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A Device for the Quantification of Oxygen Consumption

and Caloric Expenditure in the Neonatal Range

Einav Nachman, BS,* Peter Clemensen, MS,*t Katheryn Santos, BS,* Alexis R. Cole, BS,*
Brian D. Polizzotti, PhD,*+ Grace Hofmann, RRT,§ Kristen T. Leeman, MD,%||
Sarah J. van den Bosch, MS,* and John N. Kheir, MD*+

BACKGROUND: The accurate measurement of oxygen consumption (VO,) and energy expen-
diture (EE) may be helpful to optimize the treatment of critically ill patients. However, current
techniques are limited in their ability to accurately quantify these end points in infants due to a
low VO,, low tidal volume, and rapid respiratory rate. This study describes and validates a new
device intended to perform in this size range.

METHODS: We created a customized device that quantifies inspiratory volume using a pneu-
motachometer and concentrations of oxygen and carbon dioxide gas in the inspiratory and
expiratory limbs. We created a customized algorithm to achieve precise time alignment of these
measures, incorporating bias flow and compliance factors. The device was validated in 3 ways.
First, we infused a certified gas mixture (50% oxygen/50% carbon dioxide) into an artificial lung
circuit, comparing measured with simulated VO, and carbon dioxide production (VCO,) within a
matrix of varying tidal volume (4-20 mL), respiratory rate (20-80 bpm), and fraction of inspired
oxygen (0.21-0.8). Second, VO,, VCO,, and EE were measured in Sprague Dawley rats under
mechanical ventilation and were compared to simultaneous Douglas bag collections. Third, the
device was studied on n = 14 intubated, spontaneously breathing neonates and infants, com-
paring measured values to Douglas measurements. In all cases, we assessed for difference
between the device and reference standard by linear regression and Bland-Altman analysis.
RESULTS: In vitro, the mean % standard deviation difference between the measured and refer-
ence standard VO, was +0.04 = 1.10 (95% limits of agreement, —2.11 to +2.20) mL/min and
VCO, was +0.26 + 0.31 (—0.36 to +0.89) mL/min; differences were similar at each respiratory
rate and tidal volume measured, but higher at fraction of inspired oxygen of 0.8 than at 0.7
or lower. In rodents, the mean difference was —0.20 + 0.55 (-1.28 to +0.89) mL/min for VO,,
+0.16 = 0.25 (-0.32 to +0.65) mL/min for VCO,, and —0.84 + 3.29 (-7.30 to +5.61) kcal/d for
EE. In infants, the mean VO, was 9.0 £ 2.5 mL/kg/min by Douglas method and was accurately
measured by the device (bias, +0.22 + 0.87 [-1.49 to +1.93] mL/kg/min). The average VCO,
was 8.1 = 2.3 mL/kg/min, and the device exhibited a bias of +0.33 £ 0.82 (-1.27 to +1.94)
mL/kg/min. Mean bias was +2.56% + 11.60% of the reading for VO, and +4.25% + 11.20% of
the reading for VCO,; among 56 replicates, 6 measurements fell outside of the 20% error range,
and no patient had >1 of 4 replicates with a >20% error in either VO, or VCO,.

CONCLUSIONS: This device can measure VO,, VCO,, and EE with sufficient accuracy for clinical
decision-making within the neonatal and pediatric size range, including in the setting of tachy-
pnea or hyperoxia. (Anesth Analg 2018;127:95-104)

KEY POINTS

- Question: Does a device that measures inspiratory flow, and inspiratory and expiratory oxygen
and carbon dioxide concentrations, accurately determine oxygen consumption, carbon dioxide
production, and energy expenditure in the neonatal range?

- Findings: Device-based measures of oxygen consumption, carbon dioxide production, and
energy expenditure correlate well with those simulated using a mass flow controller in vitro,
and with Douglas measurements in rodents and in newborn infants.

- Meaning: This device enables the real-time analysis of oxygen consumption and energy
expenditure in neonates with sufficient accuracy for clinical use.
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Device for Oxygen Consumption in Neonates

and oxygen consumption (VO,) may provide useful

information for the treatment of critically ill infants
and children. To date, no devices are available for the con-
tinuous, accurate quantification of these parameters in the
neonatal population.

It is well established that providing adequate nutrition
for patients in critical condition, especially infants and small
children, results in decreased mortality and overall improved
outcomes.! The underestimation of EE may lead to under-
feeding and inadequate caloric provision, and may worsen
clinical outcomes.? Alternatively, overestimation of EE may
lead to overfeeding, may increase carbon dioxide (CO,)
production (VCO,), and prolong the duration of mechani-
cal ventilation.? Overestimation of EE, whether by inaccu-
rate measurement or by the use of estimating equations,’
may lead to excess fluid administration in patients who are
particularly fluid sensitive, such as infants after congenital
heart surgery. The use of standardized equations to estimate
energy requirements has been shown to correlate poorly with
measured values, both under- and overestimating EE by up
to 90%.* Fluctuations in metabolic rate, temperature, activity
level, and overall health are clearly determinants of EE that
are not captured in equations.’ Thus, the accurate quantifica-
tion of EE in ventilated neonates is highly desirable.

Like EE, VO, varies greatly between health and illness
and may permit identification of critical illness states. An
increased VO, (or VCO,) may be the first signs of fever,
systemic inflammatory response, seizure, or agitation in
ventilated patients, permitting early clinical intervention.
Alternatively, VO, may decrease in patients with severe low
cardiac output syndrome.®> Further, VO, is a critical com-
ponent of the Fick equation, and the accuracy of measure-
ments of cardiac output and vascular resistances (critical in
the treatment of infants with congenital heart disease) relies
on the accurate quantification of VO,.® As with EE, small

The accurate measurement of energy expenditure (EE)

discrepancies in equation-based estimates of VO, can lead
to important discrepancies (in either direction) in estimates
of cardiac output or vascular resistance.

Over the past several decades, several devices have been
developed which quantify EE and VO, using metabolic
breath-by-breath devices. However, as discussed in detail
below, the available repertoire to measure these variables
with accuracy in the neonatal range is particularly lim-
ited.”” To address this important problem, we have created
anew device focused on the quantification of EE and VO, in
the neonatal range. Here, we describe this technique as well
as its accuracy in vitro and in vivo.

METHODS

Device Description

Aswith all techniques, VO, and VCO, are measured through
the accurate quantification of inspired and expired oxygen
(O,) and CO, content. As shown in Figure 1, the device mea-
sures inspiratory volume using a flowmeter (8311B Series
0-10 LPM nonheated pneumotachometer; Hans Rudolph,
Shawnee, KS) attached at the inspiratory outlet of the ventila-
tor (Servo-i; Maquet Critical Care, Solna, Sweden) and pres-
sure differential sensor (+2 inches H,O sensor; Measurement
Specialties, Fremont, CA). Gas is sampled at a rate of
60 mL/min, carried via Nafion tubing (Perma Pure,
Lakewood, NJ, which is used to dehumidify the respiratory
gases) to a remote O, laser diode sensor (Oxigraf, CA) and
infrared CO, sensor (Oxigraf, Sunnyvale, CA). Expired gas
is collected at the ventilator exhaust and is similarly ana-
lyzed. A single set of O, and CO, sensors is used for the mea-
surements of inspiratory and expiratory gas to minimize
sensor-related error, and gas is alternated using an internal
solenoid valve (X-Valve; Parker/Pneutronics, Hollis, NH).
The timing algorithm is designed to measure O, and CO,
concentrations on essentially the same sample of gas from
the inspiratory and expiratory limbs in sequence.

MIXING CHAMBER SETUP
Flowmeter tubing
Optional
L VENTILATOR /
- DIFIER g [
Y-piece : ) Air | £ VO, DEVICE
= Mixer =
)/‘ 0, 3 2| AP Sensor
Inspiratory 4 0,/C0,
flowmeter 1
Analyzer
l J ! |
Optional
Bacterial
filter Expiration sample Inlet selector
valve
Inspiration sample Gas sample
lines

Figure 1. Schematic of device attachments. The device quantifies inspiratory flow using a flowmeter at the inspiratory port from the ventilator,
before the humidifier. Inspired gas is sampled distal to the humidifier to permit maximal mixing. Expiratory gas is sampled at the ventilator
exhaust, also to maximize mixing. O, and CO, are each analyzed by single analyzers within the device, which alternately analyzes inspiratory
and expiratory gases using a solenoid valve. CO, indicates carbon dioxide; O,, oxygen; VO,, oxygen consumption; AR differential pressure.
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VO, (mL/min at standard temperature and pressure
dry) is calculated according to Equation 1, where F, is the
fractional inspired and Fy is the fractional mixed expired
concentrations of O, and CO,:

(ATPD)XLX by
273+t,, 760 1)
XFIOZ><(1—1:Ec:oz)—1:,502><(1—r~lcoz)

1-F,0,-F,CO,

VO, (STPD)=V;,

1 tot

VCO, is calculated according to Equation 2 as follows:

VCO, (STPD)=V/,, (ATPD)x 21> 1oy
' 273+t,, 760 o)
F,CO, x(1-F0O,)-ECO,x(1-F,0,)

1-F,0,-E,CO,

Total inspiratory gas flow V’;,, (L/min) in Equations 1 and 2
is measured by the pneumotach before humidification, cor-
rected for calculated instantaneous gas viscosity based on
measured fraction of inspired oxygen (F10,), averaged over a
complete number of breaths in the measurement cycle, and
determined at ambient temperature and pressure dry. The
Haldane transformation is used to exclude expiratory vol-
ume flows from the equations, making only inspiratory vol-
ume flows necessary. The barometric pressure (Py [mm Hg])
is not adjusted for water vapor pressure because the gas is dry.
Ambient temperature (t,,,, [°C]) is measured by the device. F;
and F; are fractional concentrations of dry gas because Nafion
tubing was used to equilibrate the humidity of sampled gas
with that of ambient air, both during measurements and dur-
ing calibrations using dry gas mixtures. Measured fraction of
inspired carbon dioxide (F,CO,) was measured (0.0000-0.0001)
but could alternatively be left out. Because intrabreath F1o,
may vary considerably around the set F10, even on the most
advanced ventilators, we calculated flow-weighted averages
of measured FI0, for use in the equations, that is, the product
of instantaneous flow and time-shifted O, concentration was
integrated and divided by integrated flow. F; is determined
by simple averaging during expirations.

EE (kcal/d) is calculated according to Equation 3, the
modified Weir equation without correction for protein
metabolism!:

EE=(3.941x VO, +1.106x VCO, ) x1440 (3)

Because we use the same sensors to quantify O, and CO,
(respectively) in inspired and expired gas, the variables
in Equations 1 and 2 are measured on approximately the
same physical sample of gas (traveling through the venti-
latory circuit) but at different times. Because of this time
delay, a complete measurement cycle lasts between 45 and
60 seconds (depending on minute ventilation), such that a
single set of values (VO,, VCO,, and EE) is generated at this
interval.

The flowmeter was linearized! before each study, and
calibrated daily for unidirectional measurement using a 1-L
calibration syringe (Hans Rudolph, Shawnee, KS). O, and
CO, sensors were calibrated using room air, O, (Airgas,
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Boston, MA), and 5% CO,/20% O,/balance N,, clinical
blood gas grade (accuracy 0.03% absolute; Airgas, MA).

Device Accuracy In Vitro

We created a lung simulator representative of the dead space
and tidal volumes of neonates. This consisted of a stan-
dard neonatal ventilator circuit, humidifier (Hudson RCT;
Teleflex Medical, Morrisville, NC), and artificial silicone
lungs (1 or 2 NeoLung bellows; IngMar Medical, Pittsburgh,
PA) to alter tidal volume and total system compliance.
Mechanical ventilation took place using a Servo-i ventila-
tor (Maquet Critical Care, Solna, Sweden) in infant mode.
We simulated metabolic gas exchange by infusing a test
gas (50% CO, and 50% O,, +0.03% absolute accuracy; Scott
Medical Products/Airgas, Plumsteadville, PA) into the bel-
lows at 0-40 mL/min using a mass flow controller (MFC,
MC-50SCCM; Alicat Scientific, Tucson, AZ; accuracy +0.4%
of reading, +0.2% of full scale, factory calibrated for use with
the mixture). Using this test gas, half of the infused flow rate
would correspond to the VCO, and half of the rate would
simulate a negative VO, (O, production), resulting in an
expected respiratory quotient (RQ) of —1.00 independent of
ventilator settings. A conversion factor of 1.092 was applied
to convert from desired flow at standard temperature and
pressure dry to standard cubic centimeters per minute
at 25°C (used for the MFC setpoint). After a 5-minute equili-
bration time, measurements were taken for 20 minutes
at each combination described in Supplemental Digital
Content 1, Table 1, http://linkslww.com/AA/C278
(n = 3 per combination). F10, was varied between 0.21 and
0.8, respiratory rate (RR) between 20 and 80 breaths per min-
ute, and tidal volume between 4 and 20 mL through manip-
ulation of the ventilator settings and number of bellows.
Simulated VO, and VCO, were varied between 4 and 20 mL/
min through manipulation of the MFC. The resulting mixed
expired CO, concentrations were in the range 0.5%-1.6%.
Matrix design was intended to interrogate the lower limit
of detection in VO, at the highest RR and F10,. Measured
VO, and VCO, were compared to set MFC values by linear
regression and Bland-Altman analysis. We also completed
a secondary analysis intended to identify an upper limit of
F10, or RR beyond which the percent difference between
the MFC and device reading was significantly higher (ie,
the upper limits of the device). To do so, we completed a
series of 1-way repeated measures analysis of variance with
Dunnett multiple comparison posttests in which the percent
difference between device reading in VO, or VCO, and the
MEC setting was compared against F1o, or RR."?

Determination of Accuracy in Rodents

The following experiments were approved by the
Institutional Animal Care and Use Committee at Boston
Children’s Hospital. Sprague Dawley rats (n = 12, body
weight 625-780 g) underwent anesthesia using inhalational
isoflurane (0.5%—2%) for placement of a transoral tracheal
tube (14 g angiocatheter). Any leak around the tube was
eliminated using a circumferential tracheal suture. After
intubation, isoflurane was discontinued and sedation and
neuromuscular blockade were provided intravenously
(ketamine 40 mg/kg intraperitoneal, xylazine 5 mg/kg
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intraperitoneal, and rocuronium 2 mg/kg intravenously
every 15 minutes). No inhalational anesthetics were pro-
vided for 30 minutes before or during the experimental pro-
tocol below. Mechanical ventilation (Servo-i) took place in
pressure control mode using positive end-expiratory pres-
sure 5 cm H,O, peak inspiratory pressure 20 cm H,O, and
F10, 0.4. RR was varied at either 30 or 50 bpm.

VO,, VCO,, and EE were measured by the device, a total
of n = 4 times per animal. In 2 replicates, the F1o, was pro-
vided by the ventilator as in clinical practice and the volume-
averaged inspired O, content was measured by the device.
In the other 2 replicates, a certified gas mixture (40% + 0.03%
F10, absolute accuracy; Airgas, Boston, MA) was used as the
source gas. This provided a gold standard measure of inspired
O, content for use in Douglas calculations (to determine
whether the experimental mathematical coupling that takes
place when the device is used to calculate inspired O, content
for Douglas collections exhibits significantly different results).
In all replicates, expired O, and CO, content were quantified
using a Douglas technique. Briefly, a 5-L nondiffusing gas col-
lection bag (Series 6005; Hans Rudolph, Shawnee, KS) was
flushed thrice with inspired gas and then expired gas from
the exhaust port, followed by a timed gas collection simulta-
neous with device measurements. Gas volume was analyzed
by calibrated 1-L syringe (Hans Rudolph, Shawnee, KS) and
60-mL disposable syringe, and O, and CO, using the device’s
internal sensors for calculation of a reference standard VO,,
VCO,, and EE. Time-averaged values for VO,, VCO,, and EE
were calculated and compared to those measured simultane-
ously by the device using linear regression and Bland—Altman
analysis. We further subanalyzed whether absolute difference
in VO, and VCO, was different between replicates in which
the F10, was set using the ventilator versus certified tank
using an unpaired ¢ test. Note that we analyzed differences
as both absolute values and as percentages of total, as we felt
both to be clinically important (ie, knowing that error in VO,
is +1 mL/min may be as useful as +20%).

Determination of Accuracy in Infants

The following study was conducted after parental informed
consent under a protocol approved by the institutional
review board at Boston Children’s Hospital (institutional
review board-P00025365) and registered on clinicaltrials.gov
(registration number: NCT03154112; principal investigator
name: ].N.K,; date of registration: May 12, 2017). We studied
a convenience sample of neonates and infants (<6 months)
who were on mechanical ventilation via a tracheal tube with
a <10% leak in the cardiac or neonatal intensive care unit
(ICU) (n = 14 patients). Following an identical protocol to
that described in rodents, we compared device-measured
VO,, VCO,, and EE to those measured by Douglas collec-
tions a total of n = 4 times per participant. Measurements
were again completed twice with F10, of 0.4 as provided by
the ventilator, and twice using the certified gas mixture as
the source gas. No other changes were made to the patient’s
ventilator settings. Time-averaged values for VO,, VCO,,
and EE were calculated and compared to those measured
simultaneously by Douglas technique using linear regres-
sion and Bland-Altman analysis. The CIs of the limits of
agreement'® were calculated as previously described.!
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Sample Size and Power Calculations

Given that the in vivo experiments were planned at a set
F10, (0.4), we based our sample size calculations on the
mean bias (-3.1%) and its standard deviation (SD, 4.2%) of
all experimental replicates at F10, of 0.4 in the in vitro exper-
iment. Assuming that the system performed with the same
accuracy in vivo (which we considered reasonable given the
matching of experimental conditions to the expected clini-
cal scenario), the inclusion of n = 12 patients allowed us to
detect a 20% difference between device and reference mea-
surements (which would be considered clinically accept-
able') with 90% power and an a level of .05.

RESULTS

Device Accuracy In Vitro

There were no significant associations between tidal vol-
ume (range, 4-20 mL) or RR (range, 20-80 bpm) and percent
difference between the MFC and device readings for either
VO, or VCO, (Figure 2). There were also no significant F1o,-
dependent differences in MFC-device percent difference in
VCO, readings. When compared to readings at F10, of 0.21,
the percent difference (ie, error) between MFC settings and
device VO, measurements was significantly greater at an
F10, of 0.8 than at F10, of 0.7 or less (P = .0003; Supplemental
Digital Content 2, Figure 1, http://links.Iww.com/AA/
C279). Thus, we concluded that the upper limit of function-
ality of the device was F10, of 0.7; note that data for F1o, of
0.8 were excluded from subsequent analysis.

VO, measured by the device was similar to that of the
MEC (Figure 3). The slope of the linear regression line was
1.002 (95% confidence interval [CI], 0.991-1.014) and corre-
lation was excellent (R?> = 0.994). The bias was +0.04 mL/
min (SD of differences, 1.10 mL/min) and the 95% limits of
agreement (LOA) were —2.11 and +2.20 mL/min (95% CI
of lower LOA was -2.40 to —1.83 mL/min and of the upper
LOA was +1.92 to +2.49 mL/min). VO, measurements by
the device differed by >20% from that set by the MFC in 5 of
183 (2.7%) of experimental replicates.

Similarly, measurement of VCO, by the device closely
approximated that set by the MFC (slope of linear regres-
sion line, 1.007 [1.004-1.010]; R? > 0.999). The bias was
+0.26 mL/min (SD, 0.31 mL/min) with limits of agree-
ment of —0.36 to 0.89 mL/min (95% CI of lower LOA was
-0.43 to —0.27 mL/min and of the upper LOA was +0.79 to
+0.95 mL/min). VCO, measurements by the device did not
differ by >20% from that set by the MFC in any of the 183
(0%) of experimental replicates.

Device Accuracy and Precision in Rodents

Rodents exhibited a VO, of 1.10 + 0.20 mL/min/100 g by
Douglas method. Device-measured VO, correlated well
with that from the Douglas method (R* = 0.826; Figure 4A).
The bias in VO, was —0.20 mL/min (SD, 0.55 mL/min)
with limits of agreements of —1.28 and 0.89 mL/min (95%
CI of lower LOA was -1.54 to —1.01 mL/min and of the
upper LOA was +0.62 to +1.15 mL/min). The mean VCO,
by Douglas method was 0.89 + 0.12 mL/min/100 g, and
device measurements correlated well with Douglas mea-
surements (R? = 0.915; Figure 4B). The bias in VCO, was
0.16 mL/min (SD, 0.25 mL/min) with limits of agreement
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Figure 2. Error (ie, difference between device and MFC) estimates in
VO, and VCO, measurements. In benchtop simulation experiments,
there was no change in the absolute error of either VO, (solid black;
P =.95) or VCO, (striped black; P = .95) as a function of tidal volume
(A) or respiratory rate (B; P = .91 for VO, and P = .78 for VCO,). C,
When assessed as a function of Fio,, error in VO, measurements
did not vary with Fio, at or below 0.7 (P = .09), but did at Fio, of 0.8
(P =.0003). Error in VCO, did not vary with Fio, (P = .94). Data are
means, error is SEM. Number of experimental replicates in each
group is as shown in Table. All analyses performed by 1-way ANOVA
with Dunn correction for multiple comparisons. ANOVA indicates
analysis of variance; Fio,, fraction of inspired oxygen; MFC, mass
flow controller; SEM, standard error of the mean; VCO,, carbon diox-
ide production; VO,, oxygen consumption.

of —0.32 and 0.65 mL/min (95% CI of lower LOA was —0.44
to —0.20 mL/min and of the upper LOA was +0.53 to +0.77
mL/min). Device-measured RQ exhibited a bias of 0.04 (SD,
0.06) with limits of agreement of —0.07 and 0.15 (95% CI,
-0.11 to —0.03 and +0.11 to +0.20) though correlation was
modest (R? = 0.638; Figure 4C). EE exhibited a bias of —0.84
kcal/d (SD, 3.29 kcal/d) with limits of agreement of —7.30

July 2018 e Volume 127 e Number 1

and 5.61 kcal/d (95% CI of lower LOA was -8.89 to —5.71
kcal/d and of the upper LOA was +4.02 to +7.20 kcal/d)
(R? = 0.853; Figure 4D). Bias in VO, was not significantly
different for experimental replicates in which F1o, was pro-
vided by the ventilator versus the certified gas mixture of
40% F10, (bias, —0.31 vs =0.11 mL/min; P = .2).

Device Accuracy and Precision in Ventilated
Neonates and Infants

A clinical description of the patients included in the clini-
cal study is included in Table. The average VO, of the
cohort was 9.0 + 2.5 mL/kg/min by Douglas method.
Device-measured VO, correlated well with that from the
Douglas method (R* = 0.89; Figure 5A). The bias in VO, was
+0.22 mL/kg/min (SD, 0.87 mL/kg/min) with limits of
agreement of —1.49 and +1.93 mL/kg/min (95% CI, -1.89 to
-1.09 mL/kg/min and +1.53 to +2.34 mL/kg/min). Mean
bias in VO, was +2.56% + 11.60% of the reading with 95%
limits of agreement of —20.2% to 25.3%. Among 56 experi-
mental replicates from 14 patients, only 6 VO, measure-
ments fell outside of a 20% difference (Supplemental Digital
Content 3, Figure 2A, B, http://links.Iww.com/AA /C280),
and no patient had >1 experimental replicate with a >20%
difference.

The mean VCO, by Douglas method was 8.1 + 2.3 mL/
kg/min, and device measurements correlated well with
Douglas measurements (R* = 0.88; Figure 5B). The bias in
VCO, was 0.33 mL/kg/min (SD, 0.82 mL/kg/min) with
limits of agreement of —1.27 and +1.94 mL /kg/min (95% CI,
-1.65 to —0.89 mL/kg/min and +1.56 to +2.32 mL/kg/min).
Mean bias in VCO, was +4.25% =+ 11.20% of the reading with
95% limits of agreement of —17.7% to 26.2%. Like the error
patterns in VO,, only 6 VCO, measurements fell outside of
the 20% difference (Supplemental Digital Content 3, Figure
2C, D, http://links.Iww.com/AA/C280), and no patient
had >1 experimental replicate with a >20% difference.

Device-measured RQ exhibited a bias of 0.015 (SD, 0.071)
with limits of agreement of —0.12 and 0.15 (95% CI, -0.17
to —0.08 and +0.11 to +0.20), and correlation was modest
(R*>=0.568; Figure 5C). The average EE was 63.9 + 17.8 kcal /
kg/d by Douglas, and the device exhibited a bias of +1.78
kcal/kg/d (SD, 5.96 kcal /kg/d) with limits of agreement of
-9.89 and +13.50 kcal/kg/d (95% CI, =12.66 to —7.14 kcal/
kg/d and +10.70 to +16.22 kcal /kg/d) (R* = 0.89; Figure 5D).

DISCUSSION

We have shown that a device that incorporates precise time
alignment of flow and gas measurements within a mixed
expired model exhibits what we would consider clinically
acceptable bias and precision in VO,, VCO,, and EE, both
in vitro and in vivo. The device performed equally well
across a wide range of rates (up to 80 bpm) and also up to
an F10, of 0.7.

Currently available methods of measuring VO, include
breath-by-breath, mixed expired, and Douglas bag meth-
ods. The AMIS 2000 (Innovision ApS, Odense, Denmark) is
perhaps the most well-described instrument for use in the
neonatal population.®'®'® This device incorporates a mass
spectrometer for gas analysis but is unfortunately outdated,
not available in the United States, and quite cumbersome to
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Table. Clinical Description of the Patients Included in the Clinical Validation Study

Weight Average RR
No. Diagnosis Age (kg) (bpm) % Leak
1 Omphalocele 2 mo 5.2 33.7 10
2 Sepsis 4 mo 2.9 5.5 30
& Complete atrioventricular canal 3 mo 3.2 36.6 5)
4 Critical pulmonary stenosis 4d 2.7 42.7 <15
5] Critical pulmonary stenosis 2d 2.4 27.2 7
6 Aortic coarctation, ventricular septal defect 4d 3.7 32.0 5
7 HLHS 3d 8.5 14.4 5
8 HLHS 7d 3.1 22.0 <5
9 Omphalocele 3 mo 5.1 60.6 8
10 Bronchomalacia 4 mo 2.7 38.9 10
11 d-TGA 5d 2.5 47.5 7
12 d-TGA 12d 4.0 28.0 25-30
13 HLHS 18d 3.0 30.0 5-10
14 NEC, prematurity 16d 0.83 49.3 0

The mean RR during the sampling periods is recorded.

Abbreviations: d-TGA, d-transposition of the great arteries; HLHS, hypoplastic left heart syndrome; NEC, necrotizing enterocolitis; RR, respiratory rate.
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use. For thesereasons, the deviceisnolongerbeing produced
or supported. Otherwise, the most well-studied device for
monitoring VO, in the intensive care environment is the
Deltatrac IT Metabolic Monitor (Datex Ohmeda, Helsinki,
Finland; and later Sensormedics, Yorba Linda, CA), which
has long been considered a gold standard reference tool.!"*
This device has been shown to have a low mean bias but
wide limits of agreement when compared with Douglas
technique,® though the lower limit of validation testing
has been VO, of 20 mL/min.* Although several studies
have tested the Deltatrac in neonates and infants,?#3! the
Deltatrac is also no longer being manufactured. Currently,
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several devices are available for the continuous monitoring
of VO, and EE in ventilated patients, and our group has
experience with 2 of them (Datex Ohmeda, GE Healthcare:
E-COVX and E-CAiOVX module; GE Healthcare, Helsinki,
Finland). Unfortunately, the neonatal range is outside the
manufacturer’s recommended use for either of these mod-
ules. In our experience,®’ they perform poorly in small
infants, particularly in those breathing spontaneously (ie,
RR above 40 bpm) or in those with low VO,.

In assessing previous devices, several groups have con-
sidered a 20% limit of agreement to be clinically acceptable
in the comparison of reference and device measurements.?
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However, these studies typically describe errors in devices
that target VO, measurements in the 50-200 mL/min range,
such that a 20% error represents a 1040 mL/min measure-
ment error. In our case, we found that 10.7% of experimental
replicates measurements fell outside of this range, though
in no patient was >1 of the 4 measurement replicates out-
side of the 20% error range, such that if values are measured
continuously at the bedside (and therefore averaged over
time), this error should become averaged out. Further, it is
possible that these errors were in part due to error in the
Douglas technique, which is thought to itself carry a 15%
error rate.”*? This is corroborated by the low incidence of
error (2.7% of VO, measurements and 0% of VCO, measure-
ments exhibited >20% difference) when the reference stan-
dard for VO, and VCO, was set by the MFC (rather than
Douglas). Note that the majority of confounding variables
in that experiment were similar to the clinical experiment,
including tidal volume, equipment, tubing, the presence of
humidity, and rapid RR, such that a significant portion of the
error may be related to the Douglas technique. Further, the
poor correlation found in RQ measurements may have rep-
resented compounding error in the parameters from which
itis derived, VO, and VCO,. For example, although we were
careful to flush the Douglas bag with inspired gas several
times before each use, a small fraction of air contamination
of the Douglas bag would lower fraction of expired oxygen
(F£O,) (which was ~39%), leading to an overestimate of VO,
and simultaneously would lower fraction of expired carbon
dioxide (FzCQO,), leading to an underestimate of VCO,, thus
compounding an error in RQ estimate. The poor correla-
tion in RQ may also be related to the mathematically nar-
row range of possible results for RQ. As noted by Bland and
Altman, the strength of correlation depends on the range of
possible values within the true quantity in the sample.®
The accurate determination of VO, at elevated F10,, rapid
RRs, and low VO, requires accuracy in measurements in
respiratory flow, O,, and CO, measurements. Small errors in
any of these composite measures lead to future compound-
ing error in VO, or VCO,. Several features of our device
were specifically designed to optimize accuracy. First, it
quantifies total inspiratory flow of dry gas and compensates
for F1o,-dependent changes in viscosity. F10, is calculated
using flow-weighted rather than time-weighted averaging,
creating more accurate estimates of both volume, inspira-
tory flow, and F10,. The Haldane transformation is then
used to also estimate expiratory volume flow. Second, the
device uses single sensors to quantify partial pressures of O,
and CO, on both the inspiratory and expiratory limbs, using
a solenoid valve to alternate gas flow between the two.
Considering the fluctuations in F10,, the timing algorithm
uses circuit volumes and measured flow rates to determine
the optimum cycle time between inspiratory and expiratory
gas sampling by estimating the gas transport time between
inspiratory and expiratory sampling points. This allows the
quantification of O, and CO, concentrations on essentially
the same sample of gas from the inspiratory and expiratory
limbs. Third, several aspects of the device are optimized for
long-term monitoring in the ICU. No expiratory or proximal
flow sensor is applied and flow is determined on only dry
gas, avoiding water condensation within the flow sensor
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(ie, rain-out). In our experience, this has been a significant
impediment to existing technologies in the ICU environ-
ment. Further, the gas sampling rate is 60 mL/min, lower
than any other device on the market, making interference
with flow triggered ventilation less likely even in neonates.
We did not note any ventilator alarms related to the device
in the conduct of these animal experiments. Because the
sites of gas sampling are remote from the Y piece, minimal
dead space is added to the circuit and the risk of tracheal
tube displacement is minimized. Further, our system mini-
mizes errors related to gas analyzer response time and sig-
nal time alignment that limit the utility of current systems
in rapidly breathing patients. Such systems use breath-by-
breath sidestream analyzers in which gas is sampled from a
single location most proximate to the patient (eg, just before
the tracheal tube), where O, and CO, concentrations change
rapidly as the sampled gas changes from inspired to expired
gas with each breath. This makes response times and time
alignment critical to accurately discern inspired and expired
gas fractions. In our system, inspiratory and expiratory
gases are separately sampled from the respective limbs of
the circuit, where O, and CO, concentrations change orders
of magnitude more slowly than they do at the single proxi-
mal sampling point. This makes response times and time
alignment less critical, while also permitting a lower gas
sampling rate.

Limitations

(1) In the rodent validation experiment, we used the same
O, and CO, sensors to measure gases in both the device as
well as the Douglas method. Although these sensors are
industry standard sensors and were calibrated before each
use, the validation was limited to that of volume and flow.
Errors in the O, or CO, measurements would have been
missed. (2) In the rodent experiment, we were unable to
reexamine the extremes of RR that we did in vitro, as they
caused disturbances in acid-base balance and the steady-
state condition. (3) The clinical validation study was not
intended to detect differences in device accuracy based on
patient variables. However, because we were satisfied with
device performance, we did not feel the need to examine
for such differences. Further, the reference (ie, Douglas)
measurements were limited by the size of the bag (5 L),
which limited gas collection in most infants (particularly
those which were more tachypneic) to a 3- to 5-minute sam-
pling period. The observed differences may have been even
smaller had a larger bag been utilized. (4) Although we did
not observe any intrabreath variation in mixed expired O,
and CO, concentrations, it is possible that at larger tidal
volumes, an expiratory mixing chamber might be required.
(5) The device is currently unable to measure or compen-
sate for air leak, which may lead to over- or underestima-
tion of VO, and VCO,. This device measures total gas flow
at the inspiratory limb and would therefore be ignorant of
downstream gas leak. The magnitude and direction of the
error caused by a leak would depend on the composition
of the leaked gas. In most cases, it is likely that the major-
ity of leaked gas would be inspiratory (eg, during peak
inspiratory pressure). This would result in an overestimate
in total inspiratory gas volume without a change in F;O,,
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resulting in an overestimate of VO,. However, the impact
will be limited to typically 1/3 of the “tidal volume leak
percentage” because the total flow measured in the inspira-
tory limb (used in Equations 1 and 2) includes the bias flow
and the compliance effect in addition to the minute venti-
lation. Conversely, if CO, is present in the leaking gas (ie,
expiratory contamination), the error would be smaller, and
if the leaking gas and mixed expired gas concentrations are
equal, the error will be negligible. If the leaked air repre-
sented alveolar gas (eg, tracheal leak), VO, may be under-
estimated. In our first iteration, leak detection took place by
comparison of inspiratory and expiratory tidal volumes on
the ventilator. Ideally, this device would be incorporated
into a ventilator, permitting for the incorporation of both
inspiratory and expiratory flow measurements, enabling a
leak compensation algorithm.

CONCLUSIONS

A device that incorporates precise timing of inspiratory
and expiratory gas measurements within a mixed expired
model quantifies VO,, VCO,, and EE with clinically accept-
able bias and precision in the neonatal range, including up
to RRs of 80 bpm and F10, as high as 0.7. §&

ACKNOWLEDGMENTS

The authors thank Kimberly Mills, MD, for completing
foundational experiments in rodents, which made this
work possible; Nilesh Mehta, MD, Craig Smallwood,
RRT, and Brian Walsh, PhD, RRT, for their advice regard-
ing experiments and raising several important points
included in this manuscript; and Erin Rescoe, MD, for her
assistance with drafting of the Institutional Review Board
(IRB) protocol. The authors also thank the respiratory care
and nursing staff of the Cardiac and Neonatal Intensive
Care Units at Boston Children’s Hospital, Boston, MA, for
their assistance with the implementation of this clinical
protocol.

DISCLOSURES

Name: Einav Nachman, BS.

Contribution: This author participated in the execution of the in
vitro, rodent, and clinical experiments and edited the manuscript.
Conflicts of Interest: None.

Name: Peter Clemensen, MS.

Contribution: This author was responsible for the design of the
instrument and the iterative development of the measurement
algorithm, designed and oversaw the in vitro validation study, par-
ticipated in the rodent and clinical studies and data analysis, and
edited the manuscript.

Conflicts of Interest: P. Clemensen is the CEO of InnoCC.

Name: Katheryn Santos, BS.

Contribution: This author participated in the execution of the in
vitro, rodent, and clinical experiments and edited the manuscript.
Conflicts of Interest: None.

Name: Alexis R. Cole, BS.

Contribution: This author participated in the rodent experiments
and edited the manuscript.

Conflicts of Interest: None.

Name: Brian D. Polizzotti, PhD.

Contribution: This author participated in the rodent experiments
and edited the manuscript.

Conflicts of Interest: None.

Name: Grace Hofmann, RRT.

Contribution: This author participated in the clinical experiments
and edited the manuscript.

Conflicts of Interest: None.

July 2018 e Volume 127 e Number 1

Copyright © 2018 International Anesthesia Research Society.

Name: Kristen T. Leeman, MD.

Contribution: This author participated in the clinical experiments
and edited the manuscript.

Conflicts of Interest: None.

Name: Sarah J. van den Bosch, MS.

Contribution: This author participated in the data analysis and
edited the manuscript.

Conflicts of Interest: None.

Name: John N. Kheir, MD.

Contribution: This author participated in all aspects of the study
design and execution, oversaw the rodent and clinical studies, held
the institutional review board (IRB), reviewed and confirmed all
data and analysis, and wrote the manuscript.

Conflicts of Interest: None.

This manuscript was handled by: Maxime Cannesson, MD, PhD.

REFERENCES

1. Mehta NM, Bechard L], Cahill N, et al. Nutritional practices
and their relationship to clinical outcomes in critically ill chil-
dren—an international multicenter cohort study. Crit Care Med.
2012;40:2204-2211.

2. Mehta NM, Compher C; ASPEN. Board of Directors.
A.S.PEN. clinical guidelines: nutrition support of the critically
ill child. JPEN ] Parenter Enteral Nutr. 2009;33:260-276.

3. Rousing ML, Hahn-Pedersen MH, Andreassen S, Pielmeier
U, Preiser JC. Energy expenditure in critically ill patients esti-
mated by population-based equations, indirect calorimetry and
CO2-based indirect calorimetry. Ann Intensive Care. 2016;6:16.

4. Tatucu-Babet OA, Ridley EJ, Tierney AC. Prevalence of under-
prescription or overprescription of energy needs in critically ill
mechanically ventilated adults as determined by indirect calo-
rimetry: a systematic literature review. [PEN | Parenter Enteral
Nutr. 2016;40:212-225.

5. Shoemaker WC, Appel PL, Kram HB. Oxygen transport
measurements to evaluate tissue perfusion and titrate
therapy: dobutamine and dopamine effects. Crit Care Med.
1991;19:672-688.

6. Li J, Bush A, Schulze-Neick I, Penny D], Redington AN,
Shekerdemian LS. Measured versus estimated oxygen con-
sumption in ventilated patients with congenital heart dis-
ease: the validity of predictive equations. Crit Care Med.
2003;31:1235-1240.

7. Smallwood CD, Mehta NM. Accuracy of abbreviated indi-
rect calorimetry protocols for energy expenditure measure-
ment in critically ill children. JPEN | Parenter Enteral Nutr.
2012;36:693-699.

8. Smallwood CD, Kheir JN, Walsh BK, Mehta NM. Accuracy
of oxygen consumption and carbon dioxide elimination
measurements in 2 breath-by-breath devices. Respir Care.
2017;62:475-480.

9. Mills KI, Kaza AK, Walsh BK, et al. Phosphodiesterase inhib-
itor-based vasodilation improves oxygen delivery and clini-
cal outcomes following stage 1 palliation. ] Am Heart Assoc.
2016;5:003554.

10. Weir JB. New methods for calculating metabolic rate with spe-
cial reference to protein metabolism. | Physiol. 1949;109:1-9.

11. Yeh MP, Gardner RM, Adams TD, Yanowitz FG. Computerized
determination of pneumotachometer characteristics using a
calibrated syringe. | Appl Physiol Respir Environ Exerc Physiol.
1982;53:280-285.

12. Huitema BE. The Analysis of Covariance and Alternatives.
Hoboken, NJ: John Wiley & Sons, Inc; 2011.

13. Drummond GB. Limits of agreement with confidence intervals
are necessary to assess comparability of measurement devices.
Anesth Analg. 2017;125:1075.

14. Giavarina D. Understanding Bland Altman analysis. Biochem
Med (Zagreb). 2015;25:141-151.

15. Smallwood CD, Martinez EE, Mehta NM. A comparison of
carbon dioxide elimination measurements between a portable
indirect calorimeter and volumetric capnography monitor: an
in vitro simulation. Respir Care. 2016;61:354-358.

16. Shekerdemian LS, Shore DF, Lincoln C, Bush A, Redington AN.
Negative-pressure ventilation improves cardiac output after
right heart surgery. Circulation. 1996;94:1149-1155.

www.anesthesia-analgesia.org 103

Unauthorized reproduction of this article is prohibited.



Device for Oxygen Consumption in Neonates

17.

18.

19.

20.
21.

22.

23.

24.

25.

104
Copyright © 2018 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.

Li ], Zhang G, McCrindle BW, et al. Profiles of hemodynamics
and oxygen transport derived by using continuous measured
oxygen consumption after the Norwood procedure. | Thorac
Cardiovasc Surg. 2007;133:441-443.

Li]J. Accurate measurement of oxygen consumption in children
undergoing cardiac catheterization. Catheter Cardiovasc Interv.
2013;81:125-132.

McLellan S, Walsh T, Burdess A, Lee A. Comparison between
the Datex-Ohmeda M-COVX metabolic monitor and the
Deltatrac II in mechanically ventilated patients. Intensive Care
Med. 2002;28:870-876.

Singer P, Pogrebetsky I, Attal-Singer J, Cohen J. Comparison
of metabolic monitors in critically ill, ventilated patients.
Nutrition. 2006;22:1077-1086.

Cooper JA, Watras AC, O’Brien MJ, et al. Assessing validity and
reliability of resting metabolic rate in six gas analysis systems. |
Am Diet Assoc. 2009;109:128-132.

Graf S, Karsegard VL, Viatte V, Maisonneuve N, Pichard C,
Genton L. Comparison of three indirect calorimetry devices
and three methods of gas collection: a prospective observa-
tional study. Clin Nutr. 2013;32:1067-1072.

Sundstrom M, Tjader I, Rooyackers O, Wernerman J. Indirect
calorimetry in mechanically ventilated patients. A systematic
comparison of three instruments. Clin Nutr. 2013;32:118-121.
Ashcraft CM, Frankenfield DC. Validity test of a new open-circuit
indirect calorimeter. JPEN | Parenter Enteral Nutr. 2015;39:738-742.
Black C, Grocott MP, Singer M. Metabolic monitoring in the
intensive care unit: a comparison of the Medgraphics Ultima,
Deltatrac II, and Douglas bag collection methods. Br | Anaesth.
2015;114:261-268.

www.anesthesia-analgesia.org

26.

27.

28.

29.

30.

31.

32.

33.

Graf S, Karsegard VL, Viatte V, et al. Evaluation of three indirect
calorimetry devices in mechanically ventilated patients: which
device compares best with the Deltatrac II(®)? A prospective
observational study. Clin Nutr. 2015;34:60-65.

Rehal MS, Fiskaare E, Tjdder I, Norberg A, Rooyackers O,
Wernerman J. Measuring energy expenditure in the intensive
care unit: a comparison of indirect calorimetry by E-sCOVX
and Quark RMR with Deltatrac II in mechanically ventilated
critically ill patients. Crit Care. 2016,20:54.

Behrends M, Kernbach M, Brauer A, Braun U, Peters ], Weyland
W. In vitro validation of a metabolic monitor for gas exchange
measurements in ventilated neonates. Intensive Care Med.
2001;27:228-235.

Joosten KF, Jacobs FI, van Klaarwater E, et al. Accuracy of an
indirect calorimeter for mechanically ventilated infants and
children: the influence of low rates of gas exchange and vary-
ing FIO2. Crit Care Med. 2000;28:3014-3018.

Shortland GJ, Fleming PJ, Walter JH. Validation of a por-
table indirect calorimetry system for measurement of
energy expenditure in sick preterm infants. Arch Dis Child.
1992;67:1207-1211.

Weyland W, Weyland A, Fritz U, Redecker K, Ensink FB, Braun
U. A new paediatric metabolic monitor. Intensive Care Med.
1994;20:51-57.

Levinson MR, Groeger JS, Miodownik S, Ray C, Brennan MF.
Indirect calorimetry in the mechanically ventilated patient. Crit
Care Med. 1987;15:144-147.

Bland JM, Altman DG. Statistical methods for assessing agree-
ment between two methods of clinical measurement. Lancet.
1986;1:307-310.

ANESTHESIA & ANALGESIA



