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Summary

Objective: To develop an artificial neural network (ANN)-equation to estimate max-
imal oxygen uptake (VO2max) from 20 m shuttle run test (20mSRT) performance
(stage), sex, age, weight, and height in young persons.
Methods: The 20mSRTwas performed by 193 (122 boys and 71 girls) adolescents aged
13—19 years. All the adolescents wore a portable gas analyzer to measure VO2 and
heart rate during the test. The equation was developed and cross-validated following
the ANN mathematical model. The neural net performance was assessed through
several error measures. Agreement between the measured VO2max and estimated
VO2max from Léger’s and ANN equations were analysed following the Bland and Altman
method.
Results: The percentage error was 17.13 and 7.38 for Léger and ANN-equation
(P < 0.001), respectively, and the standard error of the estimate obtained with
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1. Introduction

The maximal rate of oxygen uptake (VO2max) is
considered as a gold standard for measurement of
cardiorespiratory fitness. Cardiorespiratory fitness
is a direct marker of physiological status and reflects
the overall capacity of the cardiovascular and
respiratory systems and the ability to carry out
prolonged exercise [1]. In addition, recent reports
suggest that cardiorespiratory fitness is also an
important health marker in young individuals
[2,3]. High-cardiorespiratory fitness during child-
hood and adolescence has been associated with a
favourable plasma lipid profile in both overweight
and non-overweight adolescents [4], with total and
central body fat [5,6], features of the metabolic
syndrome [7,8], blood pressure [9], novel cardio-
vascular disease risk factors [10], and with arterial
compliance in young people [11]. These findings
support the concept that cardiorespiratory fitness
may exert a protective effect on the cardiovascular
system from an early age [2,3].

Cardiorespiratory fitness is one of the main
health-related physical fitness components used in
schools, sports centres and health institutions. One
of the most widely used field tests for estimating
cardiorespiratory fitness among adolescents is the
20 m shuttle run test (20mSRT), also called the
‘‘Course Navette’’ test [12,13]. The 20mSRTconsists
of 1-min stages of continuous incremental speed
running. The initial speed is 8.5 km/h, and increases
by 0.5 km/h per minute (1 min equal one stage),
reaching 18.0 km/h at minute 20. The participants
are required to run between two lines 20 m apart,
while keeping the pace with audio signals emitted
from a pre-recorded CD. The test ends when the
participant fails to reach the end lines concurrent
with the audio signals on two consecutive occasions.
The 20mSRT, or a slight modification of it, has been
included in several fitness batteries, such as the
EUROFIT [14], and the FITNESSGRAM battery [15].
The 20mSRT is a feasible fitness test, since a large
number of subjects can be tested at the same time,
which enhances the motivation of the participants.
It can be conducted indoors or outdoors in a rela-
tively small area, and on different surfaces (slippery
and rubber floors).

Several equations have been developed to esti-
mate VO2max from maximal speed attained during
the 20mSRT (Table 1). Léger et al. [16] developed an
equation based on a sample of 188 boys and girls
aged 8—19 years to estimate the VO2max from max-
imal speed attained during the 20mSRT, age and the
speed and age interaction. However, Léger’s equa-
tion has some limitations. Sex is not included in the
model, yet it is well known that physical perfor-
mance is different in boys and girls of all ages.
Moreover, the estimates of VO2max for low scores
were based on extrapolated data from the study
since the original study population did not have data
for these points. The accuracy of the Léger’s [16]
prediction model has been examined by several
researchers [17—26], but no attempts have been
made to develop a more accurate model in a wide
age range of young individuals.

It seems viable to develop a more accurate
VO2max equation for the adolescent period, while
taking those variables which have been shown to
have an impact on the level of cardiorespiratory
fitness into account. Published equations for VO2max

have the shape of a linear or quasi-linear expression
on different input variables (sex, age, body weight,
and stage) (Table 1). These types of models have
mainly been used because of their simplicity, ease of
using, and familiarity. A way forward in obtaining an
improved model could be done by exploring the
feasibility of newmethods. Recently, there has been
a growing interest in artificial neural networks
(ANN). ANNs have some theoretical advantages over
more traditional regression methods [27], such as its
capability of producing a nonlinear input—output
mapping. Predictive models based on ANNs have
been studied extensively in many areas of medicine
(e.g. breast cancer diagnosis, mortality assessment
in intensive care units, diagnostic scoring, renal
function evaluation, etc.).
Léger’s equation was 4.27 ml/(kg min), while for the ANN-equation was 2.84 ml/
(kg min). A Bland—Altman plot for the measured VO2max and Léger-VO2max showed a
mean difference of 4.9 ml/(kg min) (P < 0.001), while the Bland—Altman plot for the
measured VO2max and ANN-VO2max showed a mean difference of 0.5 ml/(kg min)
(P = 0.654). In the validation sample, the percentage error was 21.08 and 8.68 for
Léger and ANN-equation (P < 0.001), respectively.
Conclusions: In this study, an ANN-based equation to estimate VO2max from 20mSRT
performance (stage), sex, age, weight, and height in adolescents was developed and
cross-validated. The newly developed equation was shown to be more accurate than
Léger’s. The proposed model has been coded in a user-friendly spreadsheet.
# 2008 Elsevier B.V. All rights reserved.
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Table 1 Equations to estimate VO2max or peak from the 20 m shuttle run test

Study Sample Age (year) Input variables Equation to estimate VO2max or peak

(ml/(kg min))

Léger et al. [16] 188 boys
and girls

8—19 Speed and age Boys and girls: VO2max = 31.025 +
3.238 � S � 3.248 � A + 0.1536
� S � A (A the age; S the final
speed (S = 8 + 0.5 � last stage
completed)

Barnett et al. [17] 27 boys,
28 girls

12—17 Gender and skinfold and
speed

Boys and girls: VO2peak = 28.3
� 2.1 � G � 0.7 � Z + 2.6 � S
(G is gender (male = 0, female
= 1); Z is triceps skinfold; S the
final speed)

Gender and body weight
and speed

Boys and girls: VO2peak = 25.8
� 6.6 � G � 0.2 � BM + 3.2 � S
(G is gender (male = 0, female
= 1); BM the body mass (kg); S the
final speed)

Gender and age and
speed

Boys and girls: VO2peak = 24.2 � 5.0
� G � 0.8 � A + 3.4 � S (G is gender
(male = 0, female = 1); A the age;
S the final speed)

Stickland et al. [24] 63 boys,
62 girls

18—38 Last half-stage completed
and gender

Males: VO2max = 2.75 � X + 28.8.
Females: VO2max = 2.85 � X + 25.1
(X the last half-stage completed)

Fluoris et al. [25] 110 boys 21 � 2.5 Speed Boys: VO2max = (S � 6.65 � 35.8)
� 0.95 + 0.182 (S the maximal
attained speed)

Matsuzaka et al. [26] 62 boys,
70 girls

8—17 Gender and age and body
mass index and speed

Boys and girls: VO2peak = 25.9 � 2.21
� G � 0.449 � A � 0.831 � BMI +
4.12 � S (G is gender (male = 0,
female = 1); A the age; BMI is body
mass index; S the maximal running
speed)

56 boys,
99 girls

18—23 Gender and age and body
mass index and speed

Boys and girls: VO2peak = 61.1 � 2.20
� G � 0.462 � A � 0.862 � BMI +
0.192 � S (G is gender (male = 0,
female = 1); A the age; BMI is body
mass index; S is number of laps
completed)

Gender and body mass
index and speed

Males and females: VO2peak

= �2.19 � 3.46 � G � 0.416 � BMI
+ 5.22 � S (G is gender (male = 0,
female = 1); BMI is body mass
index; S the maximal running
speed)

Gender and body mass
index and speed

Males and females: VO2peak = 42.4
� 2.85 � G � 0.488 � BMI + 0.247
� S (G is gender (males = 0,
female = 1); BMI is body mass index;
S is number of laps completed)

Mahar et al. [23] 61 boys,
74 girls

12—14 Laps completed and
gender and body weight

Boys and girls: VO2peak = 47.438 +
(S � 0.242) + (G � 5.134) � BM
� 0.197 (S is number of laps
completed; G is gender (male = 1,
female = 0); BM is body mass (kg))
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The aim of this study was to develop an ANN-
equation to better estimate VO2max from 20mSRT
performance (stage), sex, age, weight, and height in
adolescents.
2. Methods

2.1. Subjects

A total of 203 adolescents (127 boys and 76 girls)
aged 13—19 years volunteered to participate in the
study after receiving a detailed explanation about
the aim and the clinical implications of the inves-
tigation. A comprehensive verbal description of the
nature and purpose of the study was also given to
the teachers. Written informed consent was
obtained from parents, and verbal assent was
obtained from participants. The criteria for inclu-
sion were: smoking, no personal history of cardio-
vascular or metabolic disease, free of disease, any
muscular or skeletal injuries, medication at the
time of the study and pregnancy. The experimental
protocol was approved by the Review Committee for
Research Involving Human Subjects at the University
of Granada, Spain.

A total of five adolescents discontinued the test
because of discomfort or distress. Several (n = 5)
technical problems also occurred during the test or
when downloading the data, which probably yielded
inaccurate VO2max results. Therefore, the final sam-
ple was confined to 193 (122 boys and 71 girls)
adolescents with reliable measures of VO2max.

2.2. Procedure

All participants performed the 20mSRT as pre-
viously described by Léger et al. [12]. Participants
were required to run between two lines 20 m
apart, while keeping the pace with audio signals
emitted from a pre-recorded CD. The initial speed
was 8.5 km/h, which was increased by 0.5 km/h
per minute (1 min equal one stage). The CD used
was calibrated over 1 min of duration. Participants
were instructed to run in a straight line, to pivot
on completing a shuttle, and to pace themselves
in accordance with the audio signals. The test was
finished when the participant failed to reach the
end lines concurrent with the audio signals on two
consecutive occasions. Otherwise, the test ended
when the subject stopped because of fatigue. All
measurements were carried out under standar-
dized conditions on an indoor rubber floored gym-
nasium. The participants were encouraged to keep
running as long as possible throughout the course
of the test.
All participants were familiar with the test. The
20mSRT is one of the fitness tests included in the
curriculum of Physical Education in Spain. However,
1 week prior the test, participants received a com-
prehensive instruction after which they also prac-
ticed the test. Subjects were instructed to abstain
from strenuous exercises 48 h prior to the test. All
the tests were conducted by the same investigators
and at the same time for each subject (between
10:00 to 13:00 h).

2.3. Physiological measurements

Heart rate was recorded every 5 s throughout the
20mSRTusing a Polar telemetry system (Polar 610i).
Moreover, participants wore a portable gas analyzer
(K4b2, Cosmed, Rome, Italy), the purpose of which
was to measure the VO2 during the 20mSRT. Respira-
tory parameters were recorded breath-by-breath,
which in turn were averaged over a 10-s period.
VO2max was the main parameter determined using
the open circuit method. Exhaustion was confirmed
when: (1) maximal heart rate was greater than 185
beats/min, (2) respiratory exchange ratio was
greater than 1.1, and/or (3) a detection of a plateau
in the VO2 curve, defined as an increase of VO2 less
than 2 ml/(kg min) with a concomitant increase in
stage.

The weight of the Cosmed K4b2 equipment is
1.5 kg including the battery and a specially designed
harness. It has been proven to be a valid device
when compared with the Douglas bag method [28].
Wearing the portable gas analyzer during the
20mSRT does not significantly alter the subjects’
energy demands, as it has been reported [25].

Before each test was conducted, the oxygen and
carbon dioxide analyzers were calibrated accord-
ing to the manufacturer’s instructions. This con-
sisted of performing a room air calibration and a
reference gas calibration using 15.93% oxygen and
4.92% carbon dioxide. The flow turbine was then
calibrated using a 3-l syringe (Hans-Rudolph).
Finally, a delay calibration was performed to adjust
for the lag time that occurs between the expiratory
flow measurement and the gas analyzers. During
each test, a gel seal was used to help prevent air
leaks from the face mask.

The total time (in s) and the last half-stage
completed (here called ‘‘stage’’) were recorded.
Measured VO2max was obtained directly from the
K4b2 data. Estimated VO2max was calculated by
the Léger’s equation [16] (Table 1). VO2max was
estimated by the most widely used equation (i.e.
Léger’s equation) in order to assess the error of the
VO2max measurements obtained from Léger’s and
from the new equation to be developed.
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Body weight was measured to 0.1 kg using a
standard beam balance, and body height was mea-
sured to the 0.1 cm using a transportable stadi-
ometer, with the participants clad only in their
underwear. These measures were taken prior the
test.

2.4. Validation sample

To confirm the usefulness of the ANN-equation, an
additional group of 29 adolescents (16 males, 13
females) of the same ages volunteered to perform
the 20mSRTand amaximal graded treadmill test in a
random order within a 2-week period. The 20mSRT
was performed following the same procedures as
explained above but without wearing the portable
gas analyzer. The maximal graded treadmill test
(Eric Jaeger, GmbH & Co., Wurzburg, Germany)
startedwith a 3-min warm-up at 6 km/h at 3% grade.
The speed was increased 1 km/h every 1 min, and
the grade was maintained at 3% throughout the test.
The test was terminated when the subject was
unable to continue despite verbal encouragement.
Heart rate was measured by JECg 12 Channels elec-
tromyography (Eric Jaeger, GmbH & Co., Wurzburg,
Germany). Oxygen uptake was measured via open
circuit spirometry using an automated gas analyzer
(Oxycon Delta Version 4.3, Eric Jaeger, GmbH & Co.,
Wurzburg, Germany) previously calibrated with
standard gases. Respiratory parameters were
recorded breath-by-breath, which in turn were
averaged over a 10-s period. Exhaustion was con-
firmed using the same criteria as described before.

2.5. Statistical analyses

The mathematical model used to build the new
equation to estimate VO2max from 20mSRT perfor-
mance (stage), sex, age, weight, and height in
adolescents was an ANN. An ANN is a mathematical
model that emulates some of the observed proper-
ties of biological nervous system and draw on the
analogies of adaptive biological learning. The ANN
modelling procedure has been described in detail
elsewhere [29]. In brief, to solve a problem using
ANN, a number of steps must be taken:
1. S
elect the type of neural net for the type of
regression problem to be solved, i.e. identifica-
tion of a VO2max estimator. One of the best
options for that purpose is to use a multilayered
perceptron.
2. D
ata preprocessing. The data gathered for this
study consists of a set of 193 instances, each
instance being composed of six variables. All
variables were originally expressed in their ori-
ginal units, i.e. sex (boys/girls), age (year),
weight (kg), height (cm), stage (last half-stage
completed), and VO2max (ml/(kg min)). The sam-
ple data was afterwards normalized to the [0.1,
0.9] interval, which simplified the learning of the
ANN regression model.
3. N
etwork design. The ANN architecture, i.e. the
number of input and output variables is set by the
problem. There are plenty of different models of
neural networks to choose from, each one having
its specific properties and advantages for its
particular application. One of the most success-
ful and most popular is the feed-forward multi-
layered perceptron. In this network, the
computing units are arranged into three layers,
which are conveniently ordered. The information
flows forward from the five neurons of the input
layer to the three connecting neurons of the
hidden layer and finally, to the single neuron
of the output layer using no backward connec-
tion. The first layer (the input layer) corresponds
to the independent variables (sex, age, weight,
height, and stage), while the third layer (the
output layer) corresponds to the dependent vari-
able score (VO2max). The intermediate layer,
which is a hidden layer, consists on all possible
connections between the input and the output
layer, and allows for a combined impact of a
multiple set of independent variables on the
output layer. This would be the same as testing
all possible interactions in a regression model,
but without adding any extra degrees of free-
dom. To perform the final model selection, i.e.
setting the size of the hidden layer, we con-
ducted a cross-validation process. The architec-
ture of the network used in this study is a
multilayered perceptron (5-3-1) (Fig. 1).

The activation function for the hidden and
output nodes in the logistic function is:
f(x) = 1/(1 + exp(�x)). Hence the function com-
puted by the network is ANN ðx1; . . . ;
x5Þ ¼ fðv1h1 þ v2h2 þ v3h3Þ, where x1, . . ., x5
are the input variables (sex, age, weight, height,
and stage); v1; v2; and v3 are the weights of
the links from hidden units to the output
unit; and hi is the function computed by the
hidden unit i, hiðx1; . . . ; x5Þ ¼ fðw1ix1 þ w2ix12 þ
w3ix3þw4ix4 þw5ix5Þ, wherew ji is the weight of
the link from input j to hidden unit i.
4. L
earning algorithm parameters. In order to
obtain the synaptic weights of the ANN, we used
the backpropagation algorithm [30]. The value
for the algorithm parameters are 0.2 for the
learning rate, and 0.5 for the momentum term.
The training of the network is stopped when the
sum of squared errors (SSE) falls below 0.00001
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Figure 1 Neural network architecture. *Last half-stage
completed.
or when 1500 training epochs have been per-
formed.
5. T
raining of the network. The ANN-model is iden-
tified by means of a data-driven process, where a
fraction of the available data set is used for
designing the model and it is referred to as the
training set. The remaining set of data is not used
in the design of the model as such but rather for
evaluating its validity once it is ready. This par-
ticular data set is called the test set.
6. V
alidation of the model. In order to validate the
feasibility of the ANN-model for this problem, a
cross-validation technique was applied [31]. It
means that the total dataset (composed of 193
samples) was randomly split into k parts with the
same number of samples, except one of them
(C = c1, . . ., ck). The process consists of building k
different neural networks. For the model i, with
i = 1, . . ., k the part ci is used as the test set, and
the remainder (all but ci) are used as the training
set. In our experiments, the value we have used
for k is the total number of samples in the data
set (n = 193). Thus each of the nets are built with
different training sets, and evaluated on differ-
ent and independent test sets.

The overall evaluation of the methodology is
measured as the average of the performance on
the test sets. Then we conducted another cross-
validation series with a k value of 10. The results did
not materially changed to those obtained for
k = 193.

The neural net performance was assessed
through an error measure. Suppose that N cases
are available to evaluate the model, where y is
the actual output (the measured VO2max) and ŷ is
the output computed by the net (estimated VO2max

from the ANN-equation). Then, a common measure
is the SSE (sum of squared errors) defined as

SSE ¼
XN

i¼1
ðyi � ŷiÞ

2

An easier way of understanding the expression for
the error is to use the percentage error, which can
be computed as follows: first, the SSE is averaged
over the number of cases, rendering the mean sum
of squared errors (MSE):

MSE ¼ 1

N

XN

i¼1
ðyi � ŷiÞ

2

MSE is then converted into domain units by taking
the root square and yielding the root mean sum of
squared errors (RMSE):

RMSE ¼
ffiffiffiffiffiffiffiffiffi
MSE
p

The percentage error should intuitively serve as a
good indicator of the performance of a given model:

%Error ¼ RMSE

domain width
� 100

The standard error of estimate (SEE), is another
way to illustrate the performance of the ANN-
model, which also serves for comparative purpose:

SEE ¼ SDy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� R2

yŷ
Þ

q

where SD is the standard deviation of the estimated
VO2max from the ANN-model, and R2 is the correla-
tion between the measured VO2max and the esti-
mated VO2max from the ANN-model.

The SSE difference between the Léger’s equation
and the ANN-model was examined by paired t-test.
A second ANN-model was built with the same pro-
cedure and variables as the previous one, but
instead of the last half-stage completed, the last
stage completed was used.

Sex differences were analysed by one-way ana-
lysis of variance (ANOVA), and adjusted for mass
significance as described by Holm [32]. Bivariate
correlation analysis was done in order to examine
the relationship between the measured VO2max and
the input variables (age, weight, height, and stage)
in boys and girls. The relationship between mea-
sured VO2max and estimated VO2max from Léger’s
equation and the ANN-model was also examined.
The overall differences between measured VO2max

and estimated VO2max from Léger’s equation and
ANN-model were calculated by means of ANOVA
for repeated measures. The agreement between
measured VO2max and estimated VO2max from
Léger’s and the ANN equation was assessed accord-
ing to the Bland and Altman method [33,34]. The
association between the difference and the magni-
tude of the measurement (i.e. heteroscedasticity)
was examined by regression analysis. P � 0.05
was considered significant. ‘‘P’’ is the probability
that a variate would assume a value greater than or
equal to the observed value strictly by chance:
P(z � zobserved) [35].
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Table 2 Physical characteristics and 20 m shuttle run performance of the study participants by gender

All (n = 193) Males (n = 122) Females (n = 71)

Age (year) 16.1 � 1.2 16.2 � 1.3 15.9 � 1.1
Height (cm) 168.3 � 9.1 172.5 � 6.7 161.0 � 8.2 *

Weight (kg) 64.6 � 13.3 68.5 � 13.5 58.0 � 9.8 *

Stage 6.5 � 2.4 8.0 � 1.7 4.0 � 1.1 *

Speed (km/h) 11.3 � 1.2 12.0 � 0.9 10.0 � 0.5 *

Time (min) 6.6 � 2.4 8.0 � 1.7 4.1 � 1.1 *

Heart rate (beats/min) 197.7 � 7.9 198.6 � 7.9 196.2 � 7.7
Léger-VO2max (ml/(kg min)) 43.0 � 6.8 47.0 � 5.0 36.2 � 2.9 *

Measured VO2max (ml/(kg min)) 47.7 � 10.0 53.9 � 6.2 37.1 � 5.0 *

Data are mean � S.D.
* P < 0.001 from comparisons between sexes.
3. Results

Physical characteristics and the 20mSRT perfor-
mance of the participants are presented in
Table 2. Boys and girls were similar in age, but boys
were significantly taller and heavier than girls.
Moreover, boys had significantly higher values in
all the 20mSRT performance-related variables. A
bivariate correlation analysis between the mea-
sured VO2max, age, weight, height, and stage in
boys and girls is presented in Table 3. VO2max was
significantly associated with age, weight, and stage
in both sexes. A borderline significant association
was found between VO2max and height in both boys
and girls. Fig. 2(A) shows the relationship between
the measured VO2max and the estimated VO2max

from the Léger’s equation, and Fig. 2(B) shows
the relationship between the measured VO2max

and the estimated VO2max from the ANN-equation.
Estimated VO2max from both the Léger’s and
the ANN-equation were significantly correlated
with the measured VO2max (r = 0.90 and 0.96,
respectively, both P < 0.001).
Table 3 Bivariate correlation analysis between mea-
sured VO2max (ml/(kg min)), age, weigh, height, and
speed in males and females

Age Weight Height Stagea

Males (n = 122)
VO2max, r �0.238* �0.517 *** �0.160 0.736 ***

Age, r 0.414 *** 0.252 ** 0.057
Weight, r 0.550*** �0.195 *

Height, r �0.070
Females (n = 71)
VO2max, r 0.501*** �0.241 * 0.219 0.813 ***

Age, r �0.081 0.147 0.418 ***

Weight, r 0.183 �0.118
Height, r 0.249 *

a Refers to the last half-stage completed.
* P < 0.05.
** P < 0.01.
*** P < 0.001.
The evaluation of the error of the VO2max mea-
surements obtained from Léger’s and the ANN-equa-
tion is presented in Table 4. The SSE was significantly
higher in Léger’s equation than in the ANN-equation
(P < 0.001). The SSE obtained from the ANN-model
built with the last stage completed was significantly
higher than the SSE obtain from the ANN-model built
with the last half-stage completed (1699.48 vs.
1600.91, respectively, P = 0.002). The ANN-equation
to estimate VO2max (ml/(kg min)) from 20mSRT per-
formance (stage), sex, age, weight, and height in
adolescents aged 13—19 years is depicted in Table 5.
The proposed model has been coded in a user-
friendly spreadsheet, and can be found at http://
Figure 2 (A) Relationship between estimated VO2max

from Léger’s equation and measured VO2max. (B) Relation-
ship between estimated VO2max from artificial neural net-
work (ANN)-equation and measured VO2max.

http://www.helenastudy.com/scientific.php
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Table 4 Evaluation of the error of the VO2max measurements obtained from Léger’s equation and the artificial neural
network (ANN)-equation (n = 193)

Error measure Equation

Léger ANN

SSE ¼
PN

i¼1ðyi � ŷiÞ
2 ðml=ðkgminÞÞ2 8663.14 1600.91

MSE ¼ 1
N

PN
i¼1ðyi � ŷiÞ

2 ðml=ðkgminÞÞ2 44.89 8.29

RMSE ¼
ffiffiffiffiffiffiffiffiffi
MSE
p

ðml=ðkgminÞÞ 6.70 2.88

%Error ¼ RMSE
domain width� 100 ð%Þ 17.13 7.37

SEE ¼ SDy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� R2

yŷ
Þ

q
ðml=ðkgminÞÞ 4.27 2.84

SSE, sum of squared errors; MSE, mean of squared errors; RMSE, root mean squared errors; SEE, standard error of estimate. N are the
cases available to evaluate the model where y is the actual output (measure VO2max) and ŷ is the output computed by the either Léger’s
equation or the net (ANN-VO2max).
www.helenastudy.com/scientific.php (accessed 11
June 2008).

The Bland—Altman plot for the measured VO2max

and the estimated VO2max from Léger’s equation
showed a mean difference of 4.9 ml/(kg min)
(Fig. 3(A)). The 95% limits of agreement ranged from
�4.3 to 14.1 ml/(kg min). There was a statistically
significant difference between the measured VO2max

and the estimated VO2max from the Léger’s equation
(47.7 ml/(kg min) vs. 43.0 ml/(kg min), P < 0.001).
The Bland—Altman plot for the measured VO2max and
the estimatedVO2max from theANN-equation showed
amean difference of 0.5 ml/(kg min) (Fig. 3(B)). The
95% limits of agreement ranged from�5.1 to 6.1 ml/
(kg min). There was no statistical significance differ-
ence between the measured VO2max and the esti-
mated VO2max from the ANN-equation (47.7 ml/
(kg min) vs. 47.2 ml/(kg min), P = 0.654). There
was an association between the difference and the
magnitude of the measurement (i.e. heteroscedas-
ticity) for the Léger’s equation (P < 0.001), but not
for the ANN-equation (P > 0.5).

The error assessment of the VO2max measure-
ments obtained from Léger’s and the ANN-equation
in an independent validation sample is presented in
Table 5 Syntax (Excel spreadsheet) of the artificial neural n
from 20mSRT performance (stage), sex, age, weight, and he

VO2max (ml/(kg min)) = (1/(1 + exp(�(1/(1 + exp(�((A1 � 0.8
+ (�1.38571428571)) � 0.54719 + (C1 � 0.012213740458 + (
+ (�2.76356892177)) � �0.51381 + (E1 � 0.0842105263158
� (�0.95905) + 1/(1 + exp(�((A1 � 0.8 + (�0.7)) � (�1.193
(�1.54924) + (C1 � 0.012213740458 + (�0.406870229008))
+ (�2.76356892177)) � 0.77773 + (E1 � 0.0842105263158 +
2.19501 + 1/(1 + exp(�((A1 � 0.8 + (�0.7)) � 1.38191 + (B1
+ (C1 � 0.012213740458 + (�0.406870229008)) � 0.0485 + (
+ (E1 � 0.0842105263158 + (�0.0684210526316)) � (�4.900
(�0.478945173945))/0.0204587840012

A1 = sex (boys = 1; girls = 2); B1 = age (year, age range 13—19 years); C
spreadsheet can be found in http://www.helenastudy.com/scientific
Table 6. The SSE was significantly higher in Léger’s
equation than in the ANN-equation (P < 0.001).
There was a statistically significant difference
between the measured VO2max and the estimated
VO2max from the Léger equation (54.9 ml/(kg min)
vs. 47.1 ml/(kg min), P < 0.001). The mean differ-
ence was 7.8 ml/(kg min), and the 95% limits of
agreement ranged from 6.1 to 8.5 ml/(kg min).
There was a difference between the measured
VO2max and the estimated VO2max from the ANN-
equation (54.9 ml/(kg min) vs. 57.4 ml/(kg min),
P < 0.05). The mean difference was �2.4 ml/
(kg min), and the 95% limits of agreement ranged
from �3.5 to �1.3 ml/(kg min).
4. Discussion

In this study, an ANN-based equation to estimate
VO2max from 20mSRT performance (stage), sex, age,
weight, and height in a sample of 193 adolescents
aged 13—19 years was developed and cross-vali-
dated. The equation is based on: (1) direct VO2 data
collected while the adolescents performed the
20mSRT. (2) The use of a numerical procedure to
etwork-based equation to estimate VO2max (ml/(kg min))
ight in adolescents aged 13—19 years

+ (�0.7)) � (�1.03329) + (B1 � 0.114285714286
�0.406870229008)) � 0.61542 + (D1 � 0.0195598978221
+ (�0.0684210526316)) � (�0.92239) + (�0.34242))))
67) + (B1 � 0.114285714286 + (�1.38571428571)) �
� (�3.18931) + (D1 � 0.0195598978221
(�0.0684210526316)) � 3.31887 + (�0.55696)))) �
� 0.114285714286 + (�1.38571428571)) � (�2.14449)
D1 � 0.0195598978221 + (�2.76356892177)) � 0.10879
52) + 0.53905))) � (�2.567) + (�0.05105)))) �

1 = weight (kg); D1 = height (cm); E1 = stage (0.5). A user-friendly
.php (accessed 11 June 2008).

http://www.helenastudy.com/scientific.php
http://www.helenastudy.com/scientific.php
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Figure 3 (A) Bland—Altman plot for the measured
VO2max and estimated VO2max from Léger’s equation. Cen-
tral line represent the mean difference between equa-
tions (4.9 ml/(kg min)) and broken lines represent upper
and lower 95% limits of agreement (�4.3 to 14.1 ml/
(kg min)). (B) Bland—Altman plot for the measured VO2max

and estimated VO2max from artificial neural network
(ANN)-equation. Central line represent the mean differ-
ence between equations (0.5 ml/(kg min)) and broken
lines represent upper and lower 95% limits of agreement
(�5.1 to 6.1 ml/(kg min)).
build the ANN-equation. (3) A fairly large amount
of adolescents participating in the test. (4) The
inclusion of variables that have previously shown
Table 6 Evaluation of the error of the VO2max measurement
network (ANN)-equation in the validation sample (n = 29)

Error measure

SSE ¼
PN

i¼1ðyi � ŷiÞ
2 ðml=ðkgminÞÞ2

MSE ¼ 1
N

PN
i¼1ðyi � ŷiÞ

2 ðml=ðkgminÞÞ2

RMSE ¼
ffiffiffiffiffiffiffiffiffi
MSE
p

ðml=ðkgminÞÞ

%Error ¼ RMSE
domain width� 100 ð%Þ

SEE ¼ SDy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� R2

yŷ
Þ

q
ðml=ðkgminÞÞ

SSE, sum of squared errors; MSE, mean of squared errors; RMSE, root
cases available to evaluate the model where y is the actual output (me
equation or the net (ANN-VO2max).
to influence the VO2max for the particular age group
being tested. All variables included in the equation
are easy to be measured in population-based studies
and no specific equipment is required to collect the
data. All the technical and environmental variables
that may have an influence on the results were
carefully controlled in order to obtain highly reli-
able VO2 measures. (5) The use of a precise method
for assessing agreement between two methods. The
most frequently used summary statistics to assess
overall agreement between the measurements of
different methods has been correlation coefficient.
However, correlation is a measure of the strength of
association between two variables but not necessa-
rily a measure of agreement [36].

The ANN-based equation proved to be more accu-
rate for a prediction of the VO2max value than
Léger’s equation for the samples of adolescents
studied. Léger’s equation had an error of 17.13%,
while the ANN-equation had an error of 7.38%. The
SEE calculated from Léger’s equation was almost
twice as high as that obtained with the ANN-equa-
tion (4.27 ml/(kg min) vs. 2.84 ml/(kg min), respec-
tively). Moreover, Léger’s equation significantly
underestimated VO2max by 4.9 ml/(kg min) when
compared with the measured VO2max (P < 0.001),
while the ANN-equation slightly underestimated
VO2max by 0.5 ml/(kg min) (P = 0.654). The results
of this study are in alignment with previous
research, which has shown a systematic underesti-
mation of the VO2max value calculated from Léger’s
equation [24,37]. Similar results were obtained
when the equation was applied to an independent
group of adolescents.

Differences between the results obtained from
the ANN-equation and those obtained from Léger’s
equation may be partly explained by the test pro-
tocols and the gas analysis procedures used for the
tests. Léger et al. recorded VO2max by using the
s obtained from Léger’s equation and the artificial neural

Equation

Léger ANN

2310.85 391.55

67.97 11.52

8.24 3.39

21.08 8.68

2.86 2.78

mean squared errors; SEE, standard error of estimate. N are the
asure VO2max) and ŷ is the output computed by the either Léger’s
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backward extrapolation technique [16]. This tech-
nique has been extensively validated, but it can only
be considered as an estimate of the actual VO2max.
The present method seems to be a more sensitive
method, since data were averaged every 10 s, which
allowed for the detection of a plateau in the VO2

over the final workloads.
The ANN-equation has other advantages over

Léger’s equation, and also on more recently pub-
lished regression equations (Table 1), such as the
inclusion of several variables that influence the
level of VO2max. The reason why sex, age, weight,
height, and stage were used as predictive input
variables for estimating VO2max in the ANN-equation
is argued below.

Sex. As it could be expected, there was a sig-
nificant difference between boys and girls in the
measured VO2max value. This finding is also consis-
tent with normative data showing lower levels of
VO2max for girls than for boys [38]. However, Léger’s
equation does not account for sex. Factors explain-
ing the lower VO2max values observed in girls may be
related to the fact that girls usually have a lower
development of muscular mass and higher fraction
of body fat [39]. Moreover, it has been suggested
that women may be more prone to pulmonary lim-
itations during heavy exercise (and perhaps submax-
imal intensities) than men, which is supposedly due
to the influence of the reproductive hormones
(estrogen and progesterone) in combination with
a reduced pulmonary capacity [40]. A greater ven-
tilatory work associated with an increased expira-
tory flow limitation during the exercise and gas
exchange impairments seems to be of primary
importance. The influence of sex on VO2max has also
been taken into account in others published equa-
tions [17,23,24,26]. Stickland et al. [24] developed
two sex-specific equations with similar slopes for
both men and women aged 18—38 years. They found
a slightly lower Y-intercept value for women, which
is in agreement with our findings. Mahar et al. [23]
developed an equation based on a sample consisting
of 61 boys and 74 girls aged 12—14 years in which
sex, number of laps completed, and body weight
were included as independent variables (Table 1).

Age. Léger et al. [12] included age as one of the
independent variables in their model, which was not
the case in other published equations [23—25]. The
age range of the adolescents involved in the present
study was similar to the study made by Léger et al.
[12]. However, the youngest adolescent in our study
was 13 years old, while the youngest person in
Léger’s study was 8 years old. Findings from cross-
sectional and longitudinal studies have shown that
age is associated with VO2max in both adolescents
and adults [38,41,42].
Adolescence represents a period of life where
many changes occur. Therefore, age might be an
important factor to control for in order to under-
stand the contribution of those age-dependent fac-
tors. It has been suggested that rather than using the
chronological age as a measure for this variable,
sexual maturation (i.e. biological age) may be a
more accurate marker of the physiological status
of the person in this particular period of life [43].
However, findings from cross-sectional studies
examining the influence of sexual maturation on
VO2max have shown that sexual maturation may
account for only a small proportion of the variance
in the measured VO2max value [44], and that weight
and height are primarily responsible for variation in
VO2max throughout maturation [45]. Another reason
why sexual maturation was not included in the
equation was due to the suspected inaccuracy in
self-reporting tanner stage in some circumstances,
and the need for a paediatrician or trained physician
tomake an objectivemeasurement, which is in most
setting not feasible.

Body size: weight and height. The increases in
VO2max are influenced by changes in body weight and
height. Controlling the effect of changes in body size
in growing adolescents is critical in order to under-
stand the relative contributions of other factors
influencing changes in VO2max, such as sex, matura-
tion, habitual physical activity, and functional car-
diorespiratory improvements. The conventional
(ratio) approach for controlling or ‘‘normalizing’’
VO2max for body size has been to divide the VO2max

value by kilogram of body weight. However, in
walking/running activities, height also has been
shown to have an impact on the performance,
and specially in those activities incorporating shut-
tle running such as the 20mSRT [25,46]. Body weight
has usually been used as a measure of body size. Yet,
it has also been suggested that height could be used
when scaling body size to account for possible dis-
proportionate changes in muscle mass with increas-
ing body size [47]. This study shows that both body
weight and height are significantly correlated with
the 20mSRT performance (Table 3). Body weight was
negatively correlated with VO2max (r = �0.517,
P < 0.001; r = �0.241, P < 0.043 for boys and girls,
respectively), while the correlation between height
and VO2max was less evident (r = �0.170, P = 0.079;
r = 0.219, P = 0.066 for boys and girls, respectively).
It is worth noting that height is negatively correlated
with VO2max for boys, while the opposite is true for
girls. Girls had significantly lower height than boys
(161.0 cm vs. 172.5 cm, respectively, P < 0.001),
which may indicate that height has a positive con-
tribution on the 20mSRT performance up to a certain
level after which it has a negative impact. It is



Artificial neural network-based equation 243
tenable that various biomechanical complexities of
shuttle running may account for this. Other
approaches have recommended the use of allo-
metric scaling exponents [48] or accounting for
fat-free mass [49] in order to allow for a more
appropriate study on the impact of body size differ-
ences on VO2max. However, the allometric scaling
exponents have not been universally reported [47],
and the use of fat-free mass needs either expensive
instrumentation or trained evaluators (when
derived from anthropometric measurements) which
is not often a feasible choice, especially in schools
settings.

There are several equations including body size
measurements in themodel [17,23,26]. Theequation
developed by Mahar et al. [23] includes both weight
and height as single variables and as a ratio [body
weight in kg divided by height in m2 (BMI)] (Table 1).
They also developed another equation where only
weight is used as a predictive variable in themodel. A
SEEof 6.38 and6.35 ml/(kg min)was reported for the
first and second equation, respectively. These results
are slightly higher than the SEE obtained in the
present study by means of both the Léger’s and the
ANN-equation (4.27 and 2.84 ml/(kg min), respec-
tively). Some aspects of the methods used may
explain the observed differences in the SEE values.
Mahar et al. [23] used a multiple regression model to
predict themeasuredVO2max from the number of laps
completed on the 20mSRT. The following variables
were included: sex and bodymass or BMI. The depen-
dent variable in the regression model was measured
VO2max, which was collected while running until
exhaustion on the treadmill. Energy demands during
shuttle runninghavebeen reported tobehigherwhen
compared with treadmill running [25], which can be
attributed to the mode of exercise, technique, and
musculature employed in the two conditions. This
may be another source or error of the equations
built with VO2max values collected from treadmill-
based protocols [17,23—26]. This may also explain
the differences (�2.4 ml/(kg min)) found in the vali-
dation sample between the measured VO2max in the
treadmill and the estimated VO2max from the ANN-
equation.

Stage. In the ANN-equation, the maximal 20mSRT
performance attained is calculated from the last
half-stage completed, so it allows credit for 30 s
when participants fall short of completing a full
stage. This increased precision should help in
detecting changes in fitness in interventional stu-
dies, follow-up studies, in athletes before and after
a period of training, etc. The Léger’s equation used
maximal speed calculated from the last stage com-
pleted. Therefore, subjects falling just short of
completing a full 1-min stage would be ascribed
to the previously completed stage. Consequently,
the ANN-equationmay allow for a greater sensitivity
in the estimation of VO2max when compared with
Léger’s equation. Stickland et al. [24] also used the
last half-stage completed as the measure of the
20mSRT performance to build a prediction model
for adults, and it allowed for a higher degree of
accuracy when compared with Léger’s equation.

Constraints. It is important to acknowledge that
the 20mSRT is a test requiring maximal effort.
Special attention has to be paid during the course
of the test as such, since today there are at least
three major variants of the test available. Special
attention should also be on the cassette or CDs to be
used. Methodological variations in these cassettes
(e.g. calling the stage number at the start vs. the
finish of each stage; using only full minutes vs. both
full minutes and half minutes to indicate completed
stages) mean that identical performances are
reported in different ways.

The main limitation of the ANN is its complexity
and its ‘‘black box’’ nature. The complexity of the
ANN-equation may become rather inconvenient
when applied in the field. However, even when using
Léger’s equation in a relatively big sample of sub-
jects, a programmable device (spreadsheet) is
required. Similarly, the estimation of VO2max using
the proposed ANN-equation can be done bymeans of
a spreadsheet.

Some of the advantages of using an ANN-model
need special attention: (1) its capability of producing
a nonlinear input—outputmapping. A neural network
computes a function, which maps its inputs variables
with its output. A nonlinear relationship could exist
between the input and the output variable. However,
ANNs are especially suitable for modelling highly
nonlinear maps. (2) Its learning ability (adaptivity).
A neural network can be trained to perform a specific
task, for example, reproducing an unknown input—
output mapping. There is always a neural network
which will match your input variables as closely as
possible with your output for a given set of data. In
other words, you can approximate a given input—
outputmapwith a network as precise as youneed. (3)
Theability to generalize. AnANN-model canbe set up
to be trained to produce a correct output for a given
set of input data. The applications from the present
investigationwould be further increased by perform-
ing validation studies in specific populations and in
different countries.
5. Conclusions

In this study an ANN-equation to estimate VO2max

from 20mSRT performance (stage), sex, age, weight,
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and height in adolescents aged 13—19 years was
developed and cross-validated. The newly developed
equationwas shown to bemore accurate than Léger’s
equation in the sample of adolescents studied.
All variables included in the equation are usually
measured in population-based studies, no specific
equipment is required to collect the data, and is
not time-consuming. The proposed model has been
coded in a user-friendly spreadsheet, and can be
found at http://www.helenastudy.com/scientific.
php (accessed 11 June 2008).
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