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Maximal oxygen uptake (�O2max), the highest rate at which an individual can consume oxygen during exercise, reflects the pulmonary, cardiovascular and hematological components of oxygen delivery and the oxidative mechanisms of the exercising muscle.  �O2max limits the capacity to perform aerobic exercise and it is therefore widely recognized as the best single index of aerobic(or cardiopulmonary) fitness.





Measurement of Maximal Oxygen Uptake





In adults �O2 rises in response to an increase in exercise up to a critical intensity beyond which no further increase in oxygen consumption takes place even though the subject is still able to increase the intensity of his/her exercise.  The principal criterion of �O2max having been reached during a laboratory test is therefore the demonstration of a �O2 plateau.  However, only a minority of children and adolescents exhibit a plateau in �O2 even when exercising to exhaustion.  The appropriate term to use with children is, therefore, peak oxygen uptake (peak �O2), which represents the highest oxygen consumption elicited during an exercise test to exhaustion, rather than �O2max  which conventionally implies the existence of a �O2 plateau.  Nevertheless, to avoid confusion in this essay the two terms will be used interchangeably.


If the child has been habituated to the test procedures and environment, and shows signs of intense effort (hyperpnea, facial flushing and grimacing, unsteady gait, sweating), and his/her peak heart rate has leveled off prior to the final exercise intensity or has reached a value at least 95% of maximal heart rate as predicted by age, and his/her respiratory exchange ratio (�CO2/�O2) is at least unity peak �O2 can be confidently accepted as a maximal index.


Some laboratories recommend the use of high post-exercise blood lactate levels as a subsidiary criterion of maximal exercise but methodological difficulties and the variability in post-exercise blood lactate levels observed in children render this recommendation problematic.


Both treadmill and cycle ergometer have been shown to be suitable for use with children.  Ian well-equipped laboratory the treadmill is the ergometer of choice as it engages a larger muscle mass in the exercise than the cycle ergometer and the peak �O2 is therefore more likely to be limited by central factors than local muscle fatigue.  On average, treadmill scores are 7-9% higher than cycle ergometer values but some children do achieve a higher peak �O2 on a cycle ergometer. 





Maximal or Peak Oxygen Uptake and Age





Although a large number of studies of children and adolescents' �O2max are available volunteers are generally used as subjects and selection bias cannot be ruled out as relatively few subjects are likely to be drawn from the markedly sedentary or overweight sections of the population. Data have been reported from very young children (less than 8 years of age) but sample sizes tend to be small and it is often unclear whether true maximal values were obtained.


All longitudinal studies and the vast majority of cross-sectional studies illustrate a progressive rise in boys' �O2max from 8 to 16 years.  Armstrong and Welsman's (1) analysis of studies representing 6,753 male �O2max data points indicated that a typical 10 year old boy would have a �O2max of 1.68 l.min-1 rising to 3.06 l.min-1 at 16 years of age.  Mirwald and Bailey (8) tested 75 boys annually from 8 to 16 years of age and reported an average yearly increase in �O2max of 11.1%.  The largest increases occurred between 12 and 13 years (0.31 l.min-1) and 13 and 14 years(0.32 l.min-1).


Girls' �O2max appears to increase from age 8 to 13 years but several cross-sectional studies have indicated a leveling-off or even a fall in �O2max from 13 to 15 years.  Longitudinal studies of girls have been of relatively short duration.  Mirwald and Bailey (8) studied 22 girls from 8 to 13 years of age and demonstrated an average annual increase of 11.6% in �O2max with the highest absolute rises of 0.25 l.min-1 and 0.23 l.min-1 occurring between 11 and 12 years and 12 and 13 years respectively.  Longitudinal studies of German girls from 12.7 years to 15.7 years and of Norwegian girls from 10.3 to 15.2 years found �O2max to reach its highest value at 14.7 years in Germany and at 13.3 years in Norway.  Armstrong and Welsman's (1) analysis of studies representing 3,401 female �O2max data points indicated that a typical 10 year old girl would have a �O2max of 1.49 l.min-1 rising to 2.24 l.min-1 at 16 years of age.


Cross-sectional studies suggest that from the age of 10 years boys' �O2max scores are higher than those of similarly aged girls by about 12%.  By 12 years the difference increases to over 20% and by 16 years of age boys' �O2max is about 37% higher than girls.  The longitudinal studies which have assessed sex differences support the cross-sectional findings although the percentage differences between the sexes are less pronounced (8).


It has been suggested that boys' higher levels of habitual physical activity may contribute to the sex difference in �O2max (6).  Children and adolescents' current physical activity patterns, however, indicate that they rarely experience the levels of physical activity associated with increases in �O2maxand habitual physical activity is therefore unlikely to make a major contribution to �O2max values.  The sex difference between older children and adolescents' �O2max has been attributed to differences in hemoglobin concentration (2) but with young children this does not appear to be the case.  Pre-pubertal boys' �O2max is significantly higher than pre-pubertal girls' �O2max despite no differences in hemoglobin concentration.


The sex differences in young children's �O2max may be related to variations in body composition, since boys possess a greater percentage of lean body mass even in the pre-pubertal years.  It has been suggested that the lower �O2max of girls during cycle ergometry is due mainly to their smaller leg volume.  Kemper (5), however, reported that in his longitudinal study of Dutch children, although the differences were reduced when �O2max was related to fat free mass, the values for boys remained higher than those for girls at all years of measurement.  The issue is of course confounded by the fact that growth and development evoke changes in body composition that make it very difficult to estimate fatness and leanness in children.





Maximal or Peak Oxygen Uptake and Maturity





The development of peak �O2 appears to be influenced by a body size - maturation interaction but although the relationship between peak �O2 and body size is well documented few studies have investigated the relationship between peak �O2 and maturation.  No single means of maturity assessment provides a complete description of maturity during adolescence but indices such as the development of secondary sex characteristics, skeletal maturity, and peak height velocity are sufficiently interrelated to indicate a general maturity factor during adolescence.


Several studies have used the secondary sex characteristic rating of puberty developed by Tanner (13) to classify students as pre-pubertal or pubertal but few studies have considered peak �O2  at each maturational stage, probably because of the large number of subjects required for a worthwhile analysis.  Armstrong et al (2) classified 184 boys and 136 girls, aged 11 to 16 years, into the appropriate maturity stage according to Tanner's five point scale.  They found girls' peak �O2 in relation to maturity stage to be dependent upon the ergometer used (cycle ergometer or treadmill).  On the treadmill the only significant difference between group means was between Tanner stage 4 (2.09 l.min-1) and stage 2 (1.69 l.min-1), whereas, on the cycle ergometer the more mature girls had significantly higher mean peak �O2 than the less mature girls.  The authors speculated that this may have been an artifact of the methodology with less mature girls terminating the exercise due to an inability to maintain the pedal rate against a relatively heavy resistance.  More mature boys were reported to have higher peak �O2 than less mature boys.  Armstrong and his associates indicated that this was probably due to the significantly greater muscle mass and hemoglobin concentration of the more mature boys.  On both ergometers the differences between the peak �O2 of the boys and girls were more pronounced in the mature children.


Skeletal age has been used as an indicator of maturity but it appears that it adds little to the description of physiological variables yielded by chronological age, mass and height.  The value of skeletal age analysis in this context therefore appears to be limited and the ethics of exposing children to X-rays must be considered very carefully.


Longitudinal studies have the option of using peak height velocity to standardize maturation but results must be interpreted cautiously as a limited number of annual observations make mathematical curve fitting models unsuitable.  Mirwald and Bailey (8) used an appropriate design and reported that the maximal increase in peak �O2 occurred in the year of peak height velocity in both boys and girls.  It should be noted however that the attainment of peak height velocity occurs early in adolescence in girls and late in boys.


The relationship between peak �O2 and maturity with the effects of body size partialed out requires further study and we will explore some approaches to the problem later in this essay. Maximal or Peak Oxygen and Body Size


It is well established that children's peak �O2 is highly correlated with both body mass and height.  As most physical activity involves moving body mass from one place to another, to compare the peak �O2 of individuals who differ in body mass, peak �O2 is conventionally expressed in relation to mass as 


ml.kg-1.min-1.


Longitudinal studies show boys' mass-related peak �O2 to vary very little over the age range 8 to 16 years whereas girls' mass-related peak �O2 appears to decrease with age.  Cross-sectional data are more difficult to interpret but Armstrong and Welsman's (1) analysis of mean values representing 11,660 peak �O2 data points from subjects aged 8 to 16 confirms the trends which emerge from the available longitudinal data.  Boys' values are higher than girls' values of mass-related peak �O2 throughout childhood and adolescence and the difference increases with age as the girls accumulate body fat during the circumpubertal years.


Mass-related peak �O2 is the most popular method of expressing peak �O2 but we believe that this type of analysis may cloud our understanding of growth and maturational changes in peak �O2 and in the final sections of this essay we explore some alternative approaches. Scaling: Partitioning out body size differences in the interpretation of developmental changes in peak �O2 





Ratio Standards


The division of absolute peak �O2 (l.min-1) by body mass to form the ratio peak �O2 (ml.kg-1.min-1) provides values which can be used to compare peak �O2 among groups of different age, sex or maturity and to correlate with other physiological measures.  This use of ratio standards assumes that the influence of individual body size differences has been fully and adequately partitioned out.


However, the theoretical and statistical limitations of this approach have long been recognized (12).  The ratio standard assumes that the relationship between peak �O2 and body mass is described by the equation:


                Y = a.x    (peak �O2 = a .body mass) where a is the constant derived from the mean values of peak �O2 and body mass from the series of data it describes, i.e. the line of the equation passes through the point of the two means and the origin.  The construction of ratio standards is only appropriate when the coefficient of variation (V)for body mass divided by the coefficient of variation for peak �O2 equals the Pearson product moment correlation coefficient (r) obtained between the two variables, i.e. Vx/Vy = r x,y.  If this relationship is not satisfied, the use of the ratio standard will distort the data.  In practical terms this will result in an overestimation of the peak �O2 for individuals of low body mass and an underestimation for those of high body mass. 





Regression Standards





The relationship between peak �O2 and body mass can be described more accurately by the regression term: 





               y = a + bx  (peak �O2  = a + b . mass)





where:  a is the intercept on the y axis and b is the slope of the regression line.  


Using this type of analysis, regression equations for peak �O2 specific to particular age or sex groups can be generated. Individual values of peak �O2 can then be compared against that predicted from the regression line. For intergroup comparisons, differences may be examined using analysis of covariance.  This statistical technique compares the slopes and intercepts of the group-specific regression lines.  As with straightforward analysis of variance, certain statistical criteria must be met if analysis of covariance is to be valid.  One of these is that the slopes of the regression lines are not significant, in other words they are parallel.  Once this is established, statistical comparison of the intercepts through the calculation of adjusted means permits the identification of significant group differences in peak �O2.


Using this technique it has been demonstrated that when the influence of body mass is removed, peak �O2 in boys actually increases significantly from prepuberty to postpuberty in contrast to the conventional finding that developmental changes in mass-related peak �O2 are not apparent(14).  Furthermore, when the same type of analysis is applied to peak �O2 in females, peak �O2 is shown to increase from prepuberty to adolescence and then stabilize at these levels into  young adulthood.  Again, these findings challenge the view that the functional capacity of the cardiopulmonary system, as reflected by mass-related peak �O2, declines with maturation in girls.  





Power Functions





Although analysis of covariance correctly accounts for body size differences some degree of caution with its use must be exercised. It is not uncommon to obtain positive intercepts which suggest that a physiological response exists for zero body size.  This is clearly absurd, therefore care must be taken to avoid extrapolation beyond actual data points. In addition, physiological-anthropometrical relationships may not be linear and therefore more sensitive scaling techniques are required.


Although used widely in the biological sciences to investigate differences in physiological function in relation to differences in body size, allometry has not been widely exploited to investigate  similar topics in the field of pediatric exercise physiology.  Allometric relationships may be described by the power function:


                      y = a . xb


Values for a and b are obtained from the equation obtained when the natural logarithms of the variables in question are regressed:


                      ln y = ln a + b . ln x


Expressing the power function as the above linear model permits two further possibilities for statistical comparison.  Firstly, analysis of covariance can be applied to the log-transformed data as described in the previous section and secondly power function ratios Y/xb may be constructed.  Power function ratios for different groups may then be compared using the standard techniques of t-test or analysis of variance.  Taking the natural logarithms of the power function ratios before comparison has been recommended (9).


One of the main advantages of power function modeling is that it assumes a multiplicative rather than additive error term.  The error term relates to the spread of individual observations around the regression line.  It is often the case that as body size increases, a greater spread in peak �O2 scores is observed suggesting a multiplicative error term.  This contrasts with the  linear models, such as analysis of covariance which assume a constant, additive error (9). 


Using a power function analysis to investigate peak �O2 in males and females from prepuberty to adulthood (1) it has been demonstrated that when body size differences are accounted for, peak �O2 in males systematically increases throughout this period. In females, peak �O2 is shown to increase from prepuberty to adolescence and then remain stable into adulthood.  Peak �O2 in males is consistently higher than in females at all stages of development. Multilevel modeling


In longitudinal investigations of peak �O2 in children, for example to examine changes in aerobic function with training, it is very difficult to distinguish training induced increases in peak �O2 from the increments arising from normal growth.  In these circumstances multilevel modeling is a suitable, albeit complex, statistical technique to use.  Changes in physiological responses can be examined with factors such as body size, body composition and pretraining levels of fitness incorporated into and controlled for within the model.





Conclusion





Peak �O2 increases with growth and maturation.  Boys exhibit higher values of peak �O2 than girls and the sex difference increases as they progress through adolescence.  When peak �O2 is expressed in relation to body mass it appears that boys' values are consistent throughout childhood and adolescence whereas girls' values decrease as they get older.  It is clear, however, from the above discussion that the use of inappropriate scaling techniques can lead to misplaced interpretation of physiological mechanisms.  The adoption of techniques such as analysis of covariance and power function modeling approach may well assist in the clarification of our understanding of the development of peak �O2 in children and adolescents.





References





1. Armstrong, N. and J.R. Welsman.  Developmental aspects of aerobic fitness in children and adolescents.  Exerc. Sports Sci. Rev.  22: (in press), 1994.


2. Armstrong, N.,  J. Williams, J. Balding, P. Gentle and B. Kirby.  The peak oxygen uptake of British children with reference to age, sex and sexual maturity.  Eur. J. Appl. Physiol.  62: 369-375, 1991.


3. Bar-Or, O.  Pediatric Sports Medicine for the Practitioner.  New York: Springer-Verlag, 1983.


4. Goldstein, H.  Efficient statistical modeling of longitudinal data.  Ann. Hum. Biol. 13: 129-141,     1986.


5. Kemper, H.C.G.  Growth, Health and Fitness of Teenagers.  Basel: Karger, 1985.


6. Krahenbuhl, G.S., J.S. Skinner, and W.M. Kohrt.  Developmental aspects of maximal aerobic power in children.  Exerc. Sports Sci. Rev. 13: 503-538, 1985


7. Malina, R.M. and C. Bouchard.  Growth, Maturation and Physical Activity, Champaign, Il: Human     Kinetics, 1991.


8. Mirwald, R.L. and D.A. Bailey.  Maximal Aerobic Power.  London, Ont: Sports Dynamics, 1986.


9. Nevill, A.M., R. Ramsbottom and C. Williams.  Scaling physiological measurement for individuals of different size.  Eur. J. Appl. Physiol.  65: 110-117, 1992.


10. Rowland, T.W.  Exercise and Children's Health.  Champaign, Il: Human Kinetics, 1990.


11. Rowland, T.W.  Pediatric Laboratory Exercise Testing.  Champaign, Il: Human Kinetics, 1993.


12. Tanner, J.M.  Fallacy of per-weight and per-surface area standards and their relation to spurious correlation.  J. Appl. Phys.  2: 1-15, 1949.


13. Tanner, J.M.  Growth at Adolescence (2nd edition).  Oxford: Blackwell Scientific Publications, 1962.


14. Williams, J.R., N. Armstrong, E.M. Winter and N. Crichton.  Changes in peak oxygen uptake with age and sexual maturation in boys: Physiological fact or statistical anomaly?  J. Coudert and     E. Van Praagh (eds.).  Children and Exercise XVI.  Paris: Masson, 1992, pp 35-37


15. Winter, E.M.  Scaling: Partitioning out differences in size.  Pediatr. Exerc. Sci.  4: 296-301, 1992.


�PAGE  �








�PAGE  �11�














