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1 | INTRODUCTION

Indirect calorimetry is considered to be the gold standard technique
for measuring gas exchange (i.e., whole-body volume of oxygen
consumption [VO,] and carbon dioxide production) (Chen
et al., 2020a) in diverse scenarios (e.g., exercise or resting conditions).
Measuring VO, by indirect calorimetry while walking has been
employed in different areas and populations, including young adults,
to better understand the physiological needs and hence, accurately
tailor exercise prescription (Looney et al., 2019). Walking at a self-
pace is broadly employed as a safe physical activity in lifestyle in-
terventions aimed at improving general health and body composition
by increasing daily energy expenditure (Bull et al., 2020; Haskell
et al., 2007). Indirect calorimetry can be applied indoor and outdoor
conditions, but most of metabolic systems are stationary or “semi-
portable” (e.g., the Omnical metabolic cart), thus restricting their use
to indoor testing. Considering this limitation, “portable” metabolic
systems have been developed, enabling the measurement of gas
exchange in field settings outside of indoor laboratory assessments
(Macfarlane, 2017).

Unfortunately, access to indirect calorimetry is limited for the
general population, personal trainers, clinicians, and fitness centers,
as systems are relatively expensive and require trained staff for
handling the equipment and data. Trying to overcome these limita-
tions, predictive equations have become an alternative to estimate
VO, during walking activities. The equations developed by Pandolf
et al. (1977) and by the American College of sports medicine (ACSM)
(Riebe et al., 2018) are probably the most used in literature, although
other equations have also been proposed (De Millenheim
et al, 1985; Léger et al, 1984; Looney et al, 2019; Ludlow
et al,, 2017; Minetti et al., 1985; van der Walt et al., 1973; Weyand
et al., 1985a; Workman et al.,, 1963). Most of predictive equations
include anthropometric characteristics, sex, and external load (as a

predictive equations specially designed to estimate VO, during walking. Never-

theless, based on our results, the Weyand equation should be the preferred option.

energy cost, formulas, indirect calorimetry, oxygen cost, prediction

e The estimated VO, values derived from all predictive equations showed no agreement with
VO, values measured by the Omnical and K5 metabolic systems, highlighting the impor-

tance of taking into account the error introduced by VO, walking predictive equations when

e The Weyand equation presented the lowest bias in comparison to the VO, measured by the
Omnical metabolic cart, which is the gold-standard metabolic cart (i.e., system of reference).

e These findings may hold practical implications when transitioning from clinically based
programs to exercise interventions tailoring or self-guided exercise programs in young
adults. Moreover, these results can contribute to individualize exercise programs by sport
scientists using freely available and affordable tools as predictive equations.

surrogate of intensity; e.g., the walking speed), among other factors
and estimate the VO, as relative units (e.g., VO, per kilogram of body
mass [ml/kg/min]).

Several studies (Looney et al, 2019; Stoedefalke et al., 2022;
Weyand et al., 1985b; Xue et al, 2021) have been conducted to
determine the agreement between the measured (using indirect
calorimetry) and the estimated (using predictive equations) VO,
while walking. In this regard, equations for estimating VO, of
different activities, which ultimately estimate their energy expendi-
ture need, are useful for monitoring exercise adaptations, guiding
exercise prescriptions, planning exercise regime modifications, and
improving body composition (e.g., whole-body fat mass loss). These
aforementioned studies (Looney et al., 2019; Stoedefalke et al., 2022;
Weyand et al., 1985b; Xue et al., 2021) showed that the equation by
the ACSM (Riebe et al., 2018) underestimated the VO, by ~ 1.0 mL/
kg/min while walking at 4.8 km/h and at a treadmill slope of 2% and
overestimated the VO, by ~ 1.2 mL/kg/min at 4.8 km/h and at slopes
of 4% and 6% compared to indirect calorimetry (Stoedefalke
et al,, 2022). Regarding the Pandolf equation, at intensities of 4.0 km/
h, 5.0 km/h, and 6.0 km/h, the authors observed an underestimation
of VO, by —2.0, —2.5, and —2.3 mL/kg/min, respectively, compared to
indirect calorimetry (Xue et al., 2021). Furthermore, the Weyand
equation has been illustrated to have the best concordance with in-
direct calorimetry at intensities of 5.0 km/h and 6.0 km/h showing
mean differences of —1.1 and —1.2 mL/kg/min, respectively (Xue
et al., 2021). Thus, considering all the above, for a 90 kg adult, these
equations show a bias ranging from 27 to 68 kcal per hour in esti-
mating walking energy expenditure cost, which could negatively
impact the exercise prescription or monitoring the goal of the
intervention.

Nevertheless, few research studies have determined the compa-
rability between the measured VO, and the estimated VO, values
using different metabolic systems, different predictive equations, and
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different walking intensities in the same piece of work. In fact, whether
the disagreements between measured and estimated VO, values are
entirely related to the indirect calorimetry systems, the predictive
equations and/or the walking intensity remained elusive. In this regard,
not all but some equations included anthropometric and walking in-
tensity parameters within their factors to estimate the VO,. Therefore,
whether a better agreement between measured versus estimated VO,
values yielded by equations including these parameters into the
calculation deserves more attention.

The main purpose of this study was to determine the agreement
between the measured VO, using two different metabolic systems
(the Omnical stationary metabolic cart and the K5 portable metabolic
system) and the estimated VO, (using different previously published
predictive equations) values during a walking protocol on a treadmill
at four different intensities (3.5, 4.5, 5.5, and 6.5 km/h) in young
adults. We hypothesized that predictive equations considering pre-
dicted resting metabolic rate (RMR), anthropometric, and walking
intensity parameters would present a better agreement with
measured VO, values compared to equations that only consider

treadmill speed and slope.

2 | METHODS
2.1 | Subjects

This cross-sectional study is part of a more exhaustive experiment
(the ICEX project) in which 38 young adults participated. Briefly, the
inclusion criteria were as follows: (i) aged >18 years; (ii) body mass
index between >18.5 and < 40.0 kg/m?; (iii) neither being enrolled in
a weight loss program nor following any restrictive nutritional pro-
gram; (iv) abstaining from using any medication that may directly
impact gas exchange; (v) not suffering from chronic and/or acute
illness; and (vi) not being pregnant. Before enrolling, each participant
verbally confirmed that they met the inclusion criteria and signed an
informed consent. The study protocol and informed consent received
approval from the Human Research Ethics Committee (2402/CEIH/
2021) and were conducted in accordance with the Declaration of
Helsinki (last revision in 2013).

2.2 | Study design and procedures

In the ICEX project, which employed a repeated measures design, gas
exchange was measured on two nonconsecutive days (with a 48-h
interval) at various walking intensities using two different meta-
bolic systems: Omnical (Maastricht Instruments, Maastricht, The
Netherlands) and K5 (Cosmed, Rome, Italy). For the present study,
we used only the data obtained from the first study day.
Participants were instructed to arrive to the laboratory by
motorized vehicle and to avoid any moderate or intense physical
activity since waking up. In addition, they were advised to abstain
from engaging in moderate (24 h) and vigorous (48 h) physical ac-
tivity. They should avoid consuming any drug (48 h) or stimulant

iEiss;

beverage (12 h) that may influence energy metabolism. These con-
ditions were confirmed upon arrival at the laboratory. For female
participants, we registered their menstrual cycle phase.

We conducted gas exchange measurements in different periods
as detailed below. A face mask (Hans Rudolph Inc., Kansas City,
Missouri, USA) was fitted onto both metabolic systems to collect
participants' gas exchange throughout the entire test. The gas ex-
change measurement followed the manufacturers' instructions and
was uninterrupted throughout the entire test. Participants were
instructed to breathe normally and avoid talking during the entire
test. The test was conducted under controlled ambient temperature
and humidity and carbon dioxide (CO,) concentration were also
monitored (Carbon Dioxide Detector JD-112; Dongguan lJinlide
Electronic Technology Co., Ltd., Dongguan, Guangdong, China).

Before each measurement, the Omnical and K5 metabolic sys-
tems were calibrated (in accordance with the manufacturers' rec-
ommendations) by the same researchers. For the Omnical metabolic
cart, volume was calibrated automatically by the system, while for
the K5 portable system, a 3 L syringe was used. Regarding gas ana-
lyzers, both systems were calibrated using standard gas concentra-
tion bottles (O, and CO, of 18% and 0.8% for Omnical and 16% and
5% for K5; nitrogen balance). In addition, for the Omnical metabolic
cart, a weekly methanol burning test was conducted by the same
researcher (JMAA) to test the system's accuracy and precision as
recommended (Chen et al., 2020b; Schoffelen et al., 2018).

2.3 | Walking protocol

At the beginning, participants remained seated in a motionless po-
sition for at least 10 min before starting the walking protocol. Af-
terward, participants were fitted with a face mask that was
connected to either the Omnical or the K5 metabolic systems for the
collection and measurement of gas exchange. Subsequently, partici-
pants performed a 35 min treadmill (H/P/cosmos pulsar; H/P/cosmos
sports and medical GmbH, Nussdorf-Traunstein, Alemania) walking
test using the Omnical or the K5 metabolic systems. Irrespective of
the metabolic system used, the walking protocol was identical. The
protocol started with a 5 min acclimation phase where participants
stood motionless, standing, on the treadmill. After that, participants
walked at a speed of 3.5 km/h for 5 min, followed by a resting period
of 2.5 min. This cycle of walking 5 min and resting 2.5 min was
repeated three more times, with increments of 1.0 km/h per period.
At the start of the walking protocol, participants stepped onto the
treadmill and then stepped off it during the rest phase. The gas ex-
change was measured continuously throughout the walking protocol.
Following a resting period of 10-15 min, participants performed the
walking protocol a second time. Therefore, gas exchange measure-
ments were recorded twice for each participant, with one measure-
ment taken using Omnical and the other using K5. The order of the
metabolic systems was randomly assigned and counterbalanced.
Moreover, 15 s prior to the end of each walking and resting period,
we assessed the participant's effort through a subjective rating scale
of perceived exertion (RPE-CR10) (Borg et al., 2006).

85UB017 SUOWILIOD BA RO 3(cedldde aup Aq pausenob afe 9 VO ‘SN J0 S3InJ 10} Areq1 8UIUO /8|1 UO (SUORIPUOD-PUE-SWBHALID A8 | IM"ARIq 1 BUUO//SAIY) SUORIPUOD PUe SWie | 8U1 89S *[7202/0T/#0] U0 AriqiTauljuo A8|IM ‘epeuelD 8@ PepsieAIuN Aq 08TZT 95B/200T 0T/10p/wo0 A3 1M Areq Ul |uo//Sdny Wwoy papeojumoq ‘0 ‘062.9€ST



CLAVERO-JIMENO ET AL

YRS
L WILEY {chs!

e ot

2.4 | Anthropometric assessment

Participant's body mass and height were measured (Seca model 799,
Electronic Column Scale, Hamburg, Germany), while participants
were barefoot and wearing light clothes.

2.5 | Search strategy

To determine and select the predictive equations to estimate VO,
values during walking, a literature search was conducted using the
MEDLINE (via PubMed) database from May 2022 to July 2023. The
initial search retrieved 501 articles and a total of 29 studies were
sought for selecting VO, predictive equations in walking conditions.

Studies published using predictive equations to estimate VO,
values during a walking protocol were eligible. The keywords used, as

well as the search equations, can be seen in Table S1. In brief, we

» o« » o«

used “energy metabolism,” “oxygen consumption,” “metabolic cost,”
and “walk test” among other entry terms (see Table S1) with Boolean
operators. Study inclusion criteria were as follows: (i) participants:
adults (aged >18 years); (ii) study design: cross-sectional and longi-
tudinal studies; (iii) exposure: walking (iv) outcome: oxygen con-
sumption (i.e.,, VO,); values; and (v) language: English or Spanish.
Exclusion criteria were as follows: (i) studies including predictive
equations created for individuals younger than 18 years old and/or
unhealthy individuals; (ii) noneligible publication types such as edi-
torials, comments, guidelines, or case reports; (iii) predictive equa-
tions created for moderate-to-vigorous exercises or other physical
activities different than walking; and (iv) predictive equations
compared with VO, values using other method different than indi-
rect calorimetry (e.g., the Douglas bag). Based on the selection
criteria, all studies were independently screened for inclusion/
exclusion by two reviewers (ACJ and AMP) and disagreements were
solved by consensus or involving a third researcher when necessary
(JMA). A total of 15 potential predictive equations were retrieved
after the screening of the different studies. Finally, a total of seven
predictive equations were selected after applying the PICOS strategy
(Table S2). Otherwise, eight equations were excluded as one was
developed using the Douglas bag, three equations were exclusively
for loaded walking (our protocol was unloaded), and four equations

were used in running conditions (Figure S1).

2.6 | Measured and estimated VO, values

The measured VO, gas exchange data were exported to an Excel
spreadsheet from each metabolic system. Later, the first 2 min from
each walking phase were excluded and the remaining measured VO,
was averaged. Afterward, the measured VO, was averaged for each
participant, metabolic system, and speed, separately. Similarly, we
estimated VO, using every predictive equation for each speed,
separately. Finally, for the Weyand equation, the RMR was estimated
using the Schofield equation (Schofield, 1985).

2.7 | Statistical analyses

Results are presented as mean + standard deviation (SD), unless
otherwise stated. Analyses were performed using the Statistical
Package for the Social Sciences v.24 (SPSS Statistics, IBM Corpora-
tion). The level of significance was set at p < 0.05. Figures were
created using the Graph Pad Prism software (v. 8.4.1). Of note, all
analyses were performed for the Omnical and K5 systems separately.

For VO, data (i.e., measured by each metabolic system and esti-
mated by each equation) obtained at each intensity (i.e., 3.5, 4.5, 5.5,
and 6.5 km/h), we computed the mean bias (calculated as measured
VO,-estimated VO,) and the 95% lower and upper limits of agreement
(LoA) as proposed by Bland and Altman (Martin Bland et al., 1986). A
mean bias closer to zero indicates higher agreement between the
measured and estimated VO, values. We also calculated the coefficient
of variation (CV) as follows: (SD/average) x 100. Afterward, repeated
measures analysis of variance (ANOVA) was conducted to test mean
differences (with post hoc Bonferroni analysis) between the measured
and the estimated VO, values at each intensity.

In addition, we calculated a score error for each predictive
equation separately. We firstly computed the difference between the
measured and the estimated VO, in absolute values at each intensity
(e.g., | measured VO, at 3.5 km/h-estimated VO, at 3.5 km/h|),
separately. Then, we computed the score error as the sum of these
absolute differences was divided by four. Finally, one-sample t-tests
were used to study whether the score error obtained for each

equation was different from the zero value.

3 | RESULTS

A total of 38 participants (50% women; 25.50 + 3.60 years; and body
mass index 24.50 + 2.50 kg/m?) were included in this study.

Compared to Omnical, significant differences were observed
between the measured VO, values and the estimated by predictive
equations (P < 0.001; Figure 1). Bonferroni post hoc analyses showed
significant differences between all the measured and the estimated
VO, values except for the VO, estimated by the Pandolf and Weyand
equations at 3.5 km/h (Figure 1A), ACSM equation at 4.5 km/h
(Figure 1B), Weyand equation at 4.5 km/h (Figure 1C), and Miillen-
heim equation at 6.5 km/h (Figure 1D). Regarding K5, significant
differences were observed between the measured VO, and the
estimated values (P < 0.001; Figure 2). Bonferroni post hoc analyses
showed significant differences between all the measured and the
estimated VO, values except for the VO, estimated by the Léger
equation at 3.5 km/h (Figure 2A), Pandolf and Miillenheim equations
at 4.5 km/h (Figure 2B), and Pandolf, Van der Walt, and Léger
equations at 5.5 and 6.5 km/h (Figure 2C,D).

Table 1 displays the agreement between measured and esti-
mated VO, values across predictive equations and intensities. At
3.5 km/h, mean bias between the Omnical and predictive equations
ranged from -3.5 (Léger equation) to 0.3 mL/kg/min (Weyand

equation) and the narrowest LoA were observed for the Weyand
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FIGURE 1 Whole-body volume of oxygen consumption (VO,) measured by the Omnical (black column) and VO, estimated by the seven
equations (white columns) while walking on a treadmill at different intensities. Panels A, B, C, and D show the VO, at 3.5, 4.5, 5.5, and 6.5 km/
h, respectively. p values from repeated measures analysis of variance (ANOVA, n = 38). Asterisks (*) represent significant differences (P < 0.05
from post hoc Bonferroni analysis) between the measured VO, using Omnical versus the estimated VO,. Dashed line represents the mean
VO, value measured by Omnical. Results are presented as mean and standard deviation for Omnical's measured values, the Pandolf, Weyand,
and MIME equations and as mean for the rest of equations. ACSM, American college of sports medicine; MIME, minimum mechanics; ml/kg/

min, milliliters per kilogram of body mass per minute.

equation (—1.5 and 2.1) while, the widest for the Pandolf equation
(—4.5 and 3.3). At 4.5 km/h, differences ranged from —4.6 (Léger) to
0.7 mL/kg/min (MIME equation) for Omnical (Table 1). The narrowest
LoA were observed for Weyand (—2.2 and 2.0) while, the widest for
the Pandolf equation (-7.3 and 2.8). At 5.5 km/h (Table 1), similar
results to these observed at 4.5 km/h were obtained for the Omnical
and K5 metabolic systems. At 6.5 km/h (Table 1), differences ranged
from —3.3 (Pandolf) to 3.6 mL/kg/min (MIME equation) for Omnical.
The narrowest LoA were observed for Weyand (—2.4 and 4.1) while,
the widest for the Pandolf equation (—11.6 and 5.1). Concerning K5,
differences ranged from 0.6 (Léger) to 8.2 mL/kg/min (MIME equa-
tion). Regarding LoA, the narrowest were observed for Weyand (-1.4
and 12.2) while, the widest for the Pandolf equation (—11.5 and 14.2).
Overall, and regardless the walking speed, lower CV values were

observed for the Omnical system (Table 1).

Concerning the score error computed for Omnical (Figure 3),
one-sample t-tests showed that all score errors were different from
the zero value (all P < 0.001). Similar results (all P < 0.001) were
observed for K5 (Figure 3), although the observed score errors were
slightly higher (~2 mL/kg/min; Figure 3) than those observed for

Omnical.

4 | DISCUSSION

The findings of this study indicated that there was no agreement
between measured VO, values by metabolic systems and estimated
VO, values by predictive equations in young adults while walking at
four different intensities (3.5, 4.5, 5.5, and 6.5 km/h) as suggested by
the mean bias values obtained. Noteworthy, the score error
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FIGURE 2 Whole-body volume of oxygen consumption (VO,) measured by K5 (black column) and VO, estimated by the seven equations
(white columns) while walking on a treadmill at different intensities. Panels A, B, C, and D show the VO, at 3.5, 4.5, 5.5, and 6.5 km/h,
respectively. p values from repeated measures analysis of variance (ANOVA, n = 38). Asterisks (*) represent significant differences (P > 0.05
from post hoc Bonferroni analysis) between the measured VO, using K5 versus the estimated VO,. Dashed line represents the mean VO,
value measured by K5. Results are presented as mean and standard deviation for K5's measured values, the Pandolf, Weyand, and MIME
equations and as mean for the rest of equations. ACSM, American college of sports medicine; MIME, minimum mechanics; ml/kg/min, milliliters

per kilogram of body mass per minute.

computed as a surrogate of the “total error” including all intensities
that did not retrieve a clear pattern concerning the increase/
decrease of the error between measured and estimated VO, values.
However, it should be noted that the Weyand equation showed the
lowest error as suggested by the score error when estimating VO, in
comparison to the measured values obtained by the Omnical meta-
bolic cart. Consequently, we would recommend the use of the
Weyand equation for estimating VO, in walking conditions in young
adults.

The VO, is directly related to body mass—the heavier the sub-
ject, the higher is its consumption—and to exercise intensity—the
higher the intensity, the higher the VO, demands. Thus, most pre-
dictive equations include these factors to estimate VO,. On the other

hand, metabolic systems present different validity and accuracy
(Alcantara et al., 2018, 2022; Larsson et al., 2004; Ludlow et al., 1985;
Martin Bland et al., 1986). For that reason, it is plausible that the
concordance between the measured VO, and the estimated VO,
values using different metabolic systems and predictive equations
may vary. Unfortunately, the literature determining these issues in
the same piece of work is scarce. In our study, when using the
Omnical metabolic cart, we observed significant differences between
the measured and the estimated VO, values as well as remarkably
mean bias and wide LoA. Based on our findings, at 3.5 km/h and
4.5 km/h, most equations underestimated VO, values in walking
conditions. However, the Weyand equation retrieved the VO, esti-
mation most similar to the measured VO, values by Omnical
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TABLE 1 Mean bias (shown as ml/kg/min) and coefficient of variation (CV; shown as percentage) between measured VO, and estimated
VO, using predictive equations by the intensity at which the walking protocol was elicited.

Omnical K5

Intensity Mean bias (SD) 95% LoA (lower, upper) cv Mean bias (SD) 95% LoA (lower, upper) cv

3.5 km/h
Pandolf -0.6 (2.0) (-4.5, 3.3) 11.8 (7.9) 2.3 (3.3) (-4.1, 8.6) 18.2 (14.4)
ACSM -0.6 (1.0) (-2.6, 1.4) 7.0 (4.6) 2.3(2.1) (-1.9, 6.5) 14.3 (9.2)
Weyand 0.3 (0.9) (-1.5,2.1) 5.5 (3.9) 3.2(2.1) (-0.9, 7.3) 16.3(9.2)
Van der Walt -0.7 (1.0) (-2.7, 1.3) 7.2 (5.0) 2.2(21) (2.0, 6.4) 13.5(9.1)
Léger -3.5(1.0) (=5.5, 1.5) 21.6 (7.0) -0.6 (2.1) (-4.8, 3.6) 9.5(7.9)
Millenheim -14(1.0) (3.4, 0.6) 10.0 (6.5) 1.5 (2.1) (-2.7,5.7) 11.0 (8.1)
MIME -0.6 (1.0) (-1.3, 2.4) 6.2 (4.5) 3.5(2.2) (-0.8,7.7) 20.9 (10.8)

4.5 km/h
Pandolf -2.2(2.6) (-7.3,2.8) 15.0 (10.1) 0.8 (4.1) (-7.2,8.8) 16.8 (11.0)
ACSM -0.6 (1.2) (-2.9,1.7) 6.4 (4.6) 2.4 (2.5) (-2.4,7.3) 13.8 (8.6)
Weyand -0.1(1.1) (-2.2,2.0) 5.8 (4.3) 2.9 (2.3) (-1.7,7.4) 13.6 (8.3)
Van der Walt -1.6(1.2) (-3.9,0.7) 9.8 (6.1) 1.4 (2.5) (3.4, 6.3) 10.9 (7.3)
Léger -4.6 (1.2) (-6.9, 2.3) 23.3 (6.8) -1.6 (2.5) (-6.4, 3.3) 11.3 (8.8)
Millenheim -1.9(1.2) (-4.2,0.4) 11.1 (6.5) 1.1 (2.5) (-3.7, 6.0) 10.3 (7.1)
MIME 0.7 (1.1) (-1.6, 2.9) 6.0 (4.7) 3.7 (2.4) (-1.1, 8.5) 18.9 (11.1)

5.5 km/h
Pandolf -2.6 (3.2) (-8.8, 3.6) 14.7 (10.1) 1.1 (4.8) (-8.3, 10.6) 16.1 (11.9)
ACSM 0.1 (1.4) (2.7, 2.8) 5.4 (4.1) 3.8 (2.9) (-1.8, 9.5) 17.0 (9.3)
Weyand 0.3 (1.3) (-2.2,2.8) 5.1(3.7) 4.0 (2.7) (-1.2,9.2) 16.9 (9.2)
Van der Walt -2.7 (1.4) (=5.5, 0.0) 12.7 (6.4) 1.0 (2.9) (-4.6, 6.7) 9.5(7.2)
Léger -5.2 (1.4) (-8.0, —-2.5) 22.0 (6.7) -1.5(2.9) (-7.1,4.2) 9.8 (8.9)
Millenheim -1.8(1.4) (-4.6, 0.9) 9.3 (5.9) 1.9 (2.9) (-3.7,7.6) 11.3 (7.3)
MIME 1.7 (1.4) (=0.9, 4.4) 9.5 (5.4) 5.4 (2.9) (-0.2, 11.0) 24.4 (10.2)

6.5 km/h
Pandolf -3.3(4.3) (-11.6, 5.1) 15.0 (9.6) 1.4 (6.5) (-11.5, 14.2) 16.8 (12.5)
ACSM 2.6 (1.9) (-1.1, 6.3) 10.3 (6.3) 7.1 (3.9) (-0.4, 14.7) 25.4 (9.5)
Weyand 0.9 (1.7) (-2.4, 4.1) 6.2 (4.9) 5.4 (3.5) (=14, 12.2) 20.7 (8.5)
Van der Walt -2.6 (1.9) (-6.3, 1.1) 10.4 (5.3) 1.9 (3.9) (=5.6, 9.5) 10.4 (8.3)
Léger -3.9 (1.9) (-7.6,-0.2) 14.1 (5.7) 0.6 (3.9) (-6.9, 8.2) 9.2 (8.2)
Millenheim 0.2 (1.9) (=35, 3.9) 4.9 (4.6) 4.7 (3.9) (-2.8, 12.3) 16.6 (9.7)
MIME 3.6 (1.9) (-0.1, 7.3) 14.6 (6.6) 8.2 (3.8) (0.7, 15.6) 29.6 (9.5)

Note: Results are presented as mean bias (measured value minus estimated value) and standard deviation (SD), 95% limits of agreement (LoA; lower and

upper limits), and CV and its SD.

Abbreviations: ACSM, American college of sports medicine; MIME, minimum mechanics; ml/kg/min, milliliters per kilogram of body mass per minute;

VO,, whole-body volume of oxygen consumption.

metabolic cart at all intensities. These results were aligned with
previous literature (Ludlow et al., 1985, 2017; Xue et al., 2021)
showing that, at low intensity exercise in young adults, the Weyand
predictive equation was the most concordant equation with
measured VO, compared to these values retrieved by the ACSM and

Pandolf equations. These results were reinforced by the lower CVs

yielded by the VO, values estimated by the Weyand equation
compared to the measured by the Omnical metabolic cart. Our re-
sults were similar to those observed in previous literature, as we
observed certain bias when using the ACSM and Pandolf equation
(Hasegawa et al., 2007; Looney et al., 2019; Ludlow et al., 1985, 2017,
Montoye et al., 1985; Stoedefalke et al., 2022; Xue et al., 2021).

85U8017 SUOWIIOD BAE8ID 3(edldde 8y} Aq peusenob ae Sspie YO ‘SN JO'S3|NI 10} ARuq i 8UljUO A8]IA UO (SUONIPUOD-PUR-SLLIBI ALY A3 | IM"AeIq 1 BUIUO//SANY) SUONIPUOD PUe swis | 841 88S *[Z0Z/0T/¥0] Uo Ariqi]aulluO (1M epeueID 8@ pepsIAIUN Ad 08TZT 9S/200T 0T/10p/W00 A8 | Afelq ijeuljuo//sdny wolj pepeojumod ‘0 ‘062.98ST



CLAVERO-JIMENO ET AL

il
. L WILEY {4

e ot

OMNICAL

EG' * * * * * * *
£

~

O)

=

E 4

N

(@]

>

o

E 2

1]

: |;L|
1

o

[8)

w T

o

10,

Score Error VO, (ml/kg/min)
e » & o
I

FIGURE 3 Score error (mean error of the four intensities of each predictive equation for the VO, estimation) in absolute values along the
four intensities (3.5 km/h, 4.5 km/h, 5.5 km/h, and 6.5 km/h) in comparison to mean VO, consumption measured by Omnical (left) and K5

(right) along the four intensities. Asterisks (*) represent significant differences of the score error of the predictive equations from the zero
value (P < 0.05 from one-sample t-test). Results are presented as mean and standard deviation. ACSM, American College of Sports Medicine;
MIME, Minimum Mechanics; ml/kg/min, milliliters per kilogram of body mass per minute, VO,, whole-body volume of oxygen consumption.

Regarding the Van der Walt, Léger, Millenheim, and MIME predic-
tive equations, previous literature comparing their performance
against other equations and/or metabolic systems is scarce; thus,
rendering comparisons between studies impossible. However, it
should be noted that predictive equations showed a different
agreement compared to the Omnical metabolic cart depending on
the intensity at which the walking was elicited (e.g., the MIME
equation showed a mean bias of —0.6 at 3.5 km/h and of 3.6 at
6.5 km/h, respectively). Therefore, to compute all the errors across
intensities in a single outcome, we calculated the score error. For
Omnical, we observed that the Weyand (mean score error of 1.1 mL/
kg/min) equation obtained the lowest differences compared to the
measured VO, values. For example, considering an individual
weighted 80 kg, the Weyand equation biased the estimation of VO,
while walking by 0.44 kcal per minute (26 kcal per hour). Thus, we
considered this equation the best when estimating VO,. Conversely,
the Léger equation obtained the largest differences compared to the
measured values (mean score error of 4.3 mL/kg/min), which suggest
that the Léger equation should be used with caution as may produce
biased walking VO, estimations (following the abovementioned
example, the error would be 103 kcal per hour).

Similarly, we observed differences between the measured VO, by
K5—a device that have been tested to be valid and reliable in outdoor
settings (Martin Bland et al., 1986)—and the estimated VO, values as
well as remarkably mean bias and wide LoA. To our knowledge, to date,
no studies have investigated these measured versus estimated VO,
comparison using the K5 system. At the lowest intensity (3.5 km/h), all
the predictive equations, except the Léger equation, overestimated

the VO, compared to measured values by K5. Similarly, after

increasing the walking intensity (4.5 and 5.5 km/h), same results were
observed. Given the lack of studies examining the agreement between
the VO, measured by the K5 system and Léger predictive equation, it is
not possible to further compare this observation we made. However, in
agreement with the Omnical results, the Léger predictive equation also
underestimated the VO, across intensities. However, it should be
noted that at 6.5 km/h, the Léger predictive equation yielded the most
similar estimation compared to the measured values by K5. Contrary
to our findings, (Weyand et al., 1985b) showed that MIME predictive
equation had the lowest mean differences (0.02 mL/kg/min) in com-
parison with the K4b? system (which is the previous version of the K5
system), whereas our results suggest that the MIME predictive equa-
tion had the highest mean bias at this intensity and CV. Of note, the
study by (Weyand et al., 1985b) included only seven subjects and
followed an outdoor protocol in a field course that varied in gradient
(-3 to +5%) and terrain (asphalt and grass) at self-selected speeds.
Thus, these differences between study protocols (e.g., K4b%system vs.
K5 system, outdoor vs. indoor, field course vs. treadmill, and self-
selected speeds vs. fixed speeds) may, at least in part, explain dis-
agreements between results. Concerning the score error, for the K5
portable system, we observed that the Léger (mean score error of
2.7 mL/kg/min) equation obtained the lowest differences compared to
the measured VO, values (error 65 kcal per hour). On the contrary, the
MIME predictive equation showed the highest score error (mean score
error of 5.4 mL/kg/min and error 130 kcal per hour). Due to the lack of
studies addressing the agreement between measured VO, versus
estimated VO, while walking, using different devices and predictive
equations, future studies are warranted. Moreover, these predictive

equations have been widely used to estimate energy expenditure,
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whereas VCO, is required to accurately perform this estimation (Gill
et al., 1985). Thus, more equations are needed in order to estimate
energy expenditure combining VO, and VCO,.

This study has some limitations that need to be considered.
Firstly, we only included young adults; therefore, we cannot know
whether our results are transferable to clinical populations, children,
adolescents, and/or older adults. However, having a homogenous
sample is a strength of this study to avoid possible cofounding factors
related to aging (e.g., decrease of VO,). We analyzed the VO, in well-
controlled laboratory conditions, so we do not know the real appli-
cation of these predictive equations in outdoor and/or free-living
conditions. We included two metabolic systems that may not repre-
sent all the metabolic systems in this field. Nonetheless, we used the
Omnical metabolic cart, a system that may be considered as the gold
standard device for measuring gas exchange as suggested by recent
literature (Alcantara et al., 2022, 2023; Kaviani et al., 2018; Schof-
felen et al., 2019). The treadmill slope was always fixed at 1% and
when estimating VO, values from predictive equations, this could
have incurred a statistical error for predictive equations that did not
take the slope into account. We did not control the menstrual cycle
of women; however, due to the within-subject study design, this issue
should not influence the results. Moreover, previous studies have
reported no effect of menstrual cycle on energy expenditure during
submaximal exercise (Frandsen et al., 1985; Williams et al., 2023).
Finally, we did not standardize the last meal composition and/or
amount. Nevertheless, participants were instructed to come to the
laboratory in the same fasting status (>3-4 h), and as previously
mentioned, the within-subject design may minimize its possible
influence.

5 | CONCLUSIONS

The main findings of this study showed that there was no agreement
between measured VO, values by the two metabolic systems used
(Omnical and K5) and estimated VO, values by predictive equations
at four different intensities (3.5, 4.5, 5.5, and 6.5 km/h) in young
adults. Our study suggests that the Weyand equation should be the
preferred option for estimating VO, while walking in young adults, as

it presented the lowest bias and error.
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