Published 01 January 2021
https://doi.org/10.5672/apunts.2014-0983.es.(2021/1).143.02

OPEN

ACCESS

Editor:

© Generalitat de Catalunya
Departament de la Presidéncia
Institut Nacional d’Educacio
Fisica de Catalunya (INEFC)

ISSN: 2014-0983

*Corresponding author:
Bruno Bazuelo-Ruiz
bruno.bazuelo@uv.es

Section:
Physical Activity and Health

Original language:
English

Received:
5 February 2020

Accepted:
8 July 2020

Published:
1 January 2021

Cover:

Handball Spain:

Ademar Ledn and Liberbank
Sinfin play the first match
with masks during a

Sacyr Asobal league game
in October 2020, to
comply with the regional
regulations of COVID-19.
J.Casares/(EPA) EFE/
lafototeca.com

issue 143

Validation of Oxygen Consumption
Prediction Equations and New Formulas
for Interval Training

Bruno Bazuelo-Ruiz'™* 2, Helios de Rosario?? (2 & Juan V. Dura-Gil?

1Department of Physical Education and Sports, Universidad de Valencia, Valencia. (Spain)
?|nstituto de Biomecanica de Valencia, Universitat Politécnica de Valéencia, Valencia. (Spain)
3CIBER de Bioingenieria, Biomateriales y Nanomedicina (CIBER-BBN). (Spain)

Cite this article:

Bazuelo-Ruiz, B., De Rosario, H., & Dura-Gil, J.V., (2021). Validation of oxygen consumption prediction
equations and new formulas for interval training. Apunts. Educacion Fisica y Deportes, 143, 9-16.
https://doi.org/10.5672/apunts.2014-0983.es.(2021/1).143.02

Abstract

Objectives. Our aims were to determine whether there is any significant diffe-
rence between the measured and estimated energy expenditure for the most
commonly used prediction equations in the literature, and to develop a new
specific prediction equation for aerobic interval training with a broader cross-
section of the population in terms of age, fitness and body mass index (BMI).
Methods. Twenty healthy participants were recruited for this study. Two groups
of ten people were established depending on their BMI. The low BMI group
ranged between 19 and 22, and the high BMI group between 26 and 29. The
test protocol consisted of 12 individualized intensities, 6 walking and 6 run-
ning speeds on a treadmill, measuring both heart rate and energy expendi-
ture. The rest time between intervals ranged between 1 and 2 minutes
Main results. The measured oxygen consumption was found to be signi-
ficantly different from those predicted by the walking and running equa-
tions selected from the literature. The Léger equation was the best of the tes-
ted equations to estimate oxygen consumption for walking and the ACSM
formula was the best for running. However, neither was found to be very accurate.
Conclusions. The prediction equations selected from the literature in this study
were not accurate enough to estimate oxygen consumption during aerobic interval
training. We propose four new formulas to improve the estimation of the metabolic
cost in interval activities in a population with wider characteristics than those found
in the literature.
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Introduction

Estimating metabolic cost during exercise has been studied
for a long time due its relevance in individualized exercise
prescription. More precise knowledge about individual
energy expenditure (EE) is useful for the medical com-
munity, sports trainers and individual patients. Walking
and running are the most widely recommended physical
activities in populations aiming to improve their quality
of life. In fact, most EE prediction equations focus on
walking and running modalities. Within these modalities,
it is still unknown what key factors — such as volume, fre-
quency, intensity and density — are most suitable for each
case. Continuous moderate-intensity exercise (CMIE) has
been traditionally prescribed by doctors and sports train-
ers. However, new types of exercise, like aerobic interval
training (AIT), have gained popularity because of their
adherence to exercise (Currie et al., 2013) and enhanced
benefits compared to CMIE (Hwang et al., 2011; Warburton
et al., 2005). Interval exercises can be defined as repeated
short bouts of work phases followed by short recovery
phases. The main benefits detailed in previous studies
include improvements in endothelial and mitochondrial
function (Wislgff et al., 2007), functional capacity gains
(Daussin et al., 2007; Helgerud et al., 2007) and preven-
tion of cardiovascular diseases (Kemi & Wisloff, 2010).
These improvements can all result in a better quality of
life (Nilsson et al., 2008) and many people can benefit
from this kind of exercise, whether healthy participants
(Tsukamoto et al., 2016) or patients with heart disease
(Rognmo et al., 2004).

The direct determination of EE is expensive, time-
consuming and subject to laboratory conditions. On the
other hand, a valid alternative is oxygen consumption
estimation from prediction equations found in the literature.
Most variables measured for this estimation were accelera-
tion parameters (Bouten et al., 1994; Staudenmayer et al.,
2009), heart rate (HR) signals (Keytel et al., 2005; Pettitt
et al., 2007) or spatio-temporal parameters (Glass et al.,
2007; Hall et al., 2004; Loftin et al., 2010). However, a
disadvantage of these equations is that the population used
in most investigations was very similar, typically young
healthy participants. Moreover, all equations were designed
for steady-state submaximal exercise.

Therefore, our aims were (i) to determine whether
there is any significant difference between the measured
and estimated energy expenditure (EE) for the most com-
monly used prediction equations in the literature, and (ii)
to develop a new specific prediction equation for aerobic
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interval training with a broader cross-section of the popula-
tion in terms of age, fitness and body mass index (BMI).

Methodology

Participants

Twenty healthy participants (10 males and 10 females) were
recruited for this investigation. Two groups of ten people
were established depending on their body mass index (BMI).
The characteristics of the study participants were the fol-
lowing: Low BMI (5 males and 5 females): age 30+9.2
years; body mass 59.17+8.71 kg; height 1.71 +.13 m; BMI
20.17+.81; High BMI (5 males and 5 females): age 40.2+9.3
years; body mass 78.86+13.63 kg; height 1.67+.14 m;
BMI 28.17+1.17. The low BMI group ranged between
19 and 22 and the high BMI group between 26 to 29. All
participants reported that they were free from any cardiac
disease or injury that could limit their ability to complete
the test. Participants refrained from strenuous exercise for
a minimum of 24 hours and refrained from caffeine con-
sumption for at least 6 hours before each testing session.
The study protocol adhered to the tenets of the Declaration
of Helsinki and received the Ethics Committee approval of
the Polytechnic University of Valencia. All participants gave
their informed, written consent.

Procedure

The test protocol consisted of 12 individualized intensities,
6 walking and 6 running speeds. These were established as
the participants warmed up according to their individual
fitness levels. Regarding the walking and running modali-
ties, participants had to report three speeds. For the walking
modality, the first was a comfortable walking speed that
participants were used to while walking normally, while
the second was a speed at which they could walk and run
slowly. From this range, it was equally subdivided in 6 parts
to get the 6 walking speeds. The maximum walking speed
was selected as the lowest running speed (light jogging).
The maximum running speed corresponded to the speed at
which participants could maintain at least 4 minutes without
reaching visible signs of high levels of fatigue. From the
lowest and maximum running speeds, this range was equally
subdivided to get the 6 running speeds. Having established
their individual speeds, all participants performed 12 different
speeds in a randomized order. The reason to establish this
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number of repetitions or speeds was to analyse if prediction
equations worked correctly in different intensities of walking
and running, not just one walking or running speed. Each
speed lasted 3 minutes and between there was a rest time of
1 minute after walking speeds and 2 minutes after running
speeds. Three minutes was enough time to measure stable
oxygen consumption (Nieman, 2010). From this time, the
last two minutes for each speed were taken into account for
energy consumption analysis (Nieman, 2010). Before the
warm-up period, the resting heart rate (HR _) and energy
expenditure were measured over a period of 5 minutes in
a sitting position.

Material and Instruments

The tests were performed on a calibrated treadmill (HP
Cosmos, Mercury, Germany) with a 1% treadmill grade
(Jones and Doust, 1996). HR signals were measured by
a nECG MINDER (Nuubo, Spain), which was placed on
the participant’s chest. Energy expenditure was measured
by indirect calorimetry, utilizing open circuit spirometry
of the Cosmed K4b2 metabolic analyser (Rome, Italy).
The gas analyser was calibrated every morning before the
commencement of the tests.

Data analysis

Many formulas have been used in the literature to calculate
oxygen consumption. We selected the following prediction
equations because they are the most frequently used by
physiologists and researchers in their studies.

Walking:

EQ1 (Glass et al., 2007): VO, (ml/kg/min)=.1*S 1.8 *S
* fractional grade +3.5; where S is the speed in m/min;
fractional grade is in decimal form, 5% grade is.05.

EQ2 (van der Walt & Wyndham, 1973): VO, (L/min):
.00599 *M +.000366 * M * V2, where M: body mass (kg),
V: velocity (m/s).

EQ3 (Léger & Mercier, 1984): VO, (mL/kg/min) = 2.209
+3.1633 * V; donde V where V: walking speed in km/h.

EQ4 (Pettitt et al., 2007): METS =6 * HR; 4ex - 3;
HRindex = HRabso]ule/ HRrest

EQ5 (Keytel et al., 2005): EE (kJ/min) = gender
*(-55.0969 +.6309 * heart rate +.1988 * weight
+.2017 *age) + (1 - gender) * (-20.4022 + .4472 * heart
rate—.1263 * weight+.074 * age); where Male=1,
Female=0; 1 1 O)/min=20 kJ/min.

Validation of Oxygen Consumption Prediction Equations and New Formulas for Interval Training

Running:

EQ6 (Glass et al., 2007): VO, (ml/kg/min)=.2
*S +.9* S * fractional grade + 3.5; where S is the speed in
m/min; fractional grade is in decimal form, 5% grade is .05.

EQ7 (van der Walt & Wyndham, 1973): VO, (L/min):
-419+.03257 * M+.000117 * M * V2; where M: body
mass (kg), V: velocity (m/s).

EQ8 (Léger & Mercier, 1984): VO, (mL/kg/min) = 2.209
+3.1633 * V; where V: running speed in km/h.

EQ9 (Pettitt et al., 2007): METS = 6 * HRindex - 5;
HRinger = HR e / HRyoos IMET = 3.5 mL/kg/min.

EQ10 (Keytel et al., 2005): EE (kJ/min) = gender *
(-55.0969 + .6309 * heart rate + .1988 * weight +.2017 *
age) + (1 - gender) * (-20.4022 +.4472 * heart rate - .1263 *
weight +.074 * age); where Male=1, Female=0; 1 1 O,/ min
=20 kJ/min.

Before starting the statistical analysis, the results obtained
from every equation were converted to ml/Kg/min, in order
to unify and be able to compare between them. A paired
t-test was performed to calculate the difference and signifi-
cance within the measured and estimated VO, values for
each equation used. In order to calculate the magnitude of
the error, the absolute values of the differences between
estimated and measured values were also taken into account.
Statistical significance was set at the .05 level. Different
models for walking and running through a multiple linear
regression analysis were then generated to improve the
accuracy for this population and type of physical activity
(interval training). The models were adjusted by HRingex,
BMI, gender, speed and age. HRnaex is the mean absolute
HR divided by the HR .

Results
The speed range (mean + SD) for the walking modality was
J1£.12 m-s-! to 1.74+.31 m-s-! and 1.74+.31 m-s-! to
2.55+.67 m-s-! for the running modality was.

The measured VO, was found to be significantly different
(p<.05) from all walking and running prediction equations
used for this analysis. For walking, Table I showed that
EQI, EQ2 and EQ4 underestimate the measured VO,, and
EQ3 and EQS5 overestimate the measured VO,. For running,
EQ6, EQ7, EQS8 and EQ9 underestimate the measured VO,
and EQ10 overestimates the measured VO,.

We analysed the independent variables that affect the
walking and running models and propose two models for
each, depending on whether or not the HR signal is used as
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an independent variable. The first model obtained was used
with all variables (HRi.qex, BMI, gender, speed and age) but
BMI (low or high) and gender (male or female) were not
significant (p>.05), therefore, these variables were excluded
in the final models. Table II shows the model coefficients
for the walking modality using HRinex as an independent
variable, while Table III shows the model for the walking
modality without HRjyex. Table IV and Table V show the
model coefficients for running with and without HRngex,
respectively.

The regression models generated allowed for a more

Table 1

Validation of Oxygen Consumption Prediction Equations and New Formulas for Interval Training

accurate prediction equation for both walking and running for
this population. Figure I shows that our prediction equations
have a lower absolute error (mean+SD) with respect to the
measured VO,. The absolute differences of our prediction
equations for running were 2.60+2.47 mL-kg-min-1 and
2.79+2.40 mL-kg-min-1 when HR signals are included
and excluded, respectively. For walking, we improved to an
even greater extent the estimation of VO, with the absolute
differences as 1.44+1.17 mL-kg-min-! and 1.79+1.52
mL-kg-min-' when HR signals are included and excluded,
respectively.

Measured and estimated VO: values and difference between measured and estimated for walking (EQ1-EQ5) and running (EQ6-EQ10).

Values expressed in mL-kg-min-1 (mean+SD).

Difference Absolute 95 % ClI
VO:2 Measured- . SEE SEE r r
) difference Lower Upper
Estimated . o
limit limit

Measured Walking 15.68+5.46 - -

EQ1 12.18+2.93 3.49+3.12 3.54+3.07 .28 8.16 2.92 4.05 .894 .800
EQ2 6.60+0.40 9.07+5.09 9.07+5.09 .46 5.12 8.15 9.99 .925 .856
EQ3 16.17+4.72 -0.49+2.44 1.95+1.54 22 44.80 -0.94 -0.05 .89 .800
EQ4 14.10+4.84 1.57+5.05 4.18+3.21 .46 29.30 0.65 2.48 .526 277
EQ5 23.04+6.46 -7.36+£5.25 7.64+4.82 47 6.51 -8.31 -6.41 .623 .389
Measured Running 31.68+7.53 - -

EQ6 30.44+£7.12 1.24+3.77 3.13+2.41 .34 27.84 0.55 1.93 .869 .755
EQ7 26.80+1.37 4.88+7.16 7.07+£4.97 .65 13.50 3.57 6.18  .351 123
EQ8 26.67 £6.46 5.01+£3.72 5.50+2.95 .34 6.84 4.33 5.69  .869 .755
EQ9 24.15+6.72 7.53+8.16 9.44+5.82 .75 9.97 6.04 9.02  .348 121
EQ10 37.29+9.08 -5.61+7.79 7.32+£6.19 .71 12.79 -7.03 -418 574 .329

Table 2
Coefficients and significance for the multiple linear regression model adjusted by age, HRinsex and walking speed.
Non-standardized coefficients Standardized coefficients
t p
B Type error Beta

Constant 13.031 1.942 6.709 <.001
Age (years) -.068 .018 -.127 -3.750 <.001
Speed? (km-h-7) .586 .075 1.521 7.843 <.001
HRindex 2.088 .945 .088 2.210 .029
Speed (km-h-) -2.454 .705 -.671 -3.480 .001
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Table 3

Coefficients and significance for the multiple linear regression model adjusted by age and walking speed.

Validation of Oxygen Consumption Prediction Equations and New Formulas for Interval Training

Non-standardized coefficients

Standardized coefficients

t P
B Type error Beta
Constant 15.227 1.696 8.977 <0001
Age (years) -.055 .017 -.103 -3.154 .002
Speed? (km-h-1) .603 .076 1.565 7.976 .001
Speed (km-h-) -2.454 717 -.663 -3.480 <.001
Table 4
Coefficients and significance for the multiple linear regression model adjusted by age, HRindex and running speed.
Non-standardized coefficients Standardized coefficients
t P
B Type error Beta
Constant 6.415 2.524 2.542 .012
Age (years) -.087 .039 -.118 -2.202 .030
HRindex 3.051 1.211 .130 2.520 .013
Speed (km-h-7) 2.877 .202 781 14.252 <.001
Table 5
Coefficients and significance for the multiple linear regression model adjusted by age and running speed.
Non-standardized coefficients Standardized coefficients
t P
B Type error Beta
Constant 9.302 2.300 4.044 <.001
Age (years) -.047 .037 -.064 -1.272 .206
Speed (km-h-7) 3.107 184 .843 16.855 <.001
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Figure 1

Comparison of the absolute differences for walking (left) and running (right). Values reported in mean+SD.

Discussion

This study focused on measuring oxygen consumption dur-
ing aerobic interval training in a population with different
energetic demands and BMI values. First, we compared the
accuracy of the measured and estimated O, consumption
for AIT. Then, if this was found to be not accurate enough,
we proposed four new formulas to improve the estimation
of metabolic cost in interval activities in a population with
more varied characteristics than previously found in the
literature.

The sample used in most studies is young, healthy and
of normal weight, with a BMI lower than 25 (Glass et al.,
2007). The sample tested consisted of participants with dif-
ferent characteristics that had not been previously tested. The
sample of Hall et al. (2004) was different. They recruited a
total of 24 participants with a BMI ranging from 20 to 27.4;
however the mean BMI for women and men was 22.37 and
23.64, respectively. Another difference with our study is the
mean age, being 21.4 and 23.2 years for women and men
respectively in their study. Otherwise, Loftin et al. (2010)
developed a prediction equation for a population similar to
our own but the EE estimation was for a given distance (1
mile) rather than for a given time or speed, which is usually
used in interval training.

The specificity of the activity employed for measuring
oxygen consumption in the training activity is relevant
if accuracy is being sought. ACSM’s equations (Glass et

al., 2007) are frequently used in the literature by physi-
ologists and trainers, though they have some limitations.
They were designed for steady-state exercises and are
dependent upon speed range (.83 to 1.66 m-s-! in the walk-
ing equation and greater than 2.22 m-s-! in the running
equation). There is therefore a gap missing for the 1.66
to 2.22 m-s-! speed range. Moreover, some studies (Hall
et al., 2004; Koutlianos et al., 2013; Loftin et al., 2010;
Peterson et al., 2003) have cross-validated ACSM"s pre-
diction equations and concluded that they are not capable
of accurately predicting O, consumption. This is due to
the application of these formulas to different protocols
or exercise modalities.

Weyand et al. (2013) found that the ACSM prediction
equation for walking significantly underestimated the meta-
bolic rate. Our results agreed with this study but indicated
that EQ3 was the best of the tested equations to estimate
O, consumption in the walking modality and EQ6 was the
best for the running modality. However, neither is accurate
enough (p < .05) when compared with measured values. For
running, the worst prediction equations were those using
HR signals as input to estimate metabolic cost.

The EE in walking and running are different, being
higher for the latter. We also determined that the EE in the
running modality was higher than in the walking modality
for the same absolute speed. Therefore, as noted in other
investigations (Glass et al., 2007; van der Walt & Wyndham,
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1973) it was necessary to design separate equations for
walking and running.

To the best of our knowledge, there are no equations that
can accurately predict O, consumption for AIT in a popula-
tion with different BMI values. Therefore, we developed
two prediction equations for walking and two for running,
including age (years), speed (in km/h) and HRigex(HRabsolute
/ HRe):

Walking:

EQNew_W_HR (ml/kg/min)=13.031 -.068 * Age+.586
* Speed?+2.088 * HRingex—2.454 * Speed

EQNew_W (ml/kg/min) = 15.227-.055 * Age +.603 *
Speed?-2.425 * Speed

Running:

EQNew_R_HR (ml/kg/min) = 6.415-.087 * Age+3.051
* HRindex +2.877 * Speed

EQNew_R (ml/kg/min)=9.302-.047 * Age+3.107 *
Speed

We found that the inclusion of HR, , to estimate VO,
consumption resulted in greater accuracy. However, for a
given exercise intensity, as ambient temperature increases,
HR also increases, with little or no corresponding increase
in EE (Hebestreit & Bar-Or, 1998).

Conclusions

The prediction equations selected from the literature in this
study were not accurate enough to estimate oxygen con-
sumption during aerobic interval training. We propose four
new formulas to improve the estimation of the metabolic
cost in interval activities in a population with wider charac-
teristics than those found in the literature. From a practical
perspective, in real conditions the equations should be used
with caution. Additionally, the proposed equations can be
used to estimate oxygen consumption in aerobic interval
activities, such as walking or running, although we caution
that these formulas have not been cross-validated. Further
studies should validate them.
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