~ and +3.2 
ml. kg-  ~. m i n -  1, respectively. 

Results from test 2.1 of  the second experiment 
after the transformation of absolute work loads 
into relative work loads are presented as individ- 
ual values and regression lines in Fig. 2. A highly 
significant correlation (r=0.989, p<0.001)  was 

found between the two expressions of  the relative 
work load. The relative work load in % l?O~max (de- 
pendent variable) could be predicted from the re- 
lative work load in % Wmax (independent variable) 
with an average standard error of  estimation of  
3.8% and, hence, a 95% confidence limit of  
_+ 7.6%. 

A significant correlation could also be demon- 
strated between relative work load in % t?o . . . .  and 
HR as presented in Fig. 3. However, the accuracy 
of  this variable as a predicter of  % ~?o . . . .  was con- 
siderably less than that of  %Wm~.~. The standard 
error of  estimation for HR on % Vo . . . .  was more 
than twice as big, yielding 95% confidence limits 
of  + 16.8%. 

No statistical differences could be demon- 
strated in the second experiment between test 2.1 
and test 2.2 in either Wma x ( 1 3 3 + 1 9 W  vs. 
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Fig. 1. a Regression line and individual 
values for maximal aerobic power 
(17o . . . .  ) expressed as l - ra in - '  for mea- 
sured values plotted against correspond- 
ing calculated values, b Regression line 
and individual values for (Vo . . . .  ) ex- 
pressed as ml- k g -  '- min - ~ for measured 
values plotted against corresponding cal- 
culated values, sy~: standard error of  
estimation for calculated 1? o ..... on 
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heart rate. The dotted lines indicate 9 5 %  
confidence limits, sy~: standard error of  
estimation for heart rate on % 1?o . . . . .  

136•  or calculated 12o, ,~ (51.1• 
ml .kg- l -min  -1 vs. 51.9• ml.k~g-l-min-1), 

In test 2.2 13 children (65%) stopped the exer- 
cise test within the sixth work period; 3 children 
(15%) stopped in the fifth period; 1 (5%) in the 
fourth and the last 3 (15%) within the 1st min of 
the seventh period. 

Discussion 

The main purpose of this study was to evaluate an 
indirect method of estimating Vo~mo~ in children 
using a maximal multi-stage cycle ergometer exer- 
cise test. 

The exercise test employed, in which a pro- 
gressive fixed increase in work load was added 
over time without a resting period between the 

changes in work load, is a commonly used test 
procedure in the evaluation of  children, young 
adults and adults in the practice of clinical car- 
diology (American Heart Association 1982). In 
the present study 3-min exercise periods were per- 
formed so that a steady state was attained by the 
end of the period. Three-minute intervals ap- 
peared to be a reasonable compromise between 
the intention of achieving a steady state or near 
steady state of oxygen consumption (Astrand and 
Saltin 1961 ; Bar-Or 1983) and the absence of local 
muscle fatigue, which could limit the exercise per- 
formance (Davies et al. 1972). 

In the first experiment of  the present study the 
children performed four to seven consecutive 3- 
min periods of exercising before exhaustion. This 
was, in most cases, sufficient to describe ade- 
quately the dynamic exercise response of the 
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physiological variable in question. However, the 
description would be more reliable if all the sub- 
jects performed exactly the same number of exer- 
cise periods. It was calculated: that adjusting for 
height and sex gave the model of  best fit, and that 
75%-85% of the children would stop at the end of  
or within the fifth exercise period, if an exercise 
increment was used which was based on 
0.16 W . c m  -1 of height in boys and 0.15 W-cm -1 
in girls. Alternative procedures of individual load 
increments based on body surface area (Goldberg 
et al. 1966) and body weight (Mocellin et al. 1971) 
have been suggested. The second experiment, fol- 
lowing our protocol, demonstrated that the major- 
ity of  the children (65%) stopped within the sixth 
period, which corresponded to the higher 12o . . . .  
of  the children in the second experiment. It 
seemed as if the applied rates of increase in load 
were appropriate. 

The test implied the attainment of a steady 
state during the submaximal work loads, and 
since mechanical efficiency during cycle ergo- 
meter exercise has been shown to be remarkably 
constant (Gaesser and Brooks 1975), the oxygen 
consumption for a given work load should be in- 
dependent of the performance of previous exer- 
cise periods. Hence, unless the rate of increase 
significantly affects the Wmax, for example be- 
cause of fatigue, we would expect the quantitative 
relationship between oxygen consumption and 
mechanical work load to be unaffected. 

A significant difference in 12o . . . .  was demon- 
strated between the subjects in the first and sec- 
ond experiments. There was no difference in 
either maximal HR or respiratory quotient at 
maximal effort, which implied that the differences 
could be attributed to random biological varia- 
tion. 

In the present study, a remarkable and ex- 
tremely high correlation was demonstrated be- 
tween the directly measured value of 12o . . . .  and 
the calculated value (Table 4). This high degree of 
correlation is also demonstrated in the regression 
analysis, where the average standard error of  esti- 
mation for 12o_ (calculated) on 12o- (mea- 

z m a x  1 1 z m a x  1 
sured) is 0.06 1.rain- and 1.6 1 .kg-  . ra in-  , re- 
spectively, which corresponded to a standard er- 
ror of  estimation of less than 13.2% in the mean 
values of measured 12o . . . . .  and indicated that this 
method of predicting V O 2 m a  x could be used as an 
accurate and valid method of  establishing individ- 
ual physical fitness levels. 

Relative work loads were employed in the 
present study in an attempt to induce a homoge- 
neous and comparable exercise stress in all indi- 

viduals, irrespective of differences in working ca- 
pacity. Another procedure used to apply the same 
relative stress to the subjects has been the intro- 
duction of HR-controlled ergometry (Arstila 
1972; Ekelund 1973; Hursti et al. 1980). The rela- 
tionship between HR and %12 o . . . . .  however, is 
less pre.cise than the relationship between % Wmax 
and % VO2mo~ (Figs. 2, 3). The significance of this 
procedure for establishing relative work loads has 
been demonstrated by Pedersen and Nielsen 
(1984) in young male subjects, with almost a halv- 
ing of the variation coefficients for some variables 
when observed at a given relative (%120~max or 
%Wmax) rather than absolute (number of watts) 
exercise level. They also reported that the relative 
work load in % Vo . . . .  could be predicted from the 
relative work load in %Wmax with an average 
standard error of  2.8%. In the present study, the 
standard error of  estimation for relative work 
load in %Wmax on relative work load in %120~ax 
was 3.8%, indicating a similiar significance in 
children in establishing relative work loads in the 
evaluation of exercise response for a physiologi- 
cal variable such as blood pressure or HR. 

In conclusion, the data suggest that in chil- 
dren the Vo~ max calculated from the Wmax of a re- 
latively simple cycle ergometer test, which can be 
applied to a larger group of individuals as a field 
test, yields a valid and accurate estimate of di- 
rectly measured 12o . . . .  , providing an index of the 
level of individual aerobic fitness. 
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