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Carbon Dioxide Elimination and Oxygen Consumption
in Mechanically Ventilated Children

Craig D Smallwood RRT, Brian K Walsh RRT-NPS FAARC, Lori J Bechard PhD RD LDN,

and Nilesh M Mehta MD

BACKGROUND: Accurate measurement of carbon dioxide elimination (VCO) and oxygen con-
sumption (VO ) at the bedside may help titrate nutritional and respiratory support in mechanically
ventilated patients. Continuous VCo monitoring is now available with many ventilators. However,

because normative data are sparsely available in the literature, we aimed to describe the range of
Vco and VO values observed in mechanically ventilated children. We also aimed to examine the
characterigtics of VCo values that are associated with standard steady state (5-min period when
Vco and Vo varlab|I|ty are < 10%). METHODS: Mechanically ventilated patients who under-
went indirect calorimetry testing were eligible for inclusion, and subjects who achieved standard
steady state were included. Normalized Vo, and Vo values (mL/kg/min) were modeled against
subject height, and correlation coefficients wer e computed to quantify the goodness of fit. A steady-
state definition using only V¢, was developed (V o, variability of < 5% for a 5-min period) and
tested against standard steady state using sensitivity and specificity. RESULTS: Steady-state data
from 87 indirect calorimetry tests (in 70 subjects) wereincluded. For age groups < 0.5, 0.5-8, and
> 8y, the mean VCO values were 7.6, 5.8, and 3.5 mL/kg/min. Normalized VCO and VO values
were inversely related to subject height and age. The relationships between nor malized gas ex-
change values and height were demonstrated by the models: Vo, = 115 x (height in cm)~*™
(R = 0.61, P < .001) and V= 130 x (height in cm)™ %" (R = 0.61, P < .001). Steady-state Veo,

predicted standard steady state (sensitivity of 0.84, specificity of 1.0, P < .01). CONCLUSIONS:

Vco and VO measur ements correlated with subject height and age. Smaller and younger subjects
produced Iarger amounts of CO, and consumed more O, per unit of body weight. The use of a
5-min period when VCO varied by < 5% predicted standard steady state. Our observations may
facilitate greater utility of VCO at the bedside in the pediatric ICU and ther eby extend the benefits
of metabolic monitoring to a Iarger group of patients. Key words. carbon dioxide elimination; oxygen
consumption; mechanical ventilation; children; pediatric; Vcoz? volumetric capnography; steady state.
[Respir Care 2015;0(0):1--. © 2015 Daedalus Enterprises]

Introduction

The integration of CO, and flow measurements yields
carbon dioxide elimination (Vo) measurements that can

Mr Smallwood, Mr Walsh, and Dr Mehta are affiliated with the Division
of Critical Care Medicine, Department of Anesthesiology, Perioperative
and Pain Medicine, and Dr Bechard is affiliated with the Department of
Gastroenterology, Hepatology and Nutrition, Boston Children’s Hospital,
Boston, Massachusetts. Mr Smallwood, Mr Walsh, and Dr Mehta are also
affiliated with Harvard Medical School, Boston, Massachusetts.

Mr Smallwood discloses relationships with GE Healthcare, Hill-Rom,
and Maquet. Mr Walsh discloses relationships with Discovery Labs,

REesPIRATORY CARE ¢ MoNTH 2015 VoL @@ No @

be a useful metric to detect changes in alveolar ventilation,
pulmonary perfusion, CO, production, and ventilation op-
timization.1-> Similarly, volumetric oxygen consumption
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(Voz) can be extrapolated using oxygen and flow to detect
the volume of oxygen consumed by the body in a given
time period. The combination of Vo, and Vg is used to
calculate energy expenditure and plays an important role
in assessing and optimizing nutrition, particularly during
critical illness.t

Bedside measurements of Vo, and/or Vo, in mechan-
ically ventilated patients can be obtained using a stand-
alone bedside monitor, a device integrated into the venti-
lator, or an indirect calorimeter.6.” The ability to detect
abnormally high or low values could enhance bedside de-
cision support. Hence, reference ranges for these gas ex-
change measurements are desirable in the critically ill pop-
ulation but are currently not available. We describe
observed gas exchange data (both Vo and Vo) in a
cohort of critically ill, mechanically ventilated subjects
admitted to the pediatric ICU (PICU).

To ensure that the values for Vo, and Vi, measured at
the respiratory interface reflect cellular CO, production
and O, utilization by the body, a period of steady state
must be identified.8-1° Recently, \'/Coz was shown to have
an expanding role at the bedside and may be sufficient to
predict energy expenditure in the majority of mechanically
ventilated children.1t However, methods by which a steady-
state interval can be computed on stand-alone \'/Coz mon-
itors to ensure data quality have not been demonstrated in
the literature and are needed. The current standard defini-
tion of a steady-state period requires 5 consecutive min
during which VCO and Vo vary by = 10%.° Because
many devices mcorporate VCo measurements indepen-
dently of Vo (such as those mcorporated into ventilators),
a steady- -state definition for VCo is required when inter-
preting bedside measurements. Recently, VCO values were
shown to provide useful metabolic data and reasonable
estimates of energy expenditure in mechanically ventilated
children,’* and methods to determine steady-state condi-
tions with \'/Coz are desirable. Therefore, we sought to
identify a definition for steady state that includes param-
eters measured by stand-alone VCO monitors or ventila-
tors and that is in agreement with steady -state VCO values
using the standard definition. This would allow reliable
interpretation of the \'/COZ values at the bedside.

M ethods

Gas exchange measurements in mechanically ventilated
subjects who underwent indirect calorimetry testing were
analyzed from an existing repository of indirect calorim-
etry data. The study was approved by the institutional
review board, and need for informed consent was waived.
The methods for gas exchange measurement and data col-
lection were described previously.2 In brief, the Vmax
Encore (CareFusion, San Diego, California) was used to
measure minute-to-minute VCo and VO for ~30 min in

2

QUICK LOOK

Current knowledge

The measurement of carbon dioxide production (VCO)
and oxygen consumption (VO) with instruments inte-
gral to a ventilator or with an independent device can
provide data regarding nutritional requirements and ven-
tilatory efficiency. The presence of leaks in pediatric
patients complicates these measurements and can intro-
duce important errors. Establishment of a steady state
in this population can be difficult.

What this paper contributes to our knowledge

Vo, and Vo, measurements correlated with subject
height and age. Smaller and younger subjects produced
larger amounts of CO, and consumed more O, per unit
of body weight. The use of a 5-min period when Vo,
varied by < 5% predicted a standard steady state.

each subject using non-dispersive infrared, galvanic cell,
and mass flow sensors. Following calibration according to
manufacturer specifications, connections were made on
the inspiratory and expiratory limbs of the ventilator to
measure inspired gas concentrations, expired gas concen-
trations, and exhaled gas flow. The calculation of VCO
and VO was computed using dedicated software that em-
ployed the Haldane transformation.

In addition to indirect calorimetry data, subject demo-
graphics, endotracheal tube leak, diagnosis, and ICU stay
at the time of indirect calorimetry were collected. Subjects
were classified into general categories (medical or surgi-
cal) and then by specific disease process (respiratory, neu-
rologic, neuromuscular, cardiac, neurosurgical, or other).

Description of Gas Exchange M easurement

Subjects who were not able to achieve steady state by
the standard definition were excluded from the analysis.
Data were analyzed using SPSS 21.0 (IBM, Armonk,
New York) and Prism 5.04 (GraphPad Software, San Di-
ego, California). Gas exchange values (Vo and Vo, ) were
normalized to weight (mL/kg/min). Continuous values are
expressed as median (interquartile range) if not normally
distributed and as mean (95% confidence intervals) if
normally distributed. Categorical variables are shown as
number (percentage). Normalized gas exchange values
(mL/kg/min) were plotted against the subjects’ heights,
and non-linear regression models were applied. The cor-
relation coefficients were computed for each model to as-
sess the goodness of fit. Analysis of variance was com-
puted for the best performing regression, with a significance
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level set to P = .05. Additionally, Vo, and Vo, values
were summarized according to 3 distinct age groups
(<05vy,05t0 8y, and > 8 y). The differences in \'/Coz
and Voz across age groups were assessed using one-way
analysis of variance with Dunnett’s multiple-comparison
post-test (< 0.5y group used as referent).

Steady-State V oo, Comparison

Minute-to-minute \'/COZ data were used to assess the
agreement of various definitions for steady state. A total of
6 different definitions for steady state were tested based on
the variation of Vo, or of both Vo and minute ventila-
tion over a 5-min interval for coefficient of variation
(SD/mean) at 3 distinct thresholds (5%, 7.5%, and 10%).
We compared the new definitions of steady state with the
standard steady-state definition of a 5-min window during
which Vo, and Ve, vary by < 10%.° A custom software
macro was built to compute the steady-state definitions
using Excel 14.0.6129.5000 (Microsoft, Redmond, Wash-
ington). Sensitivity, specificity, and the Fisher exact test
were used to quantify the performance of the various VCO{
based steady-state definitions and to identify the one with
the highest specificity.

Results

A total of 120 indirect calorimetry tests were completed
in 92 mechanically ventilated subjects (with 28 repeat tests
performed) during the eligibility period. A total of 33
(27.5%) tests, which were conducted in 22 subjects, failed
to exhibit steady state. Steady-state measurements were
achieved in 87 (72.5%) tests, which were conducted in 70
subjects, and were included in the analysis. The cohort
included 35/70 males (50.0%) with median (interquartile
range) age, height, weight, and F o, of 2.4 (0.68-13.9) y,
79.0 (57.5-118.2) cm, 12.6 (6.5-30.0) kg, and 0.4 (0.3-
0.4), respectively. The median ICU stay at which point
measurements were recorded was 46 (19-132) d. The me-
dian endotracheal tube leak was 4% (0-9%). A breakdown
of subject diagnoses is provided in Table 1.

Description of Gas Exchange

The mean Vo, and Vo, were 5.4 (95% Cl 0.5) and 5.9
(95% CI 0.6) mL/kg/min for the entire cohort. A statisti-
cally significant relationship between normalized gas ex-
change and height was observed with power regression
models: Vo, = 115 X (height in cm) *"* (P < .001)
(Fig. 1A) and vo = 130 X (height in cm) %72 (P < .001)
(Fig. 1B). The correlation coefficients were both 0.61 for
VCo and VO Table 2 shows gas exchange over distinct
age groups. There were 14, 44, and 27 subjects in the age
groups <05y, 0.5to <8y, and = 8 vy, respectively.
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Table 1. Subject Diagnoses

Diagnosis n

Medical
Respiratory 20
Neurologic
Cardiac
Neuromuscular
Other

Surgical
Cardiac 14
Respiratory
Neurosurgical
Neuromuscular
Other

oo Wk~ N

g N~ o

The cohort consisted of 70 subjects: 40 subjects with a medical diagnosis and 30 subjects with
a surgical diagnosis.

There were statistically significant differences in \'/Coz
among age groups: < 0.5 y compared with 0.5t0 <8y
(P < .05)and =8y (P < .05). For \'/02, differences were
noted between the < 0.5y group and = 8y group (P < .05).

Steady-State V oo, Comparison

Minute-to-minute data from 47 subjects were utilized to
compare the performance of the 6 steady-state definitions.
The sensitivity, specificity, and Fisher exact test results are
shown in Table 3. In this cohort, the modified steady-state
definition, using a 5-min window for \'/Coz values (with a
coefficient of variation < 5%), predicted true steady-state
conditions (obtained by the standard definition) with a
sensitivity of 0.84 and a specificity of 1.0 (P < .01).

Discussion

Based on observations of our current cohort, gas ex-
change values significantly correlated with subject height
and were also related to subject age. Both Vo, and Vo,
were produced at larger quantities per unit of body weight
in younger subjects. Furthermore, the relationship between
VCo and Vo values (normalized to weight) and height
could be described with a simple regression model. Fur-
thermore, if height is not immediately available, one can
obtain a reasonable estimate of expected values for \'/COZ
based on age groups. These findings provide a range of gas
exchange values seen in a heterogeneous cohort and will
aide in the interpretation of gas exchange values observed
in the PICU. With the advent of stand-alone and ventila-
tor-incorporated \'/COZ monitors, a steady-state criterion to
help assess reliable measurements is necessary. Standard
steady-state conditions for indirect calorimetry testing in
our cohort were predicted by a new definition (5-min pe-
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Fig. 1. Normalized gas exchange versus height. Power regression models are depicted and demonstrate the relationship between nor-

115 X (height in cm)~ %71

(P < .001). B: Power regression model for oxygen consumption (Vo,) = 130 X (height in cm)~°72 (P < .001).

Table 2. Normalized Gas Exchange Values Across 3 Age Groups
Age Vo, (ML/kg/min) Vo, (mL/kg/min)
<05y (n=16) 7.6 (6.0-9.2)* 8.0 (6.5-9.5)*
05t0 <8y (n=44) 5.8 (5.2-6.4)* 6.5 (5.6-7.4)
=8y (n=27) 3.5(3.0-4.0) 3.8(3.3-4.3)

Values are expressed as mean (95% Cl).

* Statistically significant differences in gas exchange values were observed between the
denoted age group and the referent group (= 8y).

Vc02 = carbon dioxide elimination

Vo, = Oxygen consumption

riod for \'/Coz with a coefficient of variation < 5%) with
high specificity and sensitivity.

Subject-to-subject differences may reflect variations in
metabolic rate that could be attributed to level of activity,
temperature, or stimulation at the time of the test. A
comparative data set (as presented in this study) may en-
hance the ability to discern whether values for VCO and/or
Vo at the bedside are abnormally high or low. For exam-
ple, if a 10-y-old patient is observed to have a VCO of
10.5 mL/kg/min (which corresponds to 3 times the ex-
pected value), careful assessment on the part of the clini-
cian is likely indicated. Increases in \'/CO2 can be attributed
to changes in clinical status (increased metabolism and
increased CO, production or changes in ventilation status).
In contrast, decreases in \'/COz may indicate worsening
pulmonary or cardiac performance, decreased conscious-
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Table 3. Performance of New Steady-State Definitions Compared
With the Standard Definition
Sensitivity Specificity P
Vo, coefficient of 0.84 1.00 < .01
variation < 5%
Veo, and Ve 0.82 1.00 < .05
coefficient of
variation < 5%
Vo, coefficient of 0.98 0.67 < .01
variation < 7.5%
Veo, and Vg 0.95 0.67 < .05

coefficient of
variation < 7.5%

The standard steady-state definition was used for comparison (carbon dioxide elimination
[VCOZ] and minute ventilation [VE] coefficient of variation < 10% for 5 consecutive min).
Results for Vo, coefficient of variation < 10% and Vo, and Vg coefficient of variation

< 10% failed to discriminate between those subjects who achieved steady state and those who
did not. Sensitivity, specificity, and the Fisher exact test could not be computed and are
therefore omitted.

ness, or inappropriate decreases in ventilator support. In-
stitutional criteria may be developed to target those pa-
tients with abnormally high or low \'/Coz for indirect
calorimetry or other intensive assessment and monitoring.

In the present cohort, 27.5% of the tests did not achieve
steady state. The recording of specific ventilator data and
monitored parameters to determine those at risk for not
achieving steady state was beyond the scope of our study,
and therefore, we cannot say for certain why individual
subjects failed to achieve steady state. However, it has
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been shown in adults that routine ICU care, ICU stay,
disease state, and sedation can have a significant effect on
absolute Voz and energy expenditure levels, as well as
minute-to-minute variation.*2 In children, the levels of se-
dation and activity and the severity of disease are also
associated with achievement of steady state.3.14 More spe-
cifically, increased variation in breathing frequency, ven-
tilator circuit leak, and inspiratory time and higher peak
inspiratory levels are associated with an inability to achieve
steady state in critically ill, mechanically ventilated chil-
dren and may result from changes in metabolism.°

The steady-state definition of 5 consecutive min of \'/COZ
data with a coefficient of variation < 5% has not previ-
ously been compared with the standard method, which
uses a coefficient of variation < 10% for both \'/Coz and
Vo,° The ability to accurately predict steady-state condi-
tions using Vo, alone may be useful when interpreting
data from bedside CO, monitors. Although the other def-
initions for steady-state \'/COZ that were examined in our
present study exhibited high sensitivities, the values for
specificity were unacceptably low. In Table 3, it is clear
that the definition incorporating minute ventilation in ad-
dition to \'/COZ variability is quite acceptable, with a sen-
sitivity and specificity of 0.82 and 1.00, respectively. The
incorporation of minute ventilation variability into the
steady-state definition does have the theoretical advantage
of making the criteria more stringent and hence more ac-
curate in a larger cohort. \'/02 values contribute to the
variations in metabolic state of critically ill patients; how-
ever, our study indicates that this contribution is relatively
small during steady state and is likely closely related to
variation in V..

Values for gas exchange were strongly related to subject
height and age. Lindahl et al*5.16 demonstrated that a non-
linear relationship between subject size and gas exchange
exists in healthy anesthetized children, but included only
children less than ~25 kg in weight. The present cohort of
mechanically ventilated children included a wider range of
subject height and age and therefore may better reflect
subjects admitted to the PICU. Our results confirm those
of Lindahl et al,>16 as they demonstrate that shorter and
younger children have increased metabolism, as reflected
by VCo and VO when indexed by size or weight, com-
pared with older children.

Previous investigators reported values for Vo and Vo,
for mechanically ventilated children in their PICU. Fram-
son et al'” described a heterogeneous cohort of mechani-
cally ventilated children in whom the mean Vo, and Vo,
were 4.3 and 5.2 mL/kg/min, respectively, with a mean
age of 5.2 y and a mean height of 102 cm. In a survey of
100 mechanically ventilated children, White et al'8 re-
ported a mean Vo, and Vo, of 5.3 and 6.3 mL/kg/min,
respectively, for a cohort with a mean age of 4.5y and a
mean height of ~97 cm. Furthermore, in a slightly younger
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population with a mean age of 4.2 y, Martinez et al®®
reported a mean Vo, and Vo, of 4.8 and 6.1 mL/kg/min,
respectively, for a cohort of mechanically ventilated chil-
dren recently admitted to the PICU. These findings sug-
gest that the values from our study are largely in agree-
ment with values reported elsewhere. However, none of
the aforementioned studies reported data normalized to
subject size. Our models should be tested in other data
sets.

There are important limitations to this study that must
be carefully considered. First, the results reflect findings
from a single institution and represent a heterogeneous
collection of subject sizes and disease states. However, the
population does reflect a patient population that is likely to
be encountered in the PICU. Second, we used a single
device to make gas exchange measurements. Reports sug-
gest that gas exchange data do not necessarily agree among
approved devices, with various factors contributing to the
disagreement.2> We chose to utilize a single device to
ensure that device-device agreement was not a confound-
ing factor in our study. However, device agreement and
individual accuracy are important considerations, and ex-
trapolation of the present findings to devices other than
that tested must be done with caution. Furthermore, the
device used in this investigation was shown in an in vitro
simulation of child metabolism to be accurate and reli-
able.2t Third, the time points of data collection were not
standardized among the cohort, and accordingly, subjects
may have been in different phases of their disease. Be-
cause the median duration of ICU stay at which indirect
calorimetry measurements were taken was 46 d, our re-
sults reflect subjects in a non-acute phase of their disease.
However, because the hypermetabolic response noted in
critically ill adult patients is not apparent in pediatric crit-
ically ill children, differences in stay at the time of indirect
calorimetry should not have a significant effect on gas
exchange values.l” Indeed, it has been shown that criti-
cally ill, mechanically ventilated children do not tend to
exhibit predictable changes in gas exchange as a function
of time or disease phase in the ICU.27 It is possible that
certain diseases may exhibit different findings for gas ex-
change values compared with other diseases, but the num-
ber of patients required to demonstrate these differences
was prohibitively large. Because it was the aim of this
study to describe gas exchange values for the cohort that
could yield a single tool for clinicians, we decided not to
pursue further analyses based on subcategorized diseases.

Future studies should investigate the feasibility of in-
corporating steady-state \'/CO2 methods into available ven-
tilators and CO, monitors to ensure the quality and reli-
ability of minute-to-minute \'/CO2 data available at the
bedside. Software applications that include steady-state
criteria thresholds, detection of outliers, and trend views
will allow clinical decision making based on these data.
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Devices should also include onboard calculation of gas
exchange normalized to body weight (mL/kg/min). With
the increasing availability of bedside gas exchange mon-
itors and monitors incorporated into ventilators, our ob-
servations will help with interpretation of the continuous
data and allow them to be incorporated into clinical deci-
sion making.

Conclusions

In a cohort of mechanically ventilated children, we ob-
served a large range of \'/Coz and Voz measurements. Gas
exchange values were strongly related to height and age;
smaller and younger patients tended to produce larger
amounts of CO, per unit of body weight. A new steady-
state definition of a 5-min period for \'/COZ with a coeffi-
cient of variation < 5% was in reasonable agreement with
the standard definition and may be used to determine the
validity of continuous VCo measurements at the bedside.
Our observations may facilitate greater utility of VCo at
the bedside in the PICU and thereby extend the benefits of
metabolic monitoring to a larger group of patients when
indirect calorimetry is not available.
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