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Abstract

Objective
To investigate scaling approaches for evaluating the development of peak VO, and improv-

ing the identification of low cardiopulmonary fithess in Southern Chinese children and
adolescents.

Methods

Nine hundred and twenty Chinese children and adolescents (8 to 16 years) underwent
graded cardiopulmonary exercise test on a treadmill until volitional exhaustion. Peak VO,
was corrected for the effects of body mass by ratio or allometric scaling. Z score equations
for predicting peak VO, were developed. Correlations between scaled peak VO,, z scores,
body size and age were tested to examine the effectiveness of the approach.

Results

Eight hundred and fifty-two participants (48% male) were included in the analyses. Absolute
peak VO, significantly increased with age in both sexes (both P<0.05), while ratio-scaled
peak VO, increased only in males (P<0.05). Allometrically scaled peak VO, increased from
11 years in both sexes, plateauing by 12 years in girls and continuing to rise until 15 years in
boys. Allometically scaled peak VO, was not correlated with body mass, but remained cor-
related with height and age in all but the older girls. Peak VO, z score was not correlated
with body mass, height or age.

Conclusions

Absolute and allometric scaled peak VO, values are provided for Hong Kong Chinese chil-
dren and adolescents by age and sex. Peak VO, z scores improve the evaluation of
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cardiopulmonary fitness, allowing comparisons across ages and sex and will likely provide a
better metric for tracking change over time in children and adolescents, regardless of body
size and age.

Introduction

It is well established that adequate aerobic fitness is associated with reduced risk of all-cause
mortality and chronic diseases across the lifespan[1-5]. Peak oxygen uptake (peak VO,) is
widely recognized as one of the best indicators of aerobic fitness in the child, providing a com-
posite measure of the pulmonary, cardiovascular, and hematological components of oxygen
delivery and oxygen utilization in the exercising muscles.

In clinical settings, peak VO, has been used as a predictor of mortality and of hospital
admissions [6-8], an indicator of the severity of functional impairment and for tracking
responses to intervention [9]. Despite the proven usefulness of peak VO,, achieving quality
and consistency of data in children remains a challenge. Peak VO, is developmentally diver-
gent, varying with age, maturity and sex, and is highly correlated with body size and composi-
tion [10, 11]. It has been convention to scale peak VO, by simply dividing absolute peak VO,
(mL. min") by body mass (ratio scaling). This however, results in a different pattern of devel-
opment in peak VO, in comparison to absolute peak VO,, with absolute peak VO, in boys
increasing with age, but ratio-scaled peak VO, remaining unchanged [12]. Similarly in girls,
increases in absolute peak VO, are noted with increasing age until a levelling off in puberty,
but ratio-scaled peak VO, declines with age [12].

Ratio scaling is only robust if underlying mathematical assumptions are met, otherwise spu-
rious interpretation may result [13]. Theoretically, physiological variables should be scaled for
size using the general allometric equation to derive the appropriate size power function (y/x")
and thereby providing a more appropriate interpretation of size-related (x”) changes in physio-
logic function (y) [14]. The development of peak VO, has been described using allometric scal-
ing (log-linear analysis of covariance with body mass as the covariate) in Caucasian children
and adolescents, and the same developmental pattern as absolute peak VO, has been noted
with age i.e., peak VO, increases in boys with age, whereas in girls it increases until about 14
years of age when a leveling off is observed [15]. In a recent study, z score equations targeted to
remove the effect of body size for peak VO, in a group of healthy children in Canada has also
been presented [16].

Peak VO, has been shown to vary by ethnic group in children, with sparse data on Southern
Chinese children [17, 18]. Little consideration has been given to the appropriate scaling of
peak VO, in the Chinese child, which is necessary for evaluating the development of peak VO,
and for the identification of children with low cardiopulomonary fitness. The purpose of this
study therefore was to examine what the appropriate scaling approach for evaluating the devel-
opment of peak VO, in Southern Chinese children and adolescents should be, how power
functions may differ by age and sex, and how this impacts interpretation of peak VO,.

Methods
Participants

Ethnic Chinese children and adolescents, aged 8-16 years, were recruited from the community
using a stratified (by districts) and clustered (all subjects within class) random selection of
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primary (21 schools) and secondary schools (19 schools) from the 4 main geographical regions
of Hong Kong (i.e. Hong Kong Island, Kowloon, New Territories East and New Territories
West). Participation was on a voluntary basis. Informed and written consent was obtained
from students and their parents. Those suffering from acute or chronic illness (for example,
diabetes mellitus, kidney disease, dyslipidaemia, congenital or acquired heart disease, lupus
erythematosus, sleep apnoea), or had a recent upper respiratory tract or other infection with
the past 4 weeks were excluded. The study protocol was approved by the Joint Chinese Univer-
sity of Hong Kong—New Territory East Cluster Clinical Research Ethics Committee (CRE
Ref. No. 2013.574).

Sampling frame

The sample selection was based on a stratified (by districts) and clustered (all subjects within
class) randomised sampling frame. All primary and secondary schools registered under the
Education Bureau according to the four geographic regions in Hong Kong were stratified.
Selection of a school was based on computer generated random numbers. If the selected school
refused to participate, the next randomly selected school was invited. A total of 12 primary and
19 secondary schools were randomly chosen. Two classes in each school year grade were ran-
domly selected from the schools. All students of the selected classes were invited to participate
in the study.

Collection of data

Participants were scheduled to undergo assessment at the cardiopulmonary exercise laboratory
in the Prince of Wales Hospital. Participants were asked to abstain from alcohol, any caffein-
ated drink and vigorous exercise for 24 hours prior to testing. They were also asked to eat only
a light snack and drink only 0.5L of water within 3 hours of the test.

Measures

Anthropometric measurements. Body weight was measured to the nearest 0.1 kg and
percentage body fat was measured to the nearest 0.1% using foot-to-foot bio-electrical imped-
ance (TBF-401, Tanita Co, Tokyo, Japan) [19], with subjects barefoot and dressed in light t-
shirt and shorts. Standing height without shoes was measured to the nearest 0.1 cm with a Har-
penden stadiometer (Holtain, Grymych, UK). Body mass index (BMI) was calculated by
weight in kg divided by height in meters squared [20].

Peak VO,. Peak VO, was assessed using an incremental treadmill running test to maxi-
mum [21]. Participants began walking on the treadmill at an age-specific walking speed for 3
minutes. The speed was then increased by 1 km-h™ every minute, until the speed reached the
running pace of the participant. At this point the speed was held constant and the gradient
increased by 1% every minute until volitional exhaustion. Heart rate was monitored continu-
ously during the test. Participants wore a comfortably fitted facemask (Hans Rudolph paediat-
ric large size, 8950 series) and breath-by breath gas samples were collected and analyzed
throughout the test using the Medgraphics CPX/DTM metabolic cart (Medical Graphics Cor-
poration, St. Paul, MN), calibrated prior to each test. Peak VO, was determined when two of
the following three conditions were reached: 1) a respiratory exchange ratio (RER)>1.0, 2)
heart rate within 5% of age predicted maximum, 3) the participant was exhausted and refused
to carry on despite strong verbal encouragement [22].
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Sample size calculation

Assuming peak VO, is normally distributed among each age and sex, the sample size was cal-
culated using the standard deviation of the 1000™ centile (SD¢;000) and the age- and sex-spe-
cific SD described by Healy [23]. In order to determine the age and sex-specific mean and
standard deviation (SD) of peak VO, for sample size calculation, we collected pilot data from
261 healthy children aged 9-16 years. Age groups were analysed in 2-year intervals and the
required sample size for each sex and age group was calculated to obtain the 97™ centile, with
an error of + 3%. We assumed that children under 9 will be the same as those under 10 years
of age, and therefore proposed recruiting an additional 43 boys and 43 girls aged 8 years to
help recruitment of the younger years. The estimated total number of subjects required was
828 (Table 1).

Allometric scaling

Peak VO, was allometrically scaled using the procedure described by Vanderburgh et al [24,
25]. Peak VO, and body weight were log-transformed. A log-linear regression model was con-
structed using log (peak VO,) as the dependent and log (body weight) as independent vari-
ables. The interaction effects of age and sex were tested and found to significantly modulate
the association between body mass and peak VO,, justifying the need for sex and age specific
exponents. Therefore, allometric scaling was done separately for 4 different subgroups: (1)
younger (aged from 8 to 11.99 years) males; (2) older (aged from 12 to 16.99 years) males; (3)
younger females (aged from 8 to 11.99 years) and (4) older females (aged from 12 to 16.99
years). Outliers were identified using the least median of squares eliminator and removed
from analyses [26]. Regression diagnostics were performed to ensure the models were appro-
priate [27]. Shapiro-Wilks normality test was used to evaluate the normality of the residuals.
Homoscedasticity was assessed by plotting the standardized residuals against the standardized
predicted value. The resulting beta coefficients were used as the allometric exponents. Peak
VO, can then be allometrically scaled using the equation:

led peak VO
allometrically scaled peak VO, = unscaled pea 2

body 1assexponent

Pearson correlation analysis was used to examine the association of the scaled peak VO,
with body size (body mass and height) and age to verify the effectiveness of the allometric scal-
ing approach for controlling for body size within the specific age groups.

Table 1. Peak VO, (ml-min"-kg") collected from 261 healthy children aged between 9-16 years.
Age (years) [N |Mean |SD | N required to obtain the 97" centile with 3% error

Girls | 9-10 24| 353 |53 43
11-12 49| 32.8 |49 42
13-14 43| 312 |54 52
15-16 26| 294 |50 51

Boys | 9-10 24| 364 |55 43
11-12 50| 369 |6.8 57
13-14 35| 384 |59 43
15-16 10| 42.1 | 6.1 40

Total | (Sum of the above x 2 to account for each age + 86 children aged 8 year olds =)
828

https://doi.org/10.1371/journal.pone.0213674.t001
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Development of z score equations

Given the necessity for different allometric exponents for body mass in the 4 different sub-
groups in this dataset, z scores for the four different subgroups were developed to allow com-
parisons of peak VO, across age and sex.

A stepwise regression was used to evaluate the association between peak VO, and body
size and age. The linear (x), second-order (x%) and third-order (x°) effects of age, height and
weight were tested and the resulting regression equations were used to predict peak VO,.
Subjects with the resulting standardised predicted VO, greater than 3 or less than -3 were
considered as outliers and were excluded. As the variance of the residual values varied with
body size and the variations are different between sexes and age groups, age- and sex-specific
models were established to predict the standard deviation with body size using the method
suggested by Altman [28]. First, linear regression was used to examine the association
between the absolute value of the residual values and body size. Since the residual values
were normally distributed, the absolute values of the residual values had a half-normal distri-
bution. The mean of a half-normal distribution is /(2/7). The SD of the residuals can be
estimated as the product of the mean of the absolute residuals and +/(n/2). It follows that the
predicted values from the regression of the absolute residuals on body size multiplied by
/(1/2) would be the estimates of SD of the signed residual, and hence of peak VO,. As a
result, two regression models were developed for each sex and age group, one for the predic-
tion of peak VO, and the other for the prediction of SD. Z scores were calculated using the
following formula:

unscaled peak VO, — predicted peak VO,
predicted SD

Z score =

The calculated z scores were evaluated for departure from a normal distribution by visual
assessment of histogram and by using the Shapiro-Wilk statistic.

Pearson correlation analysis was used to examine the association of the calculated z scores
with body size and age to verify the validity of the computed z scores in controlling for body
size and age.

Statistical analysis

Student’s t test, Mann-Whitney U test, and chi-square test were used for group comparisons
for parametric, nonparametric, and categorical data, respectively. The interaction effects of age
and gender as well as pubertal stage and gender on peak VO, were assessed by two-way
ANOVA. The level of significance is set at p<0.05. Bonferroni correlation was used to adjust
the significance level for multiple pairwise comparisons. All statistical analyses were performed
using SPSS for Windows (version 21, IBM Corp., Armonk, NY, USA).

Percentile curves for absolute peak VO, (expressed in I-min™") and allometrically scaled
peak VO, were constructed using the LMS method [29]. The LMS method using the maxi-
mum penalized likelihood has been used to perform model fitting of the anthropometric cen-
tiles for the physical parameters. The LMS method estimates the measurement centiles in
terms of three age- and sex-specific cubic spline curves: the L curve (Box-Cox power to trans-
form the data that follow a normal distribution), M curve (median), and S curve (coefficient of
variation).

Children’s absolute peak VO, was also compared to the predicted peak VO, from Arm-
strong and Welsman’s regression equations generated from the data of European children
[12].
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Table 2. Characteristics of male and female participants.

Boys Girls P values

(n =410) (n=442)
Age (years) 12.5+2.4 12.5+2.4 0.85
Height (cm) 153.5+ 154 150.4 + 11.3 <0.001
Body mass (kg) 46.1 £ 14.1 42.6+11.7 <0.001
BMI (kg/m?) 19.2+£3.7 18.5+3.3 0.004
Body fat (%) 18.8+7.9 21.0+7.6 0.001

(n =289) (n = 300)
Resting heart rate (beats-min™") 82+ 14 85+ 14 0.001
Peak heart rate (beats-min™") 196 + 10 195+ 9 0.24
Peak VO, (I'min™") 2.00 £ 0.73 1.58 + 0.44 <0.001
% of predicted* peak VO, 87.6 +19.4 87.7£19.3 0.98
Peak VO, (ml-kg'-min™) 434 +8.4 37.8+6.7 <0.001
Peak RER 1.12 £ 0.08 1.09 + 0.09 <0.001

VO, oxygen consumption; RER, respiratory exchange ratio

*From Armstrong and Welsman’s (1994) regression equations [12]. (Boys’ peak VO, = -0.623+0.230age; Girls’ peak VO, = 0.253+0.124age)

https://doi.org/10.1371/journal.pone.0213674.t1002

Results

A total of 1386 students were invited to join the study, of whom 281 (20%) refused to partici-
pate, 37 (3%) were excluded from the study due to their medical history, 50 (4%) were unable

to attend due to their parents’ schedules, 98 (7%) could not be contacted for scheduling. Of the
920 participants who underwent CPET, 68 (7%) failed to meet the criteria for a maximal effort
and were excluded. Data from 852 (410 males, 442 females) were included in the final analysis.
The physical characteristics of the subjects are provided in Table 2.

Absolute peak VO,

Absolute peak VO, was significantly greater in older (F,g45 = 814, P <0.001) and male (F, g4g
=52, P <0.001) participants. A significant age*sex interaction was present (Fy,g34 = 102, P
<0.001), with subgroup analyses demonstrating an increase in peak VO, with age in both
males (Fy 403 = 582, P <0.001) and females (F; 449 = 228, P <0.001) (Fig 1). Post-hoc analysis
confirmed that the difference in peak VO, between boys and girls became apparent from 12
years of age. Scatter plots of peak VO, against age for boys and girls are presented in S1 and S2
Figs, respectively. Using the LMS method, smoothed percentile curves for unscaled peak VO,
were constructed for boys (Table 3 and Fig 2) and girls (Table 4 and Fig 3). The smoothed cen-
tiles are established with all standard errors within 9%.

Ratio-scaled peak VO,

When peak VO, was expressed as a ratio standard with body mass (ml-kg™'-min™"), a signifi-
cant main effect for age (Fy,848 = 9.4, P = 0.002) and sex (F,g45 = 24, P <0.001) and a signifi-
cant age*sex interaction (F,434 = 50, P <0.001) were present. Ratio-scaled peak VO, increased
with age in boys (F; 408 = 43, P <0.001), but decreased with age in girls (F; 449 = 10, P = 0.002)
(Fig 4). Differences between boys and girls were only significant from age 13 years and older.
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Fig 1. Peak VO, (I min™) in boys and girls of different age groups.
https://doi.org/10.1371/journal.pone.0213674.9001

Allometric scaling

The allometric exponents generated for the younger (aged from 8 to 11.99 years) males and
older (aged from 12 to 16.99 years) males were 0.635 and 0.839 respectively. For the younger
females (aged from 8 to 11.99 years) and older females (aged from 12 to 16.99 years) exponents
were 0.678 and 0.798. Regression diagnostics confirmed that the residuals for the log-linear
regression using body mass were normally distributed, and the residuals were homoscedastic.
Percentiles for the 4 subgroups are presented in Table 5 and the smoothed percentile curves
for allometric scaled peak VO, of the 4 subgroups are presented in Fig 5.

Z score equations

The regression equations of predicted peak VO, and SD for the four different subgroups are
displayed in Table 6. An automated excel file (S1 File) has been developed to calculate the z
score for peak VO,. The resulting z score for peak VO, was normally distributed and had no
residual correlation with age, weight and height. The agreement between the percentile ranks
from z score and allometric scaling is high (ICC = 0.95).
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Table 3. Smoothed centiles for peak VO, (I-min™") by age in boys.

Age, year

10
11
12
13
14
15
16
Age, year

8
9
10
11
12
13
14
15
16

0.86
0.93
0.99
1.10
1.27
1.45
1.62
1.72
1.79

5
6.4%
4.7%
4.5%
5.0%
6.0%
5.8%
7.6%
7.0%
9.0%

10
0.91
0.99
1.06
1.18
1.37
1.57
1.76
1.89
1.98

10
5.0%
3.8%
3.7%
4.1%
4.9%
4.6%
5.9%
5.4%
6.5%

https://doi.org/10.1371/journal.pone.0213674.t003

Centile (I'min™)

15 25 50 75 85 90 95
0.95 1.01 1.13 1.27 1.36 1.42 1.51
1.04 1.11 1.25 1.41 1.50 1.57 1.69
1.10 1.18 1.33 1.51 1.62 1.70 1.83
1.23 1.32 1.51 1.72 1.86 1.95 2.11
1.44 1.55 1.78 2.06 2.23 2.36 2.57
1.65 1.79 2.07 241 2.62 2.77 3.01
1.86 2.03 2.36 2.75 2.98 3.15 341
2.01 2.20 2.58 3.00 3.25 3.42 3.69
2.11 2.32 2.73 3.18 3.44 3.62 3.89

Standard error of centile (expressed as % of the centile)

15 25 50 75 85 90 95
4.3% 3.6% 3.2% 3.6% 4.4% 52% 6.8%
3.3% 2.8% 2.5% 2.9% 3.4% 4.0% 5.1%
3.3% 2.8% 2.5% 2.8% 3.4% 3.9% 5.0%
3.6% 3.1% 2.8% 3.2% 3.8% 4.4% 5.8%
4.4% 3.8% 3.4% 3.8% 4.6% 5.3% 6.8%
3.9% 3.3% 2.9% 3.3% 4.1% 4.8% 6.3%
5.0% 4.2% 3.7% 4.2% 4.9% 5.6% 7.1%
4.6% 3.8% 3.3% 3.7% 4.3% 4.8% 5.8%
5.4% 4.3% 3.7% 4.1% 4.8% 5.4% 6.6%

Pearson correlations of absolute, ratio scaled, allometric scaled peak VO,, and z score of
peak VO, with body mass, height and age within each subgroup are presented in Table 7. All
correlations between z score of peak VO, and body mass, height, and age were close to zero
(p>0.2 for all) in all subgroups. For allometric scaled peak VO,, only the correlations with
body mass were close to zero (p>0.7 for all) in all subgroups. Significant associations with
height and age were apparent in males and in the younger females. Both absolute and ratio-
scaled peak VO, were significantly associated with body size and/or age in all subgroups.

Discussion

Our findings demonstrate that allometric scaling of peak VO, for body mass was effective in
removing the influence of body mass on peak VO,. The scaling exponent however differed by
age and sex and the scaled peak VO, remained correlated with height, and age, within all age-
and sex-specific groups, except older girls. As a result, z score equations for different sex and
age groups were developed, which were effective in removing the influence of body mass,
height and age on peak VO,. These provide an effective metric for identifying children with
low peak VO..

Similar to previous reports, we show that absolute peak VO, increases with age in both
sexes [30-33]. A greater peak VO, in boys compared to girls becomes significant from 12 to 13
years of age, with the difference gradually widening as age increases. This sex-related variabil-
ity in peak VO, likely relates in part to differences in body composition with boys having a
higher ratio of fat-free mass/stature” and a lower ratio of total body fat/stature” after adoles-
cence [34]. Indeed, we show that boys had a significantly lower percentage of body fat (thus a
higher percentage of fat-free mass) than girls. In addition, the lower peak VO, in the girls in
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Fig 2. Percentile curves of peak VO, (I'min™") in boys.
https://doi.org/10.1371/journal.pone.0213674.g002

our study compared to boys after 12 years of age, may be related to the onset of menarche at
around 12 years in girls from Southern China [35]. which results in increases in fat-mass and a
reduced rate of growth [36].

The absolute peak VO, values presented here are considerably lower than the predicted val-
ues using Armstrong and Welsman’s regression equations [12], which were generated from
data on Caucasian children and adolescents. It is possible that because Southern Chinese chil-
dren reach peak height velocity at an earlier age, this results in less time for prepubertal growth
[37] compared to Caucasian children and therefore developmentally divergent peak VO,. The
developmental pattern of ratio-scaled peak VO, in girls in the current study shows, similar to
Northern Chinese girls, peak VO, declined with age [38]. However, a different developmental
pattern to the Northern Chinese for ratio scaled peak VO, was observed in the boys in our
study, with values remaining steady from 8 to 12 years, then gradually increasing. In Northern
Chinese boys ratio-scaled peak VO, increased from 10 to 13 years and then remained steady
[38]. Despite ratio-scaled peak VO, remaining the most popular method of expressing peak
VO, [12, 13, 39], ratio-scaled peak VO, was negatively correlated with body mass and height.

When peak VO, was allometrically scaled [24, 25], Pearson correlation analyses confirming
that the allometric scaling effectively removed the influence of body mass. It should be noted
that the exponents for our younger males and females subgroups were very close to the theo-
retical value of 0.67 [40], whereas in the older males and females subgroups, greater exponents
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Table 4. Smoothed centiles for peak VO, (I-min™") by age in girls.

Age, year Centile (I-'min™")
5 10 15 25 50 75 85 90 95
8 0.82 0.87 0.91 0.97 1.09 1.22 1.30 1.35 1.43
9 0.84 0.90 0.94 1.01 1.14 1.29 1.37 1.43 1.52
10 0.86 0.93 0.99 1.07 1.22 1.39 1.49 1.55 1.65
11 0.96 1.05 1.12 1.22 1.41 1.62 1.74 1.82 1.95
12 1.07 1.18 1.25 1.37 1.60 1.85 1.99 2.09 2.24
13 1.13 1.24 1.32 1.44 1.69 1.96 2.12 2.23 2.40
14 1.17 1.29 1.37 1.49 1.75 2.03 2.20 2.32 2.50
15 1.21 1.32 1.40 1.53 1.79 2.09 2.26 2.39 2.59
16 1.26 1.38 1.46 1.58 1.85 2.17 2.36 2.49 2.71
Age, year Standard error of centile (expressed as % of the centile)
5 10 15 25 50 75 85 90 95
8 6.0% 4.7% 4.1% 3.4% 3.0% 3.4% 4.0% 4.5% 5.6%
9 5.2% 4.1% 3.6% 3.0% 2.7% 3.0% 3.4% 3.8% 4.5%
10 5.4% 4.1% 3.5% 2.9% 2.5% 2.8% 3.2% 3.6% 4.3%
11 6.5% 4.7% 3.8% 3.0% 2.6% 2.9% 3.4% 3.8% 4.6%
12 8.7% 6.2% 5.0% 4.0% 3.4% 3.9% 4.5% 5.1% 6.3%
13 6.0% 4.6% 4.0% 3.3% 2.9% 3.2% 3.7% 4.1% 4.9%
14 7.6% 5.7% 4.8% 3.9% 3.4% 3.9% 4.5% 5.2% 6.4%
15 6.7% 5.1% 4.4% 3.6% 3.2% 3.6% 4.2% 4.8% 6.0%
16 8.4% 6.4% 5.5% 4.5% 3.9% 4.5% 5.4% 6.4% 8.3%

https://doi.org/10.1371/journal.pone.0213674.t1004
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Fig 3. Percentile curves of peak VO, (I-min™) in girls.
https://doi.org/10.1371/journal.pone.0213674.g003
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Fig 4. Peak VO, (ml-kg"-min™) in boys and girls of different age groups.
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Table 5. Allometrically scaled peak VO, (kg ***°"*") by sex and age.
Sex Male Female
Age 8 9 10 11 12 13 14 15 16 8 9 10 11 12 13 14 15 16
n 28 51 55 51 40 58 38 48 40 31 45 62 65 42 61 45 53 35
Exponent for body masst 0.635 0.839 0.678 0.798
Mean 145.3 | 146.0 | 145.4 | 156.6 | 77.9 | 853 | 87.1 | 92.2 | 894 | 117.2 | 119.2 | 118.1 | 125.0 | 81.8 | 80.6 | 79.3 | 81.5 | 83.0
SD 160 | 196 | 169 | 253 | 152 | 164 | 17.0 | 176 | 141 | 114 | 142 | 21.2 | 188 | 13.1 | 149 | 13.7 | 16.1 | 13.0
5th 115.6 | 114.7 | 117.3 | 124.7 | 52.3 | 60.6 | 59.3 | 64.7 | 67.3 | 100.7 | 97.8 | 825 | 94.0 | 643 | 545 | 574 | 584 | 614
10th 121.9 | 122.3 | 125.4 | 129.6 | 57.2 | 64.0 | 61.8 | 70.0 | 68.4 | 103.8 | 101.6 | 89.1 | 101.1 | 66.9 | 58.1 | 59.3 | 60.3 | 654
15th 133.7 | 124.3 | 1285 | 131.3 | 60.5 | 66.5 | 68.8 | 76.3 | 74.2 | 104.1 | 1043 | 99.5 | 1054 | 69.0 | 61.6 | 62.2 | 62.7 | 68.4
25th 136.5 | 133.1 | 133.6 | 141.1 | 66.2 | 704 | 75.0 | 80.6 | 79.7 | 109.4 | 108.1 | 105.1 | 109.6 | 72.8 | 70.7 | 68.9 | 694 | 734
50th 143.2 | 146.8 | 144.6 | 1509 | 76.8 | 86.9 | 84.2 | 89.1 | 87.5 | 1158 | 117.8 | 115.8 | 126.3 | 78.4 | 81.3 | 81.2 | 799 | 84.0
75th 156.6 | 159.3 | 156.9 | 163.7 | 91.3 | 97.5 | 100.0 | 104.0 | 101.3 | 124.3 | 127.3 | 128.2 | 136.2 | 89.5 | 91.0 | 89.4 | 93.7 | 92.0
85th 166.0 | 168.7 | 163.1 | 186.5 | 95.5 | 104.9 | 105.8 | 110.5 | 105.7 | 130.3 | 135.1 | 141.5 | 140.7 | 96.3 | 99.1 | 91.9 | 102.4 | 97.3
90th 171.1 | 171.9 | 166.7 | 199.5 | 97.6 | 108.0 | 110.7 | 116.5 | 113.0 | 135.7 | 138.4 | 149.1 | 147.1 | 103.1 | 100.8 | 96.8 | 105.0 | 97.9
95th 176.3 | 179.5 | 174.4 | 216.4 | 99.8 | 113.7 | 120.3 | 128.7 | 115.1 | 140.6 | 145.3 | 157.6 | 162.8 | 109.5 | 101.8 | 106.2 | 110.8 | 109.8
Allometrically scaled peak VO, = peak VO, / body mass®P°""*
https://doi.org/10.1371/journal.pone.0213674.t005
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were generated. These findings suggest that the influence body mass has on peak VO, differs
by age. The developmental pattern for allometric scaled peak VO, differed from that of abso-
lute peak VO,, with increases observed from 11 to 12 years of age in both sexes, and continued
increases from 12 to 15 years of age in older males. Allometric scaling of peak VO, is a pre-
ferred approach for the removal of body mass [41], however our data show that peak VO,
remains associated with height and age in males and in the younger females.

Table 6. Regression equations of predicted peak VO, and SD for z score calculations.

Adjusted Beta coefficients for predicted mean Beta coefficients for predicted SD
2
R Height2 B1) Height (B,) Weight (B5) Age (By) Constant (B5) Height (B6) Age (B,) Constant (Bg)

Male 8-11.99y 0.72 10.454 15.651 -608.264 2.979 -287.994

12-16.99y 0.49 0.057 24.418 59.533 -1300.03 7.512 -877.614
Female 8-11.99y 0.61 0.043 15.042 -57.825 31411 -172.058

12-16.99y 0.40 29.669 346.683 6.175 -716.619
Height is in centimeter, weight is in kilograms, and age is in year.
Regression equations for predicted peak VO, = B, (Heightz) + B, (Height) + B3 (Weight) + B4 (Age) + Bs
Regression equations for predicted SD = [B (Height) + B, (Age) + Bg] x /(11/2)
https://doi.org/10.1371/journal.pone.0213674.t006
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Table 7. Pearson correlation coefficients of unscaled and scaled peak VO, with body size and age.

Male

8-11.99y 12-16.99y 8-11.99y
Unscaled peak VO,
Body mass 0.781%** 0.626*** 0.747**
Height 0.763*** 0.576*** 0.725***
Age 0.482*** 0.461*** 0.516***
Ratio-scaled peak VO, by body mass
Body mass -0.578*** -0.158* -0.479***
Height -0.265"** 0.163* -0.247**
Age -0.129 0.194"* -0.127
Allometrically scaled peak VO, (adjusted for weight using different exponents for each sex and age group)
Body mass -0.012 0.001 -0.019
Height 0.253"** 0.266"** 0.166*
Age 0.196** 0.265"** 0.157*
Peak VO, z score
Body mass 0.014 -0.024 0.009
Height <0.001 -0.011 -0.011
Age -0.010 -0.012 -0.003
*p<0.05,
**p<0.01,
#*p<0.001

https://doi.org/10.1371/journal.pone.0213674.t007

Female

12-16.99y

0.636"**
0.424***
0.179**

-0.191**
-0.041
-0.030

0.007
0.084
0.028

-0.003
0.085
0.051

Since 4 different subgroups with different scaling exponents for body mass were required, z
score calculation was developed to allows comparisons across different age and sex groups
[42], which improve the ability to monitor changes in cardiopulmonary fitness longitudinally.
There were no associations between z score of peak VO, with body mass, height, or age in all
subgroups, suggesting that the z score calculation was effective in removing the influence of

body size and age on peak VO,.

Cardiopulmonary fitness is one of the most important predictors of lower cardiovascular

and metabolic health risk and a valuable clinical diagnostic and prognostic tool. Identification
of children who have relatively low cardiopulmonary function is important given improve-
ments in cardiopulmonary function are possible with proper exercise training [43].

Both the allometric scaling and z score approaches likely provide superior decision making
with respect to the identification of children with low cardiopulmonary fitness (e.g. with a per-
centile rank <10). It should be noted that the relatively low R-squared values (<0.5, Table 6)
of the regression equations of predicted peak VO, for older children (12-16.99y) may reduce
the reliability of the resultant z scores [44, 45], our further analysis found that the agreement
between allometric scaling and z score was high, and since the z score is independent of body
size and age, it thus allows for longitudinal tracking, and may be a better choice for monitoring
children and adolescents over time. Nevertheless, these are complex approaches for data treat-
ment, and use in the clinical setting may be limited until accessible data processing is made
available, and we therefore provide an excel file for easy calculation of peak VO, z scores. The
development of mobile apps or online sites would be important in the future for easy access to
pediatric normal values.
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Study limitations

The sample size estimation was based on establishing a representative cohort with precise
extreme centiles for each age and sex. The estimated sample size did not provide sufficient
power for log-linear regression analysis to determine sex-specific exponents with high preci-
sion for each chronological year. Therefore, we formed younger (<12 years) and older (>12
years) groups to ensure the precision of the exponents.

We do not include lean body mass in the current study because we only had bioelectrical
impedance data on a limited number of our participants. Although scaling for lean body mass
is preferred [41], many clinical testing settings like our do not have easy more valid measures
of lean body mass such as dual-energy x-ray absorptiometry or magnetic resonance imaging.
Besides, physical activity level was also not measured in this study so that its impact on peak
VO, could not be examined. In this study, the cardiopulmonary exercise test was performed
on a treadmill and the reference values would not be applicable if the test was performed using
other ergometers such as a cycle ergometer.

Conclusions

In conclusion, we have provided comparisons between different body size scaling approaches
for peak VO, in Southern Chinese girls and boys and have shown these differentially impact
the interpretation of peak VO, with changes in age and sex. We recommend the use of z scores
for identifying Southern Chinese children with poor cardiopulmonary fitness, and provide an
accessible data processing tools for this purpose.

Supporting information

S1 Fig. Scatterplots relating VO, to age for boys.
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S2 Fig. Scatterplots relating VO2 to age for girls.
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