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Summary. In order to analyse the relationship between
maximal aerobic power (Vo, ) and height, body
mass and lean body mass a multi- -longitudinal sur-
vey was conducted on three different age groups of
randomly selected children from a small Czech com-
munity. Beginning at the initial ages of 8, 12 and 16
years subjects were subsequently retested three times at
2-year intervals. At overlapping ages there were no dif-
ferences in the various age groups between height and
Vo,....- By utilizing mean values for the various param-
eters at specific calendar ages a growth curve was con-
structed for each sex for the age range 8-20 years. The
values were compared with longitudinal studies in var-
ious countries and no substantial differences were
found. When Vo,  was then compared to height,
body mass and lean body mass it was apparent that the
almost linear relationship with height was the most pre-
cise. In addition the children remained, generally
speaking, in their same rank order for Vo, _ for the
three different age groupings.

Key words: Maximal aerobic power ~ Growth — Physi-
cal activity - Tracking

Introduction

It is generally agreed that the maximal aerobic power
(Vo2md ) is the best indicator of the capacity of the oxy-
gen transport system and utilization at the tissue level
(Robinson 1939; Valentin et al. 1955/56; Astrand
1952). Because similar Vo _. values for individuals
with differing body mass 1ndlcate different levels of
aerobic power, the ratio VOZmax body mass has been
frequently used to compare both adult subjects and
children. This procedure has been questioned by As-
mussen (1974) for children and adolescents. Using the
cross-sectional data of Astrand he concluded that
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Vo, . was best related to body height raised to a
power of 2.8 during childhood and adolescent years. v.
Débeln and Eriksson (1972) also agreed with this con-
clusion as a result of a 4-month study of 12 boys aged
11-13 years.

The Saskatchewan Growth and Development Study
(Bailey et al. 1978) provided control for the dimen-
sional theory of Asmussen using longitudinal data of 51
boys aged 8 to 15 years and came to the conclusion that
Vo,... was best related to body height raised to a
power of 2.25.

Because the data base of the above-mentioned pub-
lications is small and the experimental designs and
methods for the determination of Vo,  are different,
it seems appropriate to reinvestigate the problem using
longitudinal data from various European countries
which have been previously published in part by
Kemper et al. (1983), Rutenfranz et al. (1981) and Ru-
tenfranz et al. (1989).

Methods

This particular growth and development study began with a cross-
sectional approach which investigated three different age groups
of randomly selected boys and girls with initial ages of 8, 12 and
16 years. In total 129 children participated initially in the study
although 12 subjects dropped out during the course of the investi-
gation. After the initial measurements were taken two subsequent
measurements were taken on the same subjects at 2-year intervals.
The youngest age group was 12 years of age by the time of the
final measurement period and this represented an overlapping age
with the initial middle age group. Similarly, the overlapping age
for the oldest group of subjects was 16 years. Thus this combined
cross-sectional/longitudinal, or multiple longitudinal survey, cov-
ered a total age range from 8 to 20 years. The initial intention of
this particular experimental design was to study both the struc-
tural and functional aspects of growth and their various inter-
relationships during the pre-pubertal, pubertal and post-pubertal
phases of growth. It was imperative that such a design should
have no age effects on the essential parameters which, as it turned
out, was the eventual result. The procedures of subject selection
and details of their numbers, physical characteristics, social back-
ground and places of residence have been described previously
(Macek et al. 1985).



Table 1. Physical characteristics of subjects

283

Cohort Sex n Chrono- Height Mass Lean body Fatness
no. logical (cm) kg) mass (kg) (%)
age
(years) mean SD mean SD mean SD mean SD
21 8.2 132.5 6.7 30.1 6.4 24.2 3.8 18.7 4.3
d 19 10.2 142.1 7.1 36.9 9.0 28.8 5.1 21.0 5.8
19 12.1 153.6 8.2 46.3 12.3 35.9 6.5 21.2 6.2
1
22 8.1 132.3 4.4 28.3 44 221 2.8 21.5 2.9
Q 21 10.1 1443 6.3 36.3 6.4 27.6 4.2 237 34
21 12.0 156.4 6.5 453 8.3 344 53 23.6 3.1
22 12.0 150.3 6.5 41.0 8.4 32.5 5.6 20.4 3.5
e} 22 14.0 164.7 7.0 52.8 10.8 43.7 8.0 16.7 3.9
22 16.0 175.1 55 63.6 9.9 51.3 6.4 19.0 5.2
11
20 11.9 154.3 6.5 41.3 5.7 31.8 4.0 22.9 1.7
Q 18 13.9 164.5 6.8 51.7 6.3 399 43 22.7 2.4
17 15.9 167.8 71 58.9 8.4 2.7 52 27.2 3.1
23 16.0 177.4 6.8 66.9 10.3 53.6 71 19.5 4.8
d 21 18.0 179.8 6.6 729 10.6 62.1 7.9 14.4 3.8
21 20.0 181.6 6.9 76.2 10.1 63.0 7.5 16.8 4.9
111
21 16.1 167.2 8.6 59.5 8.7 44.8 59 24.7 2.5
Q 18 18.1 168.1 9.0 63.0 10.1 48.6 6.3 224 4.1
17 20.1 169.3 9.5 65.2 10.0 48.6 6.8 25.3 3.4

Anthropometric measurements. Height and body mass were re-
corded from nude subjects to an accuracy of 0.5 cm or 0.5 kg, re-
spectively. Skinfold measurements were taken at the lower edge of
the scapula and the posterior portion of the middle upper arm
with a Holtain skinfold caliper. Procedures and methods for cal-
culating lean body mass and percentage body fat have been pre-
viously described by Rehs et al. (1975), Rehs et al. (1978) and Paf-
izkové (1977).

Maximal aerobic power. The Vo,  was determined on a cycle
ergometer (Monark) utilizing two submaximal, followed by two
maximal, exercise intensities which did not produce an elevated
level of oxygen uptake which is an accepted criterion for the at-
tainment of Vo, . The sampling techniques and subsequent gas
analysis and calculations followed the methods originally out-
lined by Lange Andersen et al. (1971).

Statistical analysis. For the purposes of data analysis subjects
were arranged in groups according to sex and calendar age.
Means, standard deviations and standard errors of the means
were calculated in the usual way while statistical differences be-
tween the means were determined by a t-test and analysis of var-
iance. Spearman’s rank correlation coefficient was employed to
determine the significance of the tracking phenomenon. Finally,
skewness indices were calculated to test the distribution of nor-
mality within each age group. Simple correlation coefficients for
cohorts 1, IT and III were calculated.

Results
Height and body mass

Table 1 shows the different physical characteristics for
both boys and girls. For the three different age groups
(cohorts) no statistically significant effect of age and
sex could be detected as the data of overlapping ages

were quite similar. Accordingly, a growth curve from
the ages of 8 to 20 was constructed and, when com-
pared to similar surveys carried out in the Netherlands,
Norway and Germany, similar results were obtained
(Kemper et al. 1983; Rutenfranz et al. 1981).

Changes in body mass did, however, show an age
effect for those boys who weighed less during puberty
(cohort 1I) than would have been expected based on
both pre- and post-pubertal values. Comparisons with
longitudinal data from Germany, Norway and the Ne-
therlands showed that the Czechoslovakian boys were
heavier at all ages, while the girls had similar body
mass at all ages as girls from the other countries.

Maximal aerobic power

Data for Vo, _ at the various chronological ages are
presented in Fig. 1 and Table 2. Skewness indices (data
not presented) indicated normal distributions for most
of the groups. As expected, absolute values for Vo,
(I-min~") increased with age for both sexes with peak
values being reached at a mean age of 16 years, rather
later for the boys and somewhat earlier for the girls.
Average values for the boys were higher than for the
girls at each calendar age and there were only small,
insignificant differences in the values at overlapping
ages. Again, this allowed the construction of a growth
curve for maximal aerobic power for both sexes from
the ages of 8 to 20 years. ]

Sex differences became apparent when Vo, was
expressed relative to body mass (Fig. 2) although both
sexes reached peak values at the approximate ages of
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Fig. 2. Mean maximal aerobic power (VOZmax) expressed as a
function of total body mass (TBM) in relation to calendar age in
boys and girls

12-13 years. Cohort differences existed at the overlap-
ping ages and, generally speaking, fitness, as defined by
Vo,..... increased in both sexes from the ages of 8 to 12

Table 2. Maximal aerobic power

Cohort Sex n Chrono- Osimax Vozmx/ TBM Vo seon’ LBM
no. logical (1-min—") (ml-min~"-kg™") (ml-min~"-kg ="
age
(years) mean SD mean SD mean SD
21 8.2 1.45 0.27 49.0 9.2 60.1 10.3
d 19 10.2 1.81 0.29 50.5 10.4 63.6 10.5
19 12.1 2.40 0.36 53.4 7.8 67.6 5.8
I
22 8.1 1.21 0.14 43.4 4.9 55.2 53
Q 21 10.1 1.65 0.26 46.2 7.6 60.4 8.1
21 12.0 2.13 0.35 47.5 5.1 62.1 5.8
22 12.0 2.26 0.36 56.0 9.0 70.1 9.4
g 22 14.0 2.90 0.56 55.6 7.1 66.6 7.4
22 16.0 3.47 0.59 54.8 6.7 67.6 6.0
11
20 11.9 1.89 0.36 45.8 6.2 59.4 7.8
Q 18 13.9 2.33 0.40 453 6.8 58.6 85
17 15.9 2.46 0.41 42.1 6.6 57.7 7.2
23 16.0 3.68 0.58 55.5 7.4 68.9 8.1
J 21 18.0 3.87 0.63 533 7.2 62.3 7.8
20 20.0 3.98 0.76 51.8 6.9 63.9 8.6
111
21 16.1 2.51 0.44 42.3 5.0 56.0 5.8
Q 18 18.1 2.69 0.54 42.7 5.0 55.1 6.5
17 20.1 2.64 0.46 40.6 4.8 54.5 6.5

TBM = total body mass; LBM = lean body mass; Vozmax = maximal aerobic power
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years. Fitness levels declined for girls from the ages of
14 to 20 years while levels for boys during the pubertal
stage of growth (cohort II) were higher than either pre-
or post-pubertal stages. This was probably related to
the lower body mass during puberty. Fitness levels also
declined somewhat for boys during the post-pubertal
years.

Discussion
Growth

The change in height from the ages of 8 to 20 years
closely followed the pattern previously established for
children of various Western European countries (Tan-
ner et al. 1966). Because of this consistency height may
well be a useful reference index when comparing and
interpreting variations in structural and functional
growth for various populations of children.

Some age effects were evident in those boys having
a lighter body mass during puberty as compared to the
pre- and post-pubertal stages of growth. The Czechos-
lovakian boys showed higher body mass values than
either the Dutch boys involved in a recent multi-longi-
tudinal study (Kemper et al. 1983) or the German and
Norwegian boys (Rutenfranz et al. 1981). When body
mass was related to height, differences in body compo-
sition were also evident; so, apparently, Czechoslova-
kian boys have higher percentage body fat values than
the other populations with whom they were compared.
Czechoslovakian girls, however, did not show these age
related differences in body mass, as absolute values
were quite similar to those reported for the Dutch
girls.

Absolute and relative Vozmx

During the pre-pubertal stage of growth (cohort I) in-
creases in absolute V,,  values were seen in both
sexes with values for boys higher than for girls. When
Vo, was expressed in terms of body mass, an age re-
lated increase was shown for both sexes which is con-

trary to the previous reports of either unchanged or de-
creased levels of physical fitness during the pre-puber-
tal years (Table 2). When mean Vo, _ values were re-
lated to mean height and square of height values, a
close linear relationship was apparent which was inter-
preted as evidence of a parallel development of both
functional and structural growth related to age (cohort)
(Figs. 3, 4). The Vo, _ expressed in terms of body mass
may reflect the variations in body composition due to
nutritional habits and life style during the pre-pubertal
stage of growth.

The Vo, . continued to increase for both sexes
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Fig. 4. Mean maximal aerobic power (V%mx) related to the
square of body height (Height?); r=0.879 for boys and 0.840 for
girls in cohorts I, II, IIT



Table 3. Comparison of maximal aerobic power of children in different countries during growth from longitudinal or multilongitudinal surveys.

Number of subjects in bracket

Czechoslovakia 1983-1987

Holland 1976-1980

West Germany 1974-1978

Norway 1968-1974

Sex Chrono-
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during puberty (cohort IT) with boys having higher val-
ues than girls. When expressed in terms of body mass
the rate of increase in Vo, __ decreased in girls after the
age of 14, so that relative fitness levels at the age of 16
were, in fact, less than those at the age of 15. Fitness
levels for boys did not change and the close linear rela-
tionship of Vo, to mean body height and square of
height remained intact for both sexes throughout pu-
berty.

During the post-pubertal period (cohort IIT) body

mass increased more than height and, again, fitness lev-
els decreased when Vo, _ was expressed in terms of
body mass. Even so, the linear relationship between
Vo,.... and body height and square of height was still
evident (Figs. 3, 4).

When the present multi-longitudinal data on VOme
were compared to values (Fig. 1, Table 3) on Dutch
children aged 12 to 17 years (Kemper et al. 1983) it was
noted that the Dutch values were 5%-10% higher. It
should be noted that the Czechoslovakian, German and
Norwegian data were gathered from cycle ergometer
assessments while the Dutch children were tested on a
treadmill which usually yields Vo,  values approxi-
mately 10% higher (Astrand and Rodahl 1986).

The Vo, _ -kg body mass ™' is the most commonly
used index of maximal aerobic power in children as it
enables the maximal aerobic power to be compared in
individuals of different body mass. However, those
changes in V,, _ caused by growth related changes in
both dimensional and functional capacities are not ac-
counted for and, as a result, some new theories have
been proposed in recent years. For example, the dimen-
sional theory of Asmussen and Heebgll-Nielsen (1955)
and Asmussen (1974) assumed that specific body prop-
erties remained constant during physical development.
Therefore the parameter of comparative importance,
from which other values could then be derived, should
be body height. According to Asmussen (1974) and v.
Dobeln and Eriksson (1972) the same rationale could
be applied to various other physiological functions. For
example, various functions of the oxygen transport sys-
tem have been related to the cube of height (Ht?) and,
therefore, power, which is work/time, should thus be
related to the square of height (Bar-Or 1983). Previous
longitudinal studies have shown that V,__ may be re-
lated to a variety of height exponents ranging from 1.5
to 3.2 (Asmussen 1974; v. Ddbeln and Eriksson 1972;
Bailey et al. 1978). This relatively large variation could
well be influenced by the individual variations due to
the small sample sizes studied in these previous investi-
gations. In contrast, the present study compared 456
children from four longitudinal studies; three per-
formed by the authors showed that similar resuits were
obtained whether using height, the square of height or
height raised to the power of 2.8 to predict Vo, _ . Be-
cause of the relationship between body height and
Vo,..... height can be used as a simple, practical meas-
ure to provide reference data on the Vo, of a child of
smaller size or to provide information on the develop-
ment of V, __ over a longer period. Unfortunately, it
is probable that this relationship is of little value after
the individual achieves the height of maturity. The cor-
relation coefficients between Vo,  and both height
and the square of height, have nearly the same value.

In an earlier publication Rutenfranz et al. (1982)
suggested that the development of maximal aerobic
power during the formative years of life was influenced
by the growth process for ordinary children living un-
der conditions that are characteristic of modern, rela-
tively affluent Western societies. Under such conditions
additional life-style factors seemed to have little or no



Table 4. The rank order correlation coefficients comparing the in-
itial value with the retested values and their ranks in the cohorts.
Calculations have been made using the total population of chil-
dren

Characteristic 1983-85 1983-87 1985-87

Vo, (Lmin~")  0.890 0.746 0.788

effect and the results of the present study appear to
strengthen that original hypothesis.

Rank order correlation

Inter-individual variations ranging from 10% to 20% ex-
isted for all age groups (cohorts) at each calendar age.
These variations are mainly a result of the natural char-
acteristics of each individual as well as the influence of
specific life-style characteristics such as participation in
various sports activities and the degree of regular physi-
cal activity. The degree to which each subject main-
tained his or her initial rank order of maximal aerobic
power was measured by means of a Spearman rank or-
der correlation coefficient (Table 4). This correlation
was approximately 0.8 which proved to be highly sig-
nificant and, therefore, it can be concluded that the
children in this study generally retained their rank or-
der for Vo, in a specific age group (cohort) during
growth.
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