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Background & aims: The validity of most commercially available metabolic cart is mostly unknown. Thus,
we aimed to determine the accuracy, precision, within-subject reproducibility, and concordance of RMR
and RER measured by four commercially available metabolic carts [Cosmed Q-NRG, Vyaire Vyntus CPX,
Maastricht Instruments Omnical, and Medgraphics Ultima CardiO2]. Further, we studied whether a
previously proposed simulation-based post-calorimetric calibration of cart readouts [individual cali-
bration control evaluation (ICcE)] modify the RMR and RER reproducibility and concordance.
Methods: Three experiments simulating different RMR and RER by controlled pure gas (N2 and CO2)
infusions were conducted on 5 non-consecutive days. Moreover, 30-min methanol burns were per-
formed on 3 non-consecutive days. Lastly, the RMR and RER of 29 young non-ventilated adults (11
women; 25 ± 4 years-old; BMI: 24.1 ± 3.2 kg/m2) were assessed twice using each instrument, 24 hours
apart, under standardized conditions.
Results: The Omnical presented the lowest measurement error for RER (Omnical ¼ 1.7 ± 0.9%;
Vyntus ¼ 4.5 ± 2.0%; Q-NRG ¼ 6.6 ± 1.9%; Ultima ¼ 6.8 ± 6.5%) and EE (Omnical ¼ 1.5 ± 0.5%; Q-
NRG ¼ 2.5 ± 1.3%; Ultima ¼ 10.7 ± 11.0%; Vyntus ¼ 13.8 ± 5.0%) in all in vitro experiments (controlled
pure gas infusions and methanol burns). In humans, the 4 metabolic carts provided discordant RMR and
RER estimations (all P < 0.001). No differences were detected in RMR within-subject reproducibility
(P ¼ 0.058; Q-NRG inter-day coefficient of variance ¼ 3.6 ± 2.5%; Omnical ¼ 4.8 ± 3.5%;
Vyntus ¼ 5.0 ± 5.6%; Ultima ¼ 5.7 ± 4.6%), although the Ultima CardiO2 provided larger RER inter-day
differences (4.6 ± 3.5%) than the others carts (P ¼ 0.001; Omnical ¼ 1.9 ± 1.7%; Vyntus ¼ 2.1 ± 1.3%;
Q-NRG ¼ 2.4 ± 2.1%). The ICcE procedure did not modify the RMR or RER concordance and did not reduce
the inter-day differences in any of the carts.
Conclusions: The 4 metabolic carts provided discordant measurements of RMR and RER. Overall, the
Omnical provides more accurate and precise estimations of RMR and RER than the Q-NRG, Vyntus and
Ultima CardiO2, and might be considered the best for assessing RMR and RER in non-ventilated humans.
Finally, our results do not support the use of an ICcE procedure.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
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List of abbreviations

ANOVA Repeated-measures analyses of variance
BMI Body mass index
CO2 Carbon dioxide
CV Coefficient of variation
CVD-to-D Day-to-day coefficient of variation
DTC Deltatrac metabolic cart (Datex Instrumentarium

Corp, Helsinki, Finland)
EE Energy expenditure
ICcE Individual calibration control evaluation
N2 Nitrogen
O2 Oxygen
Omnical Omnical metabolic cart (Maastricht Instruments,

Maastricht, The Netherlands)
Q-NRG Q-NRG metabolic cart (Cosmed, Rome, Italy)
RER Respiratory exchange ratio
RMR Resting metabolic rate
STPD Standard Temperature, Pressure, and Dry

conditions
Ultima Ultima CardiO2 metabolic cart (Medgraphics

Corporation, St. Paul, MN, USA)
_VCO2 Carbon dioxide production
_VO2 Oxygen consumption
Vyntus Vyntus CPX metabolic cart (Vyaire, H€ochberg,

Germany)
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1. Introduction

The resting metabolic rate (RMR) is defined as the energy
needed for maintaining a normal body function in an awake person
resting in thermoneutrality [1]. Indirect calorimetry is the refer-
ence method for assessing human RMR [2e4] via measurement of
oxygen consumption ( _VO2) and carbon dioxide production ( _VCO2).
Indirect calorimetry also allows to determine the respiratory ex-
change ratio (RER), which gives information about the macronu-
trients being oxidized [5e7]. Metabolic carts are the most used
indirect calorimeters for assessing RMR and RER in clinical and
research settings [8,9]. The Deltatrac (DTC; Datex Instrumentarium
Corp, Helsinki, Finland), the often-preferred metabolic cart, has
been for long considered the reference metabolic cart for assessing
RMR and RER in humans [3,10e15]. However, the DTC is no longer
manufactured [2,10,13e16], and no other metabolic cart has been
recognized yet as the new preferred instrument [15].

The validity of a metabolic cart can be determined [17] by (i)
assessing its accuracy (i.e. the proximity of measurements to trace-
able standards [18]) and precision (i.e. the variability in repeated
measures of the same magnitude [18]) by controlled pure gas in-
fusions [nitrogen (N2) and CO2]; (ii) assessing its accuracy and pre-
cision by alcohol burning tests, and; (iii) assessing thewithin-subject
reproducibility (i.e. the variability in repeated measures performed
in individuals under the same conditions, thereinafter called repro-
ducibility). For many of the commercially available metabolic carts,
there is no published validity data for RMR and RER while some
metabolic carts have provided unacceptable accuracy, precision, and/
or reproducibility [13,19]. Of note, most studies examining the ac-
curacy and/or precision of different metabolic carts have not
compared themwithin the same settings and conditions [15] or have
not used recently manufactured metabolic carts [19].
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To improve the validity of RMR and RER measurements, Scha-
dewaldt et al. [2] proposed a simulation-based post-calorimetric
calibration of cart readouts procedure [individual calibration con-
trol evaluation (ICcE)]. In brief, this ICcE procedure consists of
simulating the subject's _VO2 and _VCO2 by infusing pure gases [N2,
for diluting ambient O2, and CO2), using high-precision mass-flow
controllers, immediately after the subject's indirect calorimetry
testing [2]. The subject's _VO2 and _VCO2 can then be “corrected” by
themeasuredmetabolic cart “error” (i.e. the difference between the
infused gases and the readouts of the metabolic cart) [2]. However,
whether the application of the ICcE increases the reproducibility
and concordance of RMR and RER using current commercially
available metabolic carts remains to be determined.

The present study was designed to determine the accuracy,
precision, reproducibility, and concordance of RMR and RER as-
sessments provided by four different and commercially available
metabolic carts: the Q-NRG (Cosmed, Rome, Italy), the Vyntus CPX
(Vyaire, H€ochberg, Germany; thereinafter called Vyntus), the
Omnical (Maastricht Instruments, Maastricht, The Netherlands),
and the Ultima CardiO2 (Medgraphics Corporation, St. Paul, MN,
USA; thereinafter called Ultima). Further, we assessed whether the
ICcE influences the reproducibility and concordance of the RMR
and RER assessments.

2. Methods

2.1. Metabolic carts and procedures

The metabolic carts were calibrated (flow and gas analyzers) by
the same researchers strictly following the manufacturers' in-
structions. We conducted four in vitro validation experiments
(Fig. 1A), using controlled pure gas infusion and methanol burns,
and one in vivo experiment in young non-ventilated adults (here-
inafter human study; Fig. 1B). Supplementary Table 1 shows
detailed information and characteristics of the metabolic carts.
Briefly, all metabolic carts were calibrated every testing day except
the Q-NRG which was monthly calibrated strictly following the
manufacturer's instructions. Further, all metabolic carts were
equipped with a ventilated plastic canopy to collect the gas ex-
change except the Ultima which used a face-tent system.

2.2. In vitro validation

Experiments 1, 2 and 3 were based on controlled pure gas
infusion, whereas experiment 4 used both gas infusion and meth-
anol burns (Fig. 1A). In experiment 1, we simulated energy expen-
diture (EE) of 800, 1200, 1600, 2000, and 2400 kcal/day while
keeping RER constant (z0.85). In experiment 2we simulated RER of
0.75, 0.80, 0.85, 0.90 and 0.95 while keeping EE constant
(z1500 kcal/day). In experiment 3we repeated the same simulated
EE (z1500 kcal/day) and RER (z0.85) three times, 1-hour apart. In
experiment 4, we performed 10-minute gas infusions simulating
similar _VO2 and _VCO2 values than achieved during previous
methanol burning tests routinely conducted in our laboratory, fol-
lowed by 30-minutes methanol burns. Experiments 1e3 were con-
ducted in 5 non-consecutive days (within 10 days) with each cart,
whereas experiment 4 was performed in 3 non-consecutive days
(within 30 days).

The controlled pure gas infusions were performed using two
high-precision mass-flow controllers (358 Series, Analyt-MTC,
Müllheim, Germany; 0e2 l/min). One controller was used for
infusing pure N2 (purity �99.9997%; Carburos Met�alicos/Air



Fig. 1. Study and experiments design. Experiments 1, 2 and 3 were based on controlled pure gas infusion, whereas experiment 4 used both gas infusion and methanol burns (Panel
A). The in vivo experiment consisted of gas exchange measurements in young non-ventilated adults (Panel B, human study). EE: energy expenditure (in kcal/day); RER: respiratory
exchange ratio; ICcE: Individual calibration control evaluation procedure. Time is presented either as minutes or hours. The metabolic carts used were the Q-NRG (Cosmed, Rome,
Italy), the Vyntus CPX (Vyaire, H€ochberg, Germany), the Omnical (Maastricht Instruments, Maastricht, The Netherlands), and the Ultima CardiO2 (Medgraphics Corporation, St. Paul,
MN, USA).
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Products and Chemicals, Inc., Barcelona, Spain) and the other for
infusing pure CO2 (purity �99.995%; Carburos Met�alicos/Air Prod-
ucts and Chemicals, Inc., Barcelona, Spain) directly into the hose
tube of the metabolic cart [2]. Pure gas infusions lasted 10 minutes
each. The first 5 minutes data of each gas infusion were discarded,
and the remaining data were averaged and used for analysis.
Although CO2 is directly infused into the hose tube, the concomi-
tant infusion of N2 also dilutes CO2. However, this dilution effect is
negligible [2], and we assumed that the infused CO2 equals _VCO2.

N2 infusion is used to dilute ambient O2, and therefore, the
simulated _VO2 can be calculated by using the following equation
[20]:

_VO2ðml =minÞ¼ infused N2ðml =minÞ � 0:2646

Themethanol [purity�99.9% andwater�0.05% (EMSURE® ACS,
ISO, Reag. Ph Eur, Merck, Darmstadt, Germany)] burning tests were
performed by lighting the flame of the wick burning kit inside a
methanol burning glass cage (Maastricht Instruments, Maastricht,
The Netherlands) and letting the methanol burn for 30 minutes.
The produced gases were continuously directed to the metabolic
carts’ hose tube, and the methanol weight was dynamically recor-
ded using a calibrated scale (model MS 1602TS/00 precision scale,
precision 0.01 g; Mettler Toledo, Giessen, Germany). The first 5
minutes data of the burn were discarded, and the remaining _VO2

and _VCO2 data were averaged for analysis. The methanol burn ex-

pected value considered for both _VO2 and _VCO2 recoveries were
100%, while the expected value for RER was 0.667 based on the
following reaction [19,21]:

2CH3OH þ 3O2 / 2CO2 þ 4H2O

For the gas infusions and methanol burns, the measurement
error was calculated by subtracting the expected value (i.e. infused/
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simulated or produced by the burn) to the measured value (i.e.
metabolic cart readouts). Later, we expressed this error as a per-
centage of the expected value (i.e. [(measured e expected)/
expected] � 100) to be used in the statistical analyses.

2.3. Human study

Twenty-nine non-ventilated young adults (see participant
flowchart, Supplementary Fig. 1) participated in this observational
study (Table 1). The inclusion criteria were: (i) older than 18 years;
(ii) body mass index between 18.5 and 40 kg/m2; (iii) stable body
weight over the last 3 months (changes�3 kg) and not enrolled in a
weight loss program; (iv) non-smokers; (v) no medication that
could directly affect energy metabolism; (vi) free from chronic or
acute illness; and (vii) not pregnant. All these criteria were verbally
confirmed by the participants. Both, the study protocol and written
informed consent followed the 2013 revised Declaration of Helsinki
and were approved by the Human Research Ethics Committee of
the University of Granada (n. 836).

On the first visit, height and weight were measured using a
stadiometer and scale (Seca model 799, Electronic Column Scale,
Hamburg, Germany) without shoes and with light clothing
(replicated on both visits). Waist circumference was measured
twice using a plastic tape while the subjects were in a standing
position, and the average of both assessments was used. Lastly,
body composition was assessed by whole-body dual-energy X-
ray absorptiometry (Discovery Wi, Hologic, Inc., Bedford, MA,
USA).

2.4. Indirect calorimetry assessment

Participants arrived at the research center by public trans-
portation or motorized vehicle (avoiding any moderate or vigorous



Table 1
Subjects’ characteristics.

All (n ¼ 29) Men (n ¼ 18) Women (n ¼ 11)

Mean ± SD Min Max Mean ± SD Min Max Mean ± SD Min Max

Age (years) 25 ± 4.3 18 36 24.9 ± 4.2 18 34 25.8 ± 5.0 20 36
Body weight (kg) 71.2 ± 7.5 45.6 99.2 77.1 ± 10.6 63.3 99.2 60.1 ± 8.0 45.6 72.4
Height (cm) 171.0 ± 12.9 154.6 184.5 174.9 ± 5.5 160.5 184.5 164.7 ± 5.6 154.6 174.3
BMI (kg/m2) 24.1 ± 3.2 19.1 31.9 25.2 ± 3.4 21.6 31.9 22.1 ± 2.3 19.1 25.9
Waist circumference (cm) 77.3 ± 9.2 59.8 97.6 81.2 ± 8.5 70.0 97.2 70.7 ± 6.0 59.8 85.0
Lean mass (kg) 48.9 ± 10.8 30.5 66.6 56.1 ± 5.9 42.2 66.6 36.9 ± 4.0 30.5 41.8
Fat mass (kg) 17.9 ± 7.0 8.6 36.7 16.7 ± 7.6 8.6 36.7 19.9 ± 5.3 10.8 28.5
Fat mass (%) 26.0 ± 8.6 13.5 41.1 21.5 ± 7.2 13.5 40.4 33.4 ± 5.6 24.2 41.1

SD: Standard deviation; Min: Minimum; Max: Maximum; BMI: body mass index.
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physical activity since they woke up) and confirmed having
consumed a standardized ad-libitum meal plan during the pre-
ceding 24 h, including a standardized dinner 12 h before the start of
the indirect calorimetry assessment. Further, they abstained from
both moderate (previous 24 h) and vigorous intensity (previous
48 h) physical activity. The RMR and RER were assessed with each
metabolic cart on two consecutive days in the morning between 9
am and Noon. The assessment lasted 30 minutes on each cart, with
a 20-minute period between measurements (Fig. 1B). The first and
last 5 minutes data were discarded, and the remaining 20 minutes
data were averaged for further analyses. The order of the 4 carts
was randomly assigned and replicated on the second day.

Of note, the indirect calorimetry assessments were performed in
agreement with current methodological recommendations [1].
Subjects stayed motionless on a reclined bed in the supine position,
covered by a bed sheet, for a minimum of 20 minutes before the
first indirect calorimetry assessment (Fig. 1B). Moreover, the sub-
jects were asked to lay on the bed during the last 15 minutes of
every period between measurements. Subjects were instructed not
to sleep, talk, or fidget, and to breathe normally during the indirect
calorimetry assessments.

Twelve-hour urine samples (i.e., starting the collection imme-
diately after the dinner and continuing it during the fasting period)
were collected before arriving to the research center. Total urine
volume and urea concentration, by an enzymatic method (Spin-
react, UREA-37_R1, Girona, Spain), were measured and urinary ni-
trogen estimated using a regression equation [22]. Estimated
nitrogen urine concentration was multiplied by the urine volume
and divided by the time of sample collection.

2.5. Individual calibration control evaluation procedure

Immediately after each indirect calorimetry assessment
(without stopping the metabolic cart recording), pure N2 and CO2
gases were infused for 10 minutes into the metabolic cart hose tube
in volumes mimicking the subject's _VO2 and _VCO2 (averaged from
the 11th to the 20th minute of the indirect calorimetry assessment;
expected values). Then, the _VO2 and _VCO2 readouts during the last 5
minutes of the infusion were averaged (measured values). Then, the
_VO2 and _VCO2 corrected values were calculated.

2.6. RMR and RER calculations

All gas values are provided under standard temperature, pres-
sure, and dry (STPD) conditions. The _VO2 and the _VCO2 data from
the indirect calorimetry assessment were downloaded from all
metabolic carts at their maximum data frequency (Supplementary
Table 1). The RMR was calculated using the Weir abbreviated
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equation [23], where N is urinary nitrogen excretion (N was
considered to be 0 for the in vitro validation experiments):

RMRðkcal = dayÞ¼ ð3:941� _VO2ðl =minÞþ1:106� _VCO2 ðl =minÞ
�2:17�N * ðg =minÞÞ � 1440
2.7. Statistical analysis

Results are presented as mean ± standard deviation, unless
otherwise stated. Analyses were conducted using the Statistical
Package for Social Sciences (SPSS, v. 22.0, IBM SPSS Statistics, IBM
Corporation, Chicago, IL, USA) and the level of significance was set
at P < 0.050. Figures were created using Graph Pad Prism (Graph-
Pad Software, v. 8.4.1, CA, USA).

In vitro validation

Repeated-measures analyses of variance (ANOVA) with post-hoc
LSD Tukey comparisons were used to compare the absolute value of
the measurement error across metabolic carts, as determined by
both gas infusions (pooling experiments 1e3 together, i.e. 50 in-
fusions per metabolic cart) and methanol burns. The measurement
error was calculated as [(measured e expected)/expected] � 100
(see Methods section). In addition, we compared the measurement
error obtained by gas infusion and methanol burns using paired t-
test analyses. Finally, we used repeated measures ANOVAs, with
post-hoc LSD Tukey comparisons, to compare the measurement
error across the simulated EE (experiment 1), RER (experiment 2),
and the repeated infusions of the same magnitude (experiment 3)
within each metabolic cart.

Human study

For every participant and cart, the day-to-day coefficient of
variation (CVD-to-D; expressed as %) were calculated for both un-

corrected and corrected _VO2, _VCO2, RMR, and RER values.
Concretely, every CVD-to-D (%) was computed as: (e.g. [standard
deviation uncorrected _VO2/mean uncorrected _VO2] � 100). Then, a
two-factor repeated measures ANOVA [metabolic cart (i.e. Q-NRG;
Vyntus; Omnical; Ultima) � ICcE (i.e. corrected; uncorrected)] with
post-hoc LSD Tukey comparisons was used to test differences in
_VO2, _VCO2, RMR, and RER reproducibility. We also conducted
similar repeated measures ANOVAs to compare _VO2, _VCO2, RMR,
and RER estimations among the metabolic carts (i.e. concordance).
BlandeAltman analyses [24] of both uncorrected and corrected _VO2,
_VCO2, RMR, and RER were also used to test reproducibility and
concordance. Of note, whereas we used the measurement error for
the in vitro experiments we used the CVD-to-D, for analyzing the day-
to-day reproducibility in the in vivo experiments.
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3. Results

3.1. In vitro validation

The Omnical presented lower absolute value of the measure-
ment error than the rest of carts on EE (Omnical ¼ 1.4 ± 0.6%; Q-
NRG ¼ 1.6 ± 1.4%; Ultima ¼ 7.3 ± 10.0%; and Vyntus ¼ 11.9 ± 3.9%)
and on RER (Omnical ¼ 1.2 ± 0.8%; Vyntus ¼ 3.1 ± 2.4%; Q-
NRG ¼ 6.6 ± 3.0%; and Ultima ¼ 5.9 ± 7.7%), considering all the
measurement errors retrieved by the 50 controlled pure gas infu-
sion tests performed. The Omnical also presented the lowest
standard deviation (SD¼ 0.6% and 0.8% for EE and RER respectively,
considering all the measurement errors retrieved by the 50
controlled pure gas infusion tests performed), in the three gas
infusion experiments indicating the highest precision among all
carts. Similar results were observed in both _VO2 and _VCO2. More-
over, the Omnical presented an absolute measurement error lower
than 2% in all variables except the RER assessed by methanol burns
(absolute value of the measurement error ¼ 2.2 ± 1.1%). The Q-NRG
presented a measurement error lower than 2% in EE (and in _VO2)
when determined by gas infusion, but measurement errors above
the 2% threshold for all other measurements. Finally, the mea-
surement errors yield by the Vytnus and Ultima for EE and RER (and
for _VO2 and _VCO2), either when determined by gas infusions or
methanol burn, were higher than 2%. The measurement error
determined with the gas infusions and methanol burns was similar
in all metabolic carts (Supplementary Fig. 2).

When compared across the simulated EE (800e2400 kcal/d) the
Q-NRG presented different measurement error (Fig. 2A), while the
other carts did not (Fig. 2B-D). The measurement error on EE was
found to be similar across the same day in all the metabolic carts
(i.e. in vitro validatione experiment 3). The Q-NRG, the Omnical and
the Ultima presented a trend toward significance on measurement
errors when different RER were simulated (Fig. 2E, G and H),
whereas all carts presented similar measurement errors on RER
when identical infusions were repeated within a day (i.e. in vitro
validation e experiment 3).
3.2. Human study

The RMR and RER uncorrected estimations were different across
metabolic carts in day 1, with only the Vyntus and Ultima pre-
senting comparable RMR estimations (Fig. 3A), and the Omnical
and Ultima presenting comparable RER estimations (Fig. 3B).
Moreover, the ICcE and the metabolic cart � ICcE interaction effects
were significant (Fig. 3). Corrected RMR was different than uncor-
rected values in all the carts (Fig. 3A), whereas only the Q-NRG and
the Vyntus presented differences between corrected and uncor-
rected RER (Fig. 3B). Although no statistically significant differences
were observed, the corrected RER values for the Ultima presented a
larger SD than these observed for the uncorrected RER values
(Fig. 3B). These paired differences between corrected and uncor-
rected RMR and RER values are represented in Fig. 3 as *. Per-
forming the ICcE procedure increased the RMR estimations yielded
by the Q-NRG and the Omnical, while it reduced the RMR estima-
tion yielded by the Vyntus and Ultima (Fig. 3A). These results
observed for the day 1 were similar for the day 2. Differences in the
_VO2 and _VCO2 were similar than these observed for RMR and RER
respectively, and Bland and Altman plots comparing the uncorrec-
ted and corrected RMR and RER across metabolic carts are in
Supplementary Figs. 3 and 4 respectively.

The RMR reproducibility was similar across metabolic carts and
for uncorrected vs. corrected RMR (Fig. 4A). Moreover, there was no
metabolic cart � ICcE interaction effect on RMR reproducibility
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(Fig. 4A). In contrast, a significantmetabolic cart effect was detected
when comparing RER reproducibility, and post-hoc comparisons
revealed that the Ultima yielded higher inter-day differences (i.e.
lower reproducibility) than the other metabolic carts (Fig. 4B). The
ICcE effect, as well as the metabolic cart � ICcE interaction effect,
were also significant in the RER reproducibility analyses (Fig. 4B).
Post-hoc analyses showed that the Ultima RER reproducibility was
lower when using the corrected values (Fig. 4B). Finally, we
detected a significant metabolic cart effect for _VO2 and _VCO2
reproducibility (P ¼ 0.028 and P ¼ 0.002 respectively). Post-hoc
comparisons revealed that the _VO2 and _VCO2 reproducibility yiel-
ded by the Q-NRG was higher than the one yielded by the Ultima.
Finally, Supplementary Fig. 5 shows the BlandeAltman plots for
reproducibility of RMR and RER.

4. Discussion

This study analyzed the accuracy, precision, within-subject
reproducibility and concordance of four different and commer-
cially available metabolic carts (the Q-NRG, the Vyntus, the Omn-
ical, and the Ultima) for assessing RMR and RER in non-ventilated
young adults. The Omnical metabolic cart showed the most accu-
rate and precise results, with a measurement error lower than 2% in
all measured variables, cut-off threshold which has been suggested
in literature as an accuracy criterion for methanol burning tests
[19]. When assessing RMR and RER in non-ventilated young adults,
all carts provided non comparable results, although these assess-
ments were similarly reproducible within a 24-hour period. Finally,
in contrast to our hypothesis, the application of the ICcE procedure
did not modify the RMR and RER concordance, and did not decrease
the within-subject reproducibility of the measurements obtained
with any of the metabolic carts.

4.1. Validity of the four metabolic carts for assessing RMR and RER

Accuracy is defined as the proximity of measurements to
traceable standards [18]. A previous study [19] stated a 2% as an
acceptable measurement error for methanol burning tests,
although this criterion might vary across laboratories. In our study,
the Omnical was the only metabolic cart presenting an acceptable
accuracy in all variables. The Omnical also presented the best
precision as indicated by the pure gas infusions and methanol
burning, as well as themost stablemeasurement error within a day.
These results are in agreement with those of Kaviani et al. [19] and
Schoffelen et al. [25]. However, it should be noted that Kaviani et al.
[19] used 2 different Omnical units, and only one of them showed a
measurement error lower than 2%. Noteworthy, in our study, the Q-
NRG showed similar accuracy than the Omnical for the assessment
of RMR, but worse accuracy for assessing _VO2, _VCO2 and RER. In a
previous study [26], the accuracy of three Q-NRG units was tested
by alcohol burning showing that the RER measurement error
(�0.001, �0.012, and 0.008 for each unit) was lower than the mean
RER measurement error observed in our study (�0.044). These
differences could be partially explained because Delsoglio et al. [26]
used ethanol (purity ¼ 96%), while we used methanol (purity
�99.9%). Finally, the measurement error showed by the Vyntus in
our study is similar to that reported previously using butane
burning tests [27].

Importantly, our study shows that different metabolic carts
provide substantially different RMR and RER estimations when
assessing energy metabolism in non-ventilated young adults. With
differences exceeding 200 kcal/d for RMR and 0.05 for RER, our
results prove that comparisons between studies using different
metabolic carts should be avoided, and that using inaccurate



Fig. 2. Measurement error of the four metabolic carts for the determination of energy expenditure (EE) and respiratory exchange ratios (RER), determined by controlled pure gas
infusions. Panels AeD show the measurement error detected when simulating different energy expenditure levels. Panels EeH represent the measurement error detected when
simulating different RER levels. P values from repeated measures analysis of variance (ANOVA, n ¼ 5). * represents significant differences vs. zero value (one-sample t-test). Results
are presented as mean and standard deviation.
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metabolic carts likely results in relevantmeasurement errors on the
assessment of human energy metabolism. Surprisingly however,
the large differences in accuracy and precision were not translated
to differences in within-subject reproducibility. Previous studies
have reported that the RMR reproducibility achieved by several
metabolic carts is unacceptably high providing CVD-to-D �10%
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[3,10,14e16,28,29], whereas the DTC metabolic cart commonly
provided CVD-to-D below 4% [3,10e15]. Of note, in our study, all the
metabolic carts showed similar CVD-to-D (i.e. below 6%), and the Q-
NRG achieved a RMR reproducibility similar to the one reported for
the DTC (CVD-to-D ¼ 3.6 ± 2.5%). Moreover, we observed that the
RMR estimates yield by the Q-NRG and the Omnical were better



Fig. 3. Resting metabolic rate (RMR) and respiratory exchange ratio (RER) across metabolic carts on day 1 (Panels A and B respectively), with and without applying the individual
calibration control evaluation procedure (ICcE). P values from two-factor (Metabolic Cart � ICcE) repeated measures analysis of variance (ANOVA, n ¼ 29). Identical letters represent
significant differences as determined by post-hoc LSD Tukey analysis for uncorrected values. Identical prime letters represent significant differences as determined by post-hoc LSD
Tukey analysis for corrected values. * represents significant differences between the uncorrected vs. the corrected values. Results are presented as mean and standard deviation.

Fig. 4. Inter-day reproducibility of resting metabolic rate (RMR) and respiratory exchange ratio (RER) across metabolic carts (Panels A and B respectively), with and without
applying the individual calibration control evaluation procedure (ICcE). P values from a two-factor (Metabolic Cart � ICcE) repeated measures analysis of variance (ANOVA, n ¼ 29).
Identical letters represent significant differences as determined by post-hoc LSD Tukey analysis for uncorrected values. Identical prime letters represent significant differences as
determined by post-hoc LSD Tukey analysis for corrected values. * represents significant differences between the uncorrected and the corrected values. Results are presented as
mean and standard deviation.
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predicted by body weight, and by body composition and sex (i.e. its
classical predictors [30]), than the RMR estimates yield by the
Vyntus or the Ultima metabolic carts. This may suggest that the Q-
NRG and the Omnical provided more valid RMR estimates than the
Vyntus and the Ultima, which is in line with the higher accuracy
observed in the in vitro validation experiments. This information,
related to the associations of both uncorrected and corrected RMR
with their classical predictors can be found elsewhere [31].

Unlike RMR, we detected differences in RER reproducibility
among metabolic carts. The Ultima RER biological reproducibility
was lower than the obtained by the three others metabolic carts,
while similar RER reproducibility was observed for the Q-NRG, the
Vyntus, and the Omnical.

Overall, our results suggest that the Omnical is the most valid
metabolic cart for assessing RMR and RER and should be the op-
tion of choice for assessing RMR and RER in non-ventilated
humans. Nevertheless, the Q-NRG metabolic cart performance
was considerably worse than the performance by the Omnical for
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RER measurements, but was similar for assessing RMR. Therefore,
the Q-NRG can also be considered a valid option for RMR
assessment.

4.2. Individual calibration control evaluation procedure

Schadewaldt et al. [2] proposed the ICcE procedure in an
attempt to improve the validity of RMR and RER measurements, by
correcting the RMR and RER estimations “using” the previously
determined measurement error of the metabolic cart. Thus, we
hypothesized that the application of this procedure would improve
the concordance between metabolic carts and reduce the inter-day
differences found for the RMR and RER assessments. However, the
results clearly showed that the application of the ICcE procedure
does not reduce neither the inter-device, nor the inter-day differ-
ences of the RMR and RER estimations. As noted earlier, we
observed between-cart differences in the RMR and RER estima-
tions. In contrast to our original hypothesis, the application of the
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ICcE procedure did not eliminate those differences. Moreover, also
in contrast with our initial expectations, the application of the ICcE
procedure did not improve the inter-day reproducibility in any of
the metabolic carts. Therefore, our results suggest that the appli-
cation of the ICcE do not offer an advantage in terms of reproduc-
ibility (at least in the four metabolic carts used in the present
study). In fact, the ICcE procedure is time consuming and requires
specific instruments (e.g. high-precision mass-flow controllers),
and in the end, the RMR and RER uncorrected valueswere similar to
the corrected values.

Our results show that themeasurement error determined by gas
infusions was comparable to themeasurement error determined by
the alcohol burning test, which is commonly considered the
reference method to validate indirect calorimeters in vitro
[11,17,19,21]. Therefore, one may expect that at least the assess-
ments made with those metabolic carts presenting higher mea-
surement error (i.e. Vyntus and Ultima) would benefit from the
application of the ICcE procedure, which is not supported by our
data. It should be considered however that neither the gas infusion
nor the alcohol burn fully simulate a person breath, e.g. none of
them produces humidity in a similar extend to what is present in
expired human gases [18], fact whichmay partially explainwhy our
hypothesis was refuted.

4.3. Limitations

The performance of a single unit might not represent the per-
formance of all manufactured units [19,32], and therefore, our
study needs to be replicated before drawing firm conclusions.
Secondly, our study did not include the DTC or, for example, other
commercially available metabolic carts which have been reported
to provide accurate results (e.g. ParvoMedics TrueOne 2400) [19].
Moreover, we used the methanol burning cage manufactured by
Maastricht Instruments, and thus, it might have favored the
Omnical, although the agreement between methanol burning and
gas infusions suggest that this is not the case. Lastly, we did not
control the menstrual cycle in female participants [33,34], although
considering the within-subject design of the human study and that
both assessments were performed within 24 h, its potential impact
on RMR or RER reproducibility is likely negligible.

5. Conclusions

Our study shows that the Omnical provides more accurate and
precise estimations of RMR and RER than the Q-NRG, the Vyntus
CPX, and the Ultima CardiO2. Presenting a measurement error <2%
in all variables during the in vitro experiments, our results suggest
that the Omnical might be considered as a reference metabolic cart
for assessing human energy metabolism. Our results also support
that the Q-NRG can be considered a valid option for assessing RMR,
but not RER, in non-ventilated humans. The four metabolic carts
yielded different RMR and RER estimations, but similar RMR and
RER reproducibility. Finally, our study also shows that using the
ICcE procedure previously proposed by Schadewaldt et al. [2] does
not improve the concordance between metabolic carts and does
not increase the RMR and RER reproducibility obtained with any of
the studied metabolic carts.
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