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Objective: The purposes of this study were to calculate and validate two models to estimate 
maximal oxygen uptake (VO2max) in Portuguese youths, aged 10-18 years, using a 20-meter 
shuttle run test (SR). Design: Subjects (54 girls and 60 boys) were divided into estimation (n= 
91) and cross-validation (n=23) groups, and their VO2max was directly measured by wearing a 
portable gas analyzer during the SR. The Multiple Linear Regression (MLR) and Artificial 
Neural Network (ANN) tests were carried out considering sex, age, height, weight, body mass 
index (BMI) and SR stage as predictors of VO2max. Estimations from MLR and ANN were 
compared with three other previously published equations. Results: In summary, the equation 
estimated by MLR is more appropriate for Portuguese youths than the equation estimate by 
ANN or the other three previously-published equations (validation coefficient for the MLR 
model: r=0.84, P<0.001; systematic error=-0.01±5.2, P>0.05; SEE=4.9). Conclusion: For 
Portuguese youths, the following equation would be recommended: VO2max= 43.313 + 
4.567*sex - 0.560*BMI + 2.785*stage. However, findings from this study also warn researchers 
that the use of equations to estimate VO2max may not be sensitive enough to detect small changes 
in individuals’ cardiorespiratory fitness in longitudinal observations and intervention studies, 
according to the dispersions of random error for all equations. 
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INTRODUCTION 
 
There is a good deal of evidence suggesting that 
cardiorespiratory fitness (CRF) is an important marker 
of cardiovascular health. In adults, low levels of CRF 
are considered predictors of mortality as a result of 
cardiovascular diseases (10, 28, 30). In young people, 
poor CRF is associated with obesity and features of 
metabolic syndrome (2, 13, 18, 32, 33). 
In terms of measurement, the maximum oxygen 
uptake (VO2max) is the criterion measure of CRF (38). 
However, protocols to directly measure VO2max 
usually require a research laboratory with 
sophisticated equipment, trained staff and increased 
costs. Alternatively, several field tests and equations 
have been developed to estimate VO2max, which are 
crucial for large sample studies and health surveillance  
policies. 
The 20-meter Shuttle Run Test (SR) created by Léger 
and colleagues (20) is a widely used field test. The SR,  

 
or some modified version, is included in a broad 
number of physical fitness test batteries. One of the 
most frequently-used versions is the PACER 
(Progressive Aerobic Cardiovascular Endurance Run), 
the standard CRF test for the FITNESSGRAM battery 
(39). 
The equation suggested by Léger et al. (20) to estimate 
VO2max remains the most frequently used, and it is 
included by default in the FITNESSGRAM software 
to estimate VO2max (14). On the other hand, several 
researchers have developed alternative equations to 
estimate VO2max for different population groups, 
including children and adolescents (8, 20, 24, 25, 34), 
attempting  to improve the validity and the accuracy of  
VO2max estimations. 
A   common   issue   that  arises  in  the use  of  several 
equations is the external validity of estimations. 
Usually, when estimation models are employed in a 
different population than that in which the equation 
originated, the validity and accuracy of estimations 
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decrease (35). These limitations could be related to the 
variety of methodological options available to estimate 
and validate equations, including statistical 
procedures, error analysis and presence/absence of a 
cross-validation group.  In a previous study, the 
validity and accuracy of five different equations were 
tested in Portuguese youths (35), including equations 
estimated by Multiple Linear Regression (8, 20, 25) 
and Artificial Neural Networks (34). Findings from 
that study suggested that more research is needed to 
calculate a valid and precise indicator of CRF, one that 
is determined from the SR in Portuguese children and 
adolescents.  
Therefore, this study aimed to estimate and validate 
two different models (MLR and ANN) to predict 
VO2max in Portuguese youths aged 10-18 years.  
 
MATERIAL AND METHODS 
 
Participants 
 
For this study, a total of 122 healthy young individuals 
(57 girls and 65 boys) from three schools in the 
District of Porto, Portugal, volunteered to participate 
in the study. The study was carried out following the 
Declaration of Helsinki guidelines for human research. 
The study’s purpose, nature, benefits and risks were 
explained to participants, parents/guardians and 
teachers. Informed written consent was obtained from 
the participants’ parents/guardians. The experimental 
protocol was approved by the Review Committee of 
the Institutional Scientific Board, as well as by the 
Foundation of Science and Technology from Portugal. 
 
Anthropometric Measures 
 
Height and weight were measured before testing, with 
participants wearing shorts and t-shirts only. Height 
was measured using a Holtain stadiometer (Holtain 
Ltd., Crymmych, UK) and recorded in centimetres to 
the nearest millimetre. Weight was measured to the 
nearest 0.1 kg with a Seca weight scale. Body mass 
index (BMI) was calculated by the ratio between 
weight and squared height (kg.m-2). 

 
Cardiorespiratory Fitness and Physiological 
Measurements 
 
Participants   performed the   SR   according   to   the 
described by FITNESSGRAM [PACER;(39)]. Briefly,  
the test consists in running back and forth between two 
lines 20 meters apart, with running speed determined 
by audio signals from a pre-recorded music CD. The 
running speed increases at the end of each one-minute 
stage. The running speed is 8.0 km.h-1 for the first 

stage, 9.0 km.h-1 for the second stage, and thereafter 
increases by 0.5 km.h-1 each minute. The test ends 
when the subjects twice fail to reach the lines at the 
time indicated by the audio signals, demonstrating an 
inability to keep the required pace. All participants 
were familiar with the test, since the FITNESSGRAM 
test battery is included in the Portuguese Physical 
Education curriculum. As a result, most of the students 
perform the 20m Shuttle Run Test at least three or four 
times a year. The total number of completed laps was 
recorded and then transformed into stages. The last 
completed stage was considering the SR variable and 
entering it into the equations estimated by this study. 
All subjects underwent the SR wearing a portable gas 
analyser (K4b2, Cosmed, Rome, Italy) and a heart rate 
monitor (Polar Electro Oy, Kempele, Finland) to 
directly measure oxygen consumption (VO2) and heart 
rate (HR), respectively. The weight of the Cosmed 
K4b2 was 1.5 kg, including the battery and a specially 
designed harness. McLaughlin and colleagues (26) 
reported that it is a valid device when compared with 
the Douglas bag method. Wearing the portable gas 
analyser during the 20-m shuttle run test does not 
significantly alter participants’ energy demands (16). 
Respiratory variables were recorded breath-by-breath, 
which in turn were averaged over a 10-second period, 
yielding a “fair” representation of the change in VO2 
during incremental exercise (6). Before each 
individual test, oxygen and carbon dioxide analysers 
were calibrated according to the manufacturer’s 
instructions. Directly measured VO2max or VO2peak 
were the main variables determined using the open-
circuit method. Directly measured VO2max was 
considered when a plateau in the VO2 curve was 
detected, defined as an increase in a VO2 of less than 2 
ml.kg-1.min-1 with a concomitant increase in speed 
stage. If a VO2 plateau was absent (15), the VO2peak 
was taken and defined as the highest oxygen uptake 
achieved during the SR at exhaustion (3). For practical 
reasons, from now on, this paper will refer to the 
highest VO2 values achieved in the SR as VO2max. 
Exhaustion was confirmed when: (1) subjects desired 
to stop or demonstrated an inability to maintain the 
required running pace despite strong verbal 
encouragement; (2) maximal heart rate was greater 
than 85% of age-predicted maximal heart rate (220-
age); (3) the respiratory exchange ratio (RER) was 
greater than 1.0 at the end of the test; (4) the 
participants showed symptoms of discomfort and/or 
signs of high sweating, facial flushing and grimacing 
(15). Careful control was taken concerning technical 
and environmental variables that might have had some 
influence on the results, so that highly reliable 
metabolic measures could be obtained. The protocol 
for the SR was carried out in groups of 11 students at 
time and,  for  each  group  of 11 subjects,  one student 
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Table 1. Descriptive values for physical and physiological characteristics and SR performance of study 
participants. 
 

 
Note: BMI=body mass index; SR= 20-meter shuttle run; VO2max=maximal oxygen uptake; RER=respiratory exchange ratio; 
HR= heart rate; * P<0.01 for comparisons between sex; **P<0.05 for comparisons between sex.   
 

 
was randomly selected to run carrying the portable gas 
analyser, while the others ran wearing a heart rate 
monitor (Polar Team System). Finally, a total of 122 
subjects had run wearing the Cosmed K4b2. 
 
Statistical analysis 

 
 Two groups of individuals were separated to estimate 

and cross-validate the equations. Approximately 80% 
of participants were randomly assigned in the 
estimation group. The remaining 20% were defined as 
the cross-validation group. Descriptive statistics 
(expressed as mean ± SD) were determined to provide 
anthropometric and physiological characteristics of the 
participants. Independent t-tests were performed for 
comparisons between sex and validation subgroups. 
Two new equations were calculated using the Multiple 
Linear Regression (MLR) and Artificial Neural 
Network (ANN) estimation models. Sex, age, weight, 
height, body mass index (BMI) and the last stage 
completed (stage) were set up as predictors or inputs 
(independent) variables. The outcome or the output 
(dependent) variable was the VO2max, measured 
directly in the SR by means of the portable gas 
analyser (measured VO2max). All variables were 
expressed in their original units, i.e., sex (0=girls and 
1=boys), age (years), weight (kg), height (cm), BMI 
(kg.m-2), speed (km.h-1) and measured VO2max (ml.kg-

1.min-1). Before running estimation procedures, 
Pearson correlation coefficients (r) were examined to 
observe the relationship between measured VO2max and 
predictors. The MLR model was constructed using the 
stepwise method. The VO2max estimated by the MLR 
model was named VO2maxMLR. The ANN model was 
built using the multilayered perceptron method. 
Predictors and outcome variables were normalized to a 
0-1 interval as an ANN step in order to facilitate the 
model’s learning. The resulting multilayered 
perceptron model consists of the following ANN 
architecture: 6 inputs (predictors), 4 hidden units (such 
as a latent dimension for another multivariate analysis) 
and 1 output (dependent). The best mathematical 
resolution for the ANN models tested was the logistic 
activation functions between input variables and 
hidden units and between hidden units and output. 
More recently, ANN models have been explored in the 
context of medicine, health, physical activity and 
sports sciences (9, 19, 21, 31, 36, 37). For more 
information about the related techniques used in this 
study, see Ruiz et al. (34). The VO2max estimated by 
the ANN model was defined as VO2maxANN. The 
normal distribution of the residuals was tested for both 
the MLR and ANN models. To verify whether the 
estimation models calculated by this study were better 
than previously published equations,   three   other    
equations were  selected  for comparison: Léger’s
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Table 2. Newly developed equations to estimate VO2max (ml.kg-1.min-1) from the SR. 

Method Equation and Inputs 

MLR VO2maxMLR= 43.313 + 4.567*sex - 0.560*BMI + 2.785*stage 

ANN VO2maxANN= (1/(1+EXP(-((1/(1+EXP(-(+((stage)/11)*-5.309 + (sex)*-1.968+((age-10)/8)*4.394 + 

((height-141)/46)*1.881 + ((weight-37)/59)*3.078 + ((BMI-16.23)/13.68)*4.429 - 4.302))))*-1.782 + 

(1/(1+EXP(-(+((stage)/11)*1.790 + (sex)*2.253 + ((age-10)/8)*1.770 + ((height-141)/46)*-1.060 + 

((weight-37)/59)*4.978 + ((BMI-16.23)/13.68)*-3.610-2.705))))*9.988 + (1/(1+EXP(-(+((stage)/11)*5.528 

+ (sex)*-6.357 + ((age-10)/8)*-1.068 + ((height-141)/46)*0.663 + ((weight-37)/59)*1.333 + ((BMI-

16.23)/13.68)*0.825-1.608))))*6.384 + (1/(1+EXP(-(+((stage)/11)*8.144 + (sex)*-0.724 + ((age-10)/8)*-

0.329 + ((height-141)/46)*6.170 + ((weight-37)/59)*-0.573 + ((BMI-16.23)/13.68)*0.373-4.679))))*-4.278 

-3.886))))*39.83 + 29.17 

Inputs: sex (0=girls; 1=boys); age (years); height (cm); weight (kg), BMI (kg.m-2) and stage (number of stages completed); 
MLR=multiple linear regression (stepwise method); ANN=artificial neural network (multilayered perceptron method); BMI= 
body mass index; equations are expressed with this shape for easy use with an Excel spreadsheet or SPSS syntaxes.  
 
equation (20) [VO2maxLéger], Barnett’s equation (8) 
[VO2maxBarnett], and Ruiz’s equation (34) 
[VO2maxRuiz]. The Léger’s equation was chosen 
because it was the original equation created with the 
SR. Findings from a previous study (35) suggest that 
Barnett and Ruiz equations had better agreement 
results with measured VO2max. The equation selected 
from Barnett et al. (8) used sex, age and speed as 
predictors. All five equations were tested for validity 
and error analyses as recommended (7, 17). Simple 
linear regression was used to calculate the validity 
correlation (correlation between the criterion measure 
and the estimation – measured and estimated VO2max) 
and the standard error of the estimate (SEE). A paired-
sample T-test was used to examine the mean 
differences (systematic error) between measured and 
estimated VO2max (7). The agreement between 
measured and estimated VO2max was observed with 
the Bland-Altman method (11, 12) for VO2maxMLR 
and VO2maxANN. All analyses were completed with 
SPSS 19.0 (SPSS Inc., Chicago, United States), with a 
significance level of 0.05.  

 
RESULTS 

 
After the determination of exhaustion parameters, 
those subjects who did not meet the exhaustion criteria 
(end-exercise RER superior to 1.0) were excluded 
from analyses. Thus, all analyses were carried out with 
a final sample of 114 subjects (54 girls and 60 boys), 
separated in the estimation (n=91) and cross-validation 
(n=23) groups. A VO2max plateau was detected in 
87.7% of participants. Table 1 shows descriptive 
statistics for participants’ physical characteristics and 
SR performance. Significant statistical differences 
were found between sex for height, weight, SR laps, 
SR stage, SR speed, measured VO2max, maximal 

ventilation and measured maximal HR. No differences 
were found between estimation and cross-validation 
groups (P>0.05). 

 Sex, age, height, weight, BMI and stage were 
considered to be predictors for measured VO2max. 
Correlation analyses indicated significant Pearson-r 
coefficients between measured VO2max and age 
(r=0.26; P<0.001), height (r=0.24; P<0.001), BMI 
(r=-0.34; P<0.001) and stage (r=0.77; P<0.001). 
When groups were split by sex, the variables age 
(r=0.26; P<0.001), weight (r=-0.35; P<0.05) and stage 
(r=0.68; P<0.001) were correlated with measured 
VO2max in girls and age (r=0.36; P<0.01), BMI (r=-
0.38; P<0.01) and stage (r=0.65; P<0.001) were 
correlated with measured VO2max in boys. Table 2 
provides equations estimated for the multiple linear 
regression and the artificial neural network methods. 
The residuals for both equations were normally 
distributed (non-significant Kolmogorov-Smirnov test; 
P>0.05).  

 To test the validity and the accuracy of the estimated 
VO2max (Table 3), the SEE, the validity correlation, the 
systematic error and the 95% limits of agreement 
(LOA) were observed for the two newly estimated 
equations (MLR and ANN) and for the other previous 
published equations (Léger, Barnett and Ruiz). SEE 
ranged between 4.9 (estimated MLR equation for the 
cross-validation group) and 7.1 ml.kg-1.min-1 (Léger’s 
equation for the total sample). Validation coefficients 
(correlation between estimated and measured VO2max) 
were significant for all equations (0.86>r>0.67; 
P<0.001). No mean difference (systematic error; 
P>0.05) was detected in the comparison between 
measured and estimated VO2max for the newly 
developed equations (MLR and ANN). However, a 
significant underestimation of measured VO2max 
(P<0.001) was found for Léger and Ruiz equations in 
the  total  sample  and  in  the  cross-validation  group.  
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Table 3. Descriptive values for estimated VO2max and validation parameters. 
 

Equation Estimated VO2max 
(Mean ± SD) 

Mean Difference  
(95% LOA) r SEE 

Total Sample (n=114)     
MLR 48.1 ± 8.1 0.0 (-11.2; 11.2) 0.80** 5.7 
ANN 47.8 ± 8.5 -0.3 (-10.0; 9.4) 0.86** 5.0 
Léger 45.2 ± 5.9 -2.9 (-16.8; 11.0)* 0.67** 7.1 
Barnett 47.5 ± 5.4 -0.6 (-14.0; 12.9) 0.71** 6.8 
Ruiz 44.1 ± 9.6 -4.0 (-16.8; 8.8)* 0.77** 6.2 

Cross-validation (n=23)     
MLR 49.3 ± 9.4 -0.1 (-10.2; 10.0) 0.84** 4.9 
ANN 47.9 ± 8.8 -1.5 (-12.8; 9.8) 0.79** 5.6 
Léger 46.6 ± 7.5 -2.7 (-10.6; 7.3)* 0.82** 5.2 
Barnett 48.5 ± 6.5 -0.9 (-11.4; 9.6) 0.80** 5.4 
Ruiz 45.2 ± 10.7 -4.2 (-17.0; 8.6)* 0.80** 5.5 

Note: MLR=multiple linear regression model; ANN=artificial neural network model; VO2max=maximal oxygen uptake; Mean 
Difference = VO2max estimated by the equation - VO2max measured directly (expressed in ml.kg-1.min-1); LOA=limits of 
agreement (mean difference ± 1.96SD); r = Pearson correlations between estimated and measured VO2max (validation 
coefficient); SEE = standard error of the estimate expressed in ml.kg-1.min-1; *P<0.001 for comparison between estimated and 
measured VO2max; **P<0.001 for correlations between estimated and measured VO2max. 

 
By analysing the 95%LOA, it would be expected that 
errors of estimation by these five equations would lie 
between –17.0 (for Ruiz’s equation) and +12.9 ml.kg-

1.min-1 (for Barnett’s equation). The Bland-Altman 
plots were explored in the cross-validation group for 
the two newly estimated equations (MLR and ANN), 
as represented in Figure 1. For the observed plots, the 
systematic error and the dispersion of random error 
(95% LOA) were reduced for VO2maxMLR in 
comparison to VO2maxANN. 
 
DISCUSSION 
 
In the present study, two new models to predict the 
maximal oxygen uptake (VO2max – the standard 
measure for cardiorespiratory fitness) were estimated 
and validated for Portuguese children and adolescents, 
based on their performance in the 20-meter shuttle run 
test. Also, the validity of three other previously-
published equations [Léger’s, Barnett’s and Ruiz’s 
equations (8, 20, 34)] was verified for Portuguese 
youths. In summary, the new equation estimated from 
the multiple linear regression could be considered the 
most satisfactory to estimate VO2max for Portuguese 
children and adolescents. The strengths of the study lie 
in the strategy to estimate and validate the two new 
equations, based on several assumptions: (a) the 
objective and direct measure of oxygen uptake while 
children and adolescents performed the SR; (b) the 
employment of two different statistical methods for 
estimating equations; (c) the analysis of data on three 
group levels (total sample, estimation group and cross-
validation group); (d) the analysis of equation 
accuracies in a cross-validation group; and (e) the use 
of robust statistics for validation analysis (7, 11, 12, 
17). 

The findings of the current study are of interest and are  
timely, since recent studies (1, 23, 33) have reported 
that reference-based standards for cardiorespiratory 
fitness expressed in units of VO2max (ml.kg-1.min-1) are 
valid for targeting young people at risk for metabolic 
syndrome and cardiovascular diseases. Also, the 
findings are opportune because there are a variety of 
equations for the prediction of VO2max that are based in 
SR performance, and there is no agreement in the 
literature concerning the appropriate equation for 
different populations. Moreover, the SR is widely used 
in Portugal. The FITNESSGRAM battery is the 
standard set of physical fitness tests implemented by 
the Portuguese Physical Education Curriculum. 

 The SR is a logically valid test, since its pacing 
simulates the criterion test to which it is most often 
compared: a maximal graded exercise test (14). In the 
present study, the validation model used by Ruiz and 
colleagues (34, 35), where subjects ran during the SR 
wearing a portable gas analyser, was used as an 
alternative to the usual laboratory treadmill reference 
test. In this case, the SR was assumed to be a 
maximally graded test, since physiological variables 
were measured directly and exhaustion criteria were 
satisfactorily achieved. Metabolic variables (VO2 and 
VCO2) were measured breath-by-breath and averaged 
across 10-second periods, which allowed a trustworthy 
depiction of the metabolism response to incremental 
effort. This sampling interval is more precise than 30 
or 60 seconds periods to determine the VO2 plateau 
and/or the VO2max. On the other hand, raw breath-by-
breath acquisition is subject to variability due to 
fluctuations in breathing frequency and tidal volume 
(6). This approach yields a more sensitive method than 
the backward VO2max extrapolation technique used by  
Léger  et al. (20).  The  backward  extrapolation  is  
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Figure 1. Bland-Altman plots for directly measured VO2max and estimated VO2max. Figure 1a and 1b respectively represents 
results for MLR and ANN equations in Bland-Altman plots. Solid lines represent mean differences (systematic error) between 
estimated and measured VO2max. Upper and lower broken lines represent 95% limits of agreement (mean difference±1.96 
standard deviations of differences). Centered broken lines represent the reference line for 0 (zero) mean differences. 

 
considered an outdated method (16, 34, 35), since it 
does not allow the detection of the VO2 plateau, and 
provides only an estimation of actual VO2. The use of 
new techniques, such as a field measure using a 
portable gas analyser, has enhanced the understanding 
of metabolic kinetics during maximal effort 
measurement, or any other habitual daily task.  

 A possible discrepancy factor for the comparison of 
equations is based on the fact that other studies 
determine VO2max values as directly measured from 
treadmill-based protocols, using this as the reference 
(standard) measure (8, 16, 24, 25). The exercise-mode 
differences in protocol to determine the reference 
measure of VO2max seem to indicate some discrepancy 
in energy demands. Metsios et al. (27) and Flouris et 
al. (16) suggested that VO2max for shuttle running 
appears to be higher than for treadmill running, but is 
still strongly correlated (r=0.96). This can be attributed 
to differences in exercise mode and technique, since 
shuttle runs incorporate pivot and turning movements 
characterizing another muscular and, consequently, 
metabolic involvement (16, 27).  Previous studies (8, 
22, 34, 35) showed that Léger’s equation (20) has an 
acceptable but not exceptionally strong concurrent 
validity, although Léger’s equation (20) is still used by 
the FITNESSGRAM software (14). Therefore, some 
effort should be made to improve VO2max prediction. 
Those efforts should consider 
methodological/statistical alternatives, as well as the 
selection/inclusion of CRF predictors. 
The selection of variables assumed to be VO2max 
predictors were based on gender differences detected 
in height, weight, SR laps, SR stages, SR speed, 
measured VO2max, maximal ventilation and maximal 
heart rate. Also, by exploring the relationship between 
the predictors and the outcome, age, height, weight, 

BMI and stage were found to be correlated with 
measured VO2max, which is in accordance with 
previous research (8, 24, 25, 34). Furthermore, it is 
expected that the inclusion of sex, age and 
anthropometrical measures would improve the 
percentage of the VO2max variance explained by 
prediction models (8, 24, 25, 34). Despite this, age, 
height and weight, for example, are indicators of 
growth and maturation, expressing changes in body 
size and composition, which can influence the 
expression of VO2max (4, 5, 29). 
Regarding the analysis of errors and validation 
coefficients, no significant systematic error was 
detected for the models estimated from the Portuguese 
population (MLR and ANN). However, a significant 
underestimation of VO2max was found for the Léger 
and Ruiz equations. The results for validation 
correlations are in accordance with previous studies, 
varying between 0.79 and 0.86 for MLR and ANN. 
For Barnett et al. (8), correlations ranged between 0.82 
and 0.85 for Hong Kong Chinese students. Matsuzaka 
et al. (25) reported correlations of 0.76 and 0.75 for 
Japanese children and adolescents. Mahar et al. (24) 
showed correlations between 0.65 and 0.67 for North 
American youths. Ruiz et al. (34) reported a 
correlation of 0.96 between measured and estimated 
VO2max. However, it should be highlighted that higher 
validation coefficients were described for the 
estimation samples. Actually, few studies tested the 
estimated equations in a cross-validation group (24, 
34). When the accuracy of a certain equation is tested 
in a cross-validation group, generally, validation 
coefficients drop, even when estimation and cross-
validation groups are similar. This was observed when 
the developed ANN model was employed in the cross-
validation group and when the previous published 
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equations were tested in the total sample of the present 
study, corroborating with findings from a previous 
study (35). The only exception for this behaviour was 
observed in the present findings for the developed 
MLR equation, which obtained improved validation 
values in the cross-validation group. 
In the search for an estimation model that better 
predicts VO2max for Portuguese youths, MLR and 
ANN were calculated. While MLR models are 
common and easier to understand, ANN models are 
more complex and characterized by a “black box” 
nature (34). By this complexity, it would be expected 
that the explained variance and the SEE for ANN 
models would be more satisfactory. Indeed, this is 
only for the estimation group. When ANN models are 
utilized in a different group of individuals, like the 
cross-validation sample, validation parameters are 
more favourable to the use of the MLR model, as 
suggested by these results. Also, the stepwise method 
used in the MLR model reduces the presence of some 
co-linearity between predictors, which is not an option 
for ANN models. Based on the mathematical law of 
parsimony, since the more complex model achieves no 
substantial improvement, it is more appropriate to 
choose the simplest one. When comparing the 
estimations between MLR and ANN models, no 
statistical differences were detected. 

 The findings from the present study should be 
considered together with some limitations. The 
equations estimated by this study were calculated and 
validated for the Portuguese population. Further 
research should be done to explore the accuracy of 
these equations in other populations. Moreover, it 
should be considered that other variables could be 
included and analysed as potential predictors. The 
maturation status, for example, could eventually 
contribute to the understanding of the variation of 
VO2max, as well as the predictors, over the growth and 
development process. Eventually, physical activity 
levels could also be included in the analyses. 
Unfortunately, the lack of this information does not 
allow exploration of whether the estimation models 
would behave in a different way if maturation status 
and physical activity levels were accounted for. The 
results also point to a substantial dispersion of random 
error (95%LOA), existing in all equations. 
Researchers should consider the possibility of biased 
results when the analysis requires more sensitive 
differential data, as required in longitudinal and 
intervention studies, for example, where SR assessed 
CRF. If that was the case, maybe a raw result from the 
SR, such as the number of completed laps or stages, 
could be more sensitive for detecting small but 
significant changes in CRF. However, for prospective 
studies, the clinical value of reference standards for of 
VO2max standards for the discrimination of children 
SR laps is not known. On the other hand, the accuracy 

and adolescents at high and low cardio-metabolic risk 
had already been described (1, 23, 33). Also, 
FITNESSGRAM Reference Standards for the number 
of laps were arbitrarily determined by inverting the 
equation from Léger for VO2max reference standards 
(14). From the perspective of future research, it would 
be useful to verify whether the raw value of the SR 
performance could determine a cut-off that could 
indicate subjects with a poor cardio-metabolic profile. 
In conclusion, the  model  estimated from  the multiple 
linear regression in the current study would be 
recommended for estimating the maximal oxygen 
uptake in Portuguese children and adolescents, as 
suggested by analyses of systematic error, validation 
coefficients and the standard error of the estimates, 
especially in the cross-validation group. However, 
users should be aware that the equations to estimate 
VO2max could not be sensitive enough to detect small 
changes in individuals’ CRF in longitudinal 
observations and intervention studies, according to the 
dispersions of random error.  
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