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BACKGROUND: Although accurate quantification of oxygen consumption (V̇O2
) and carbon di-

oxide elimination (V̇CO2
) provides important insights into a patient’s nutritional and hemodynamic

status, few devices exist to accurately measure these parameters in children. Therefore, we assessed
the accuracy and agreement of 2 devices currently on the market using a pediatric in vitro model
of gas exchange. METHODS: We utilized a Huszczuk simulation model, which simulates oxygen
consumption and carbon dioxide production using gas dilution, to examine the accuracy of two
FDA-cleared respiratory modules (E-COVX and E-sCAiOVX-00). V̇O2

and V̇CO2
were set at 20,

40, 60, and 100 mL/min, ranges typical for infant and pediatric patients. Bland-Altman analysis
was used to calculate the bias and limits of agreement of each device relative to simulated values
for V̇O2

and V̇CO2
. RESULTS: The E-COVX mean percentage bias (limits of agreement)

was �26.3% (�36.1 to �16.6%) and �39.3% (�47.5 to �31.1%) for V̇O2
and V̇CO2

, respec-
tively. The mean bias (limits of agreement) for the E-aCAiOVX-00 was �0.5% (�13.3 to
12.3%) and �6.0% (�13.8 to 1.7%) for V̇O2

and V̇CO2
, respectively. CONCLUSIONS: The

E-COVX demonstrated bias and limits of agreement that were not clinically acceptable; there-
fore, application of this module to pediatric patients would not be recommended. The new
module, E-sCAiOVX, demonstrated acceptable bias and limits of agreement for the V̇O2

and
V̇CO2

in the range 40 –100 mL/min (which corresponds to patients in the range of �5–16 kg). Key
words: gas exchange; carbon dioxide elimination; oxygen consumption; indirect calorimetry; accu-
racy. [Respir Care 2017;62(4):475–480. © 2017 Daedalus Enterprises]

Introduction

The accurate quantification of oxygen consumption (V̇O2
)

and carbon dioxide elimination (V̇CO2
) in critically ill, me-

chanically ventilated children is central to the assessment
of nutritional status and hemodynamics.1–3 However, an
accurate and broadly useful tool to quantify V̇O2

, in par-
ticular, has remained elusive. Most devices available on

the market are not specifically designed to measure gas
exchange in children, and accuracy data are rarely re-
ported.4 Gas exchange parameters are essential for under-
standing energy requirements in critically ill patients and
in estimating cardiac output using the Fick equation and
CO2 rebreathing.1,5–7 Recently, alternative methods for es-
timating energy expenditure have arisen that attempt to
obviate the need to accurately measure V̇O2

by measuring
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V̇CO2
and utilizing a consistent assumed respiratory quo-

tient.8,9 Further, due to the challenges of accurately quanti-
fying V̇O2

, many pediatric institutions estimate (rather than
measure) this vital parameter based on healthy controls, but
this practice is known to cause significant errors in cardiac
output estimates.10,11

Although investigations have been conducted on pre-
vious generations of devices, recent improvements may
affect the accuracy of measurements.12,13 We therefore
sought to compare the accuracy of these 2 modules
within the range of expected V̇O2

and V̇CO2
values for

pediatric patients using an experimental model of sim-
ulated respiration.

Methods

Gas Exchange Simulation

As described previously,14,15 we constructed a bench-
top simulation model that allows precise control of respi-
ratory mechanics and gas exchange parameters. The Huszc-
zuk method is based on mass conservation and utilizes a
calibrated gas injection system to simulate V̇O2

and V̇CO2
.15

Briefly, a mass flow controller (FMA-2619A, Omega En-
gineering, Stamford, Connecticut) was utilized to control
the injection of a specialized test gas composed of 21%
CO2/balance nitrogen into a customized baffle and reser-
voir assembly; the accuracy of the mass flow controller
is �0.8% of the measurement reading. A precisely known
volume of 21% CO2/balance nitrogen is pumped into the
reservoir during exhalation. During inspiration, this vol-
ume of gas mixes with a measured (by the device being
tested) volume of ambient air (21% oxygen/balance nitro-
gen); this dilutes the concentration of oxygen from in-
spired air by a known quantity, creating a precisely known
lower quantity of expired oxygen than inspired oxygen,
simulating oxygen consumption. Carbon dioxide elimina-
tion (V̇CO2

) was calculated by multiplying the CO2 fraction
of the test gas by the flow (0.21 � test gas flow). Since the
expired oxygen concentration (FeO2) is diluted by the ad-
dition of CO2, the simulated V̇CO2

is equal to V̇O2
(this

relationship is only true for a test gas whose carbon diox-
ide concentration is precisely 0.21/balance nitrogen, mak-
ing this a convenient gas for this model). As an example,
the calculation of the required test gas flow required to
simulate 40 mL/min V̇CO2

is shown below:

V̇test gas � V̇CO2 � 1/FCO2 � k (1)

V̇test gas � (40 mL/min) � 1/(0.21) � k (2)

V̇test gas � 190 mL/min � k (3)

where FCO2 is the fraction of CO2 in the test gas and k is
a gas density correction factor. The correction factor is
only required if the mass flow controller utilized is not
specifically calibrated to the test gas (in this case, the k
term can be ignored). Therefore, the set test gas flow would
be 190 mL/min to simulate a V̇CO2

/V̇O2
of 40 mL/min. In

the present investigation, a correction factor, k � 0.9578
was used because the mass-flow controller was precali-
brated for N2 (the test gas concentration is 0.9578 times as
dense as N2). The QuickLung Breather (Ingmar Medical,
Pittsburgh, Pennsylvania) was used to simulate tidal vol-
umes, inspiratory times, breathing frequencies, and com-
pliance. Compliance was set to 6 mL/cm H2O, resistance
was set to 50 cm H2O/L/s, breathing frequency was set to
20 beats/min, and FIO2

was set to 33%.16

Gas Exchange Monitors

We compared the E-COVX and E-sCAiOVX-00 gas
exchange modules (GE Healthcare, Helsinki, Finland) at-
tached to a critical care monitor (Carescape B450, GE
Healthcare, Helsinki, Finland). The device was calibrated
according to the manufacturer’s specifications. The device
utilizes a fixed orifice pressure differential pneumotachom-
eter that is preconfigured for pediatric use and does not
require flow calibration. The sidestream paramagnetic O2

analyzer and near-infrared CO2 sensor were calibrated with
a multipoint gas calibration. The appropriate pediatric air-
way adapters were used for the specified breathing fre-
quency and tidal volumes.

QUICK LOOK

Current knowledge

Increasingly, technology to measure oxygen consump-
tion and carbon dioxide elimination is being incorpo-
rated into mechanical ventilators. These devices can
offer insights into cardiopulmonary performance and
nutrition status. Importantly, the technological limita-
tions of this technology must be understood to ensure
that clinical application is appropriate and accurate, es-
pecially in the pediatric range, since most devices were
designed primarily for adult use.

What this paper contributes to our knowledge

Of the two devices tested, only the newest module dem-
onstrated a bias and limits of agreement that were within
an a priori determined clinically acceptable range of
�20%. The limits of agreement were clinically accept-
able from 40 to 100 mL/min. This range corresponds to
approximate patient weights of 5-16 kg.
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Experimental Protocol

To examine the accuracy of these modules within the
ranges expected for infants and children, we simulated V̇O2

and V̇CO2
values and tidal volumes according to Table 1.

After each combination of gas exchange and tidal volumes
was selected on the simulator, an equilibration period was
instituted. This ensured that measured values had reached
steady state before data collection began (this period lasted
�5 min). For each combination, V̇O2

and V̇CO2
were mea-

sured for 10 min (no. � 20 replicates/combination).

Statistical Analysis

We computed bias and limits of agreement for each
combination shown above, comparing set V̇O2

and V̇CO2

(as the reference standard) with measured values of each
using a Bland-Altman analysis (GraphPad Prism 5.04,
GraphPad Software, La Jolla, California). We decided a pri-
ori that a �20% limit of agreement would be deemed
clinically acceptable.19 For each device, we determined the
minimum acceptable value that exhibited limits of agree-
ment within the clinically acceptable range for both V̇O2

and V̇CO2
.

Results

Differences between measured V̇O2
and V̇CO2

and set
values for each were calculated for each experimental rep-
licate, representing the bias of each measurement. Bias
and limits of agreement for each set of conditions are
depicted in Table 2, Figure 1, and Figure 2. Overall, the
mean bias (95% CI of limits of agreement) for the
E-COVX across the ranges tested were �26.3% (�36.1
to �16.6%) for V̇O2

and �39.3% (�47.5 to �31.1%) for
V̇CO2

. The newer module, E-aCAiOVX, exhibited a mean
bias of �0.5 (�13.3 to 12.3) for V̇O2

and �6.0 (�13.8 to
1.7) for V̇CO2

. In the E-aCAiOVX, but not the E-COVX,
the limits of agreement for V̇O2

and V̇CO2
were within the

clinically acceptable range of �20% for all set values
except for 20 mL/min.

Discussion

We report the accuracy and agreement of 2 available
gas exchange monitoring modules from the same manu-
facturer that can be used alone or incorporated into a me-
chanical ventilator. The results demonstrate acceptable per-
formance (mean bias and 95% limits of agreement) of the
updated module (E-sCAiOVX) for V̇O2

and V̇CO2
values in

the range of 40–100 mL/min with mean inspiratory flows
ranging from 3.0 to 5.0 L/min. The older device (E-COVX)
did not demonstrate agreement with the simulated values
and therefore is not clinically acceptable for use in pedi-
atric patients. The findings for the E-sCAiOVX are more
favorable than those described in the manufacturer’s spec-
ifications. In contrast, the older device (E-COVX) exhib-
ited significantly greater negative bias across the spectrum
of ranges tested.

It should be noted that our results of the E-COVX mod-
ule differed from a prior report on the M-COVX module,
which reported a �1% bias at simulated V̇O2

as low as
50 mL/min.10 However, we believe that there are impor-
tant differences in the way in which set V̇O2

and V̇CO2
and

respiratory parameters were controlled that account for
these differences. However, since the modules themselves
do function slightly differently, it is possible that actual
differences in the performance of the modules account for
some of the difference.

Recently, Wines et al20 studied the accuracy of the
V-max Encore metabolic cart (CareFusion, San Diego,
California). The investigators utilized a commercially avail-
able gas exchange simulator (VacuMed, Ventura, Califor-
nia). The principle of operation is similar to that employed
in the present investigation. However, the VacuMed de-
vice was designed for adult applications, and therefore

Table 1. Combination of V̇O2
, V̇CO2

, Inspiratory Flow, and Tidal
Volumes Set on the Simulator

Approximate
Weight (kg)

Set V̇O2
(mL/min)

Set V̇CO2
(mL/min)

Set V̇insp

(L/min)
Tidal

Volume (mL)

5–6 20 20 1.8 30
6–8 40 40 3.0 50
8–10 60 60 3.6 60
10–16 100 100 5.0 80

These values correspond to approximate weights of 5–16 kg.17,18

Table 2. Summary of Bias Across the Tested Range of Simulated
Gas Exchange Values

Test Range

V̇O2
V̇CO2

Mean
Bias

95% Limits of
Agreement

Mean
Bias

95% Limits of
Agreement

E-sCAiOVX
20 mL/min �26.8 �38.7 to �14.9 �12.1 �23.8 to �0.3
40 mL/min 5.4 �5.5 to 16.3 �7.4 �17.5 to 2.6
60 mL/min 0.6 �5.2 to 6.4 �2.8 �6.7 to 1.1
100 mL/min �7.5 �10.9 to �4.1 �7.8 �10.2 to �5.5

E-COVX
20 mL/min �1.6 �13.3 to 10.0 �48.2 �63.4 to �32.9
40 mL/min �21.4 �28.2 to �14.6 �42.6 �48.0 to �37.3
60 mL/min �28.2 �35.1 to �21.2 �38.6 �45.8 to �31.4
100 mL/min �29.4 �36.6 to �22.2 �36.6 –43.7 to �29.5

Bias calculated: (device � set value) � 100.
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Wines et al20 simulated pediatric V̇O2
and V̇CO2

levels but
with tidal volumes and respiratory parameters that were
much larger than would be observed in children. The au-
thors tested gas exchange from 20 to 204 mL/min. They
reported strong correlations between set and measured gas
exchange values and tight limits of agreement (�7 mL/min).
Unlike the present investigation, which noted reduced ac-
curacy of the E-sCAiOVX at the 20-mL/min gas exchange
range with inspiratory flow �1.8 L/min, the maximum
inspiratory flow demonstrated tight limits of agreement at
this range. However, since maximum inspiratory flow data
were collected with adult respiratory parameters, their util-
ity is limited, especially since the performance of flow
measurement (pneumotachographs) at low inspiratory and
expiratory flows is known to adversely affect the accuracy
of such a system. For this reason, we sought to construct
our system to ensure that pediatric respiratory parameters
were incorporated.

The etiology of the performance differences between
the 2 modules is not clear. Both iterations of the device
utilize a paramagnetic oxygen sensor and a non-dispersive
near-infrared CO2 sensor. The technical specifications out-
lined by the manufacturer are consistent between the two,
including an accuracy of V̇O2

and V̇CO2
each of �10% or

10 mL total (whichever is larger); we found the accuracy
to be superior to this, albeit under idealized conditions as
described. The only clearly visible difference is that the
sampling rate in the newer device has been decreased from
200 to 120 mL/min. This decrease could reduce the en-
trainment of ambient gas and may decrease the dilution of
inspired versus expired gas difference, improving accu-
racy at low V̇O2

and V̇CO2
measurements. It is also possible

that the measurement algorithm (which matches spirome-
try and gas measurements to calculate V̇O2

and V̇CO2
) may

have improved.
The putative benefits of a commercially available de-

vice capable of measuring V̇O2
and V̇CO2

accurately and
continuously in children cannot be overstated. In children
with congenital heart disease, for example, devices may
overestimate V̇O2

(and cardiac output by a proportionate
amount). This may significantly impact patient assessment,
both in the cardiac catheterization laboratory and in the
ICU.2,12,13 Thus, although estimates of V̇O2

and/or V̇CO2
for

simulated values of 20 mL/min fell outside the 20% limit
of agreement, it is still possible that estimations of V̇O2

and
V̇CO2

provided by this device would represent an improve-
ment in the estimation of select parameters compared with
standard equations. Other benefits include the titration of

Fig. 1. Bland-Altman plots of oxygen consumption (V̇O2
) results as measured using the E-sCAiOVX (A) and E-COVX (B) compared with the

simulated values. Difference (%) � 100 � (measured value � set value)/[(measured value � set value)/2] versus average of the measured
value and set value. Solid lines show the mean bias, and dotted lines represent the 95% limits of agreement.

Fig. 2. Bland-Altman plots of carbon dioxide elimination (V̇CO2
) results as measured using the E-aCAiOVX (A) and E-COVX (B) compared with

the simulated values. Difference (%) � 100 � (measured value � set value)/[(measured value � set value)/2] versus average of the
measured value and set value. Solid lines show the mean bias, and dotted lines represent the 95% limits of agreement.
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respiratory support and accurate assessment of energy ex-
penditure for the tailored prescription of nutrition.1,17,18

This is a subject that merits further study, although the
lack of an accepted standard measure in patients makes
determination of absolute accuracy difficult.

There are limitations to the present investigation. The
experiment was not conducted on human subjects. Factors,
including humidification, minute-to-minute variation of gas
exchange values (such as occurs due to hemodynamic vari-
ability), and temperature of the circuit were not addressed.
Humidification could not be incorporated into the model,
since water condensate would adversely affect the perfor-
mance of the mass-flow controller. Further, the effects of
ventilator modes and changes in respiratory parameters are
known to affect gas exchange parameters.21 We took im-
portant steps to minimize these limitations by selecting
equipment that offered very good accuracy for controlling
set simulated gas exchange flow, ensuring that leaks did
not exist in the test apparatus and selecting combinations
of pulmonary mechanics and set gas flows that corre-
sponded to observed pediatric values. Importantly, there
are advantages to conducting the investigation in a con-
trolled laboratory environment, namely the ability to pre-
cisely control set V̇O2

and V̇CO2
and respiratory parame-

ters, therefore obviating the effect that patient variability
has on the interpretation of results if the experiment were
to be conducted in humans. Further, since a human sub-
ject’s V̇O2

and V̇CO2
cannot be precisely controlled, it is

impossible to design a study that seeks to demonstrate the
accuracy of a gas exchange monitor in vivo. This study is
a comparison of the agreement between different devices.
We selected a discrete range of test gas exchange values,
and our conclusions are bound to this range. Further, we
did not assess the affect of differences in FIO2

or of ven-
tilator mode on device accuracy, either of which are known
to impact these end points.11 In practice, none of these may
be true, particularly in children who are weaning from the
ventilator and are therefore breathing spontaneously; thus,
these results must be applied to clinical practice with cau-
tion. Further investigation with methods able to incorpo-
rate increased gas exchange variability and humidification
may be indicated to assess these effects on accuracy and
confirm the findings of the present investigation. None-
theless, these data provide an estimate of accuracy under
idealized conditions.

Conclusions

The new module, E-sCAiOVX, demonstrated accept-
able bias and limits of agreement for the V̇O2

and V̇CO2
in

the range of 40–100 mL/min (which corresponds to pa-
tients in the range of �6–15 kg). The E-COVX demon-
strated bias and limits of agreement that were not clini-
cally acceptable, and therefore application of this module

to pediatric subjects cannot be recommended in the ranges
tested. Further investigations regarding the effects of pa-
tient factors, including humidity, tachypnea, and variations
in inspired oxygen fractions, are warranted.
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