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Summary

Noninvasive monitoring of oxygenation and ventilation is an essential part of pediatric respiratory care.
Carbon dioxide, gas exchange monitoring, transcutaneous monitoring, near-infrared spectroscopy, pulse
oximetry, and electrical impedance tomography are examined. Although some of these technologies
have been utilized for decades, incorporation into mechanical ventilators and recently developed meth-
ods may provide important clinical insights in a broader patient range. Less mature technologies
(electrical impedance tomography and near-infrared spectroscopy) have been of particular interest,
since they offer easy bedside application and potential for improved care of children with respiratory
failure and other disorders. This article provides an overview of the principles of operation, a survey of
recent and relevant literature, and important technological limitations and future research directions.
[Respir Care 2017;62(6):751–764. © 2017 Daedalus Enterprises]

Introduction

Noninvasive monitoring of oxygenation and ventilation
is an essential part of pediatric respiratory care. The cen-

tral purpose of this article is to provide a summary of
existing technologies that support the noninvasive moni-
toring of CO2 and O2. For technologies that have been
utilized for decades, technological refinement and devel-
opment of novel methods may enable application to a
broader population. For newer devices, a survey of exist-
ing validation and discussion of potential clinical applica-
tions are provided. For all technologies, an overview of the
underlying principles of operation, limitations, and pro-
posed future directions are discussed.

Carbon Dioxide Monitoring

Monitoring patency of artificial airways and adequacy
of ventilation is an essential component of the care of
patients with acute respiratory illness. End-tidal CO2 mon-
itoring (PETCO2

) is a partial pressure measurement of CO2

gas at end exhalation. The measurement is commonly ex-
pressed as either a partial pressure (mm Hg, kPa) or a
fraction (%). Although often used interchangeably, PETCO2
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monitoring is composed of capnometry and capnography.
Capnometry refers to the use of the numeric value of PETCO2

,
and capnography refers to the display and interpretation of
PETCO2

plotted against time.

Function of Mainstream and Sidestream Capnometry
and Capnography

There are 2 main methods of obtaining PETCO2
values:

mainstream and sidestream. A mainstream capnometer is
one where the non-dispersive infrared sensor used to de-
tect CO2 levels is located at the airway. A sidestream
capnometer incorporates an airway adapter, a sample line
through which airway gas is continuously aspirated, a
water trap and filter assembly to prevent water buildup
inside the device, an infrared sensor, and a gas pump.1

Advantages of mainstream devices include near-real-time
display of graphics and PETCO2

values; reduced risk of
blockage and measurement interruption from the accumu-
lation of water condensate compared with the sidestream,
since the adapter is heated; superior accuracy with arterial
CO2; and more accurate waveform data in the neonatal and
pediatric population.2,3 Disadvantages of the mainstream
PETCO2

sensor include the weight of the device on the
airway (which is most relevant in the neonatal population)
and difficulty in applying the device noninvasively. On the
other hand, sidestream devices offer reduced airway adapter
weight, can be readily adapted into a nasal cannula for use
in children who do not have an artificial airway, and are
conventionally integrated into bedside monitors for rapid
deployment during resuscitation and emergent intubation.
However, operation of a sidestream device incorporates a
delay of several seconds and offers reduced agreement
with PaCO2

and inaccurate waveforms.3,4 This delay is pri-
marily a function of the sample line volume and aspiration
rate; a larger sample line volume and slower aspiration
rate would result in a longer delay time.4

The time point at which the PETCO2
value is abstracted

from the respiratory cycle can be determined in a number
of ways. If the device also measures flow, PETCO2

can be
obtained at the point just before exhalation transitions to
inspiration. If flow is unknown, the device may either: (1)
display the value just before the marked decrease in CO2

concentration is observed, (2) display the average value
across the entire exhalation, or (3) display the maximum
value observed during exhalation. The specific methodol-
ogy will be manufacturer- and device-dependent.

Important clinical insights can be gleaned by the appro-
priate interpretation of capnographic waveforms in infants
and children. A thorough review of capnographic wave-
forms is beyond the scope of the present article, and read-
ers are encouraged to see the excellent review by Thomp-
son and Jaffe.5

Indications

Tracheal Intubation. Confirmation of an adequate arti-
ficial airway is a chief use of PETCO2

devices. Use is in-
dicated in neonates, infants, and pediatric patients follow-
ing intubation and during mechanical ventilation.6-8 In
addition, colorimetric end-tidal CO2 devices have also been
shown to be effective in children in the absence of an
electronic device.9 Colorimetric CO2 devices utilize a pH-
sensitive chemical indictor that changes color in the pres-
ence of CO2 gas. Although colorimetric devices are fairly
reliable, they do offer the possibility of a false positive due
to a build up of CO2 in the gastric system. For this
reason, it is preferred to utilize capnography to confirm
airway placement. Use of continuous monitoring is also
important during transport of mechanically ventilated
children and provides assurance that the artificial air-
way is in position.10

Adequacy of Ventilation and Severity of Illness. Con-
tinuous monitoring of PETCO2

can be useful to ensure ad-
equate ventilation in both mechanically supported and spon-
taneously breathing patients.11-13 In healthy children, the
expected gradient between PETCO2

and PaCO2
is 2–5 mm Hg.

A common misconception is that during critical illness,
PETCO2

ceases to correlate with PaCO2
, particularly in se-

verely ill patients. However, these values always correlate,
but changes in the physiologic dead-space affect PETCO2

�
PaCO2

and are therefore a reflection of ventilation effi-
ciency and, more broadly, severity of illness.14 Physio-
logic dead-space fraction (VD/VT) is an important concept
in pediatric critical care medicine because it represents the
proportion of tidal volume not involved in gas exchange.
A standard method of computing VD/VT utilizes the Eng-
hoff modification of the Bohr equation.

VD/VT � (PaCO2 � PECO2)/PaCO2 (1)

Importantly, computation of VD/VT typically requires a
volumetric capnographic device that simultaneously mea-
sures CO2 concentrations as well as flow. The volume-
average exhaled CO2 concentration (PE� CO2

) is required for
the calculation of VD/VT. Volumetric capnography is out-
lined in further detail below. VD/VT has been shown to be
associated with severity of lung injury and oxygenation
disturbances, prediction of extubation success, and mor-
tality risk.15-18 Further, investigations in children have as-
sessed the utility of end-tidal alveolar dead-space frac-
tion.19 This method utilizes PETCO2

measurements in place
of the PE� CO2

. The method was shown to be of strong cor-
relation with the Enghoff-Bohr method in children with
mild lung injury but poor correlation in subjects with mod-
erate or severe lung injury. In children with PaO2

/FIO2
� 300,
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agreement between Bohr and Enghoff is negligible.20 How-
ever, the clinical importance of this finding is less clear,
since VD/VT is primarily of interest in children with lung
injury who typically have PaO2

/FIO2
� 300. More work is

required in this area, since it is clinically desirable to have
a bedside assessment of VD/VT, and many clinicians may
not have access to volumetric capnography.

Another important application of PETCO2
is in the non-

intubated child receiving or recovering from anesthesia.
Since hypoventilation and apnea are common in children,
capnography may improve recognition of respiratory de-
pression and improve safety.12,21 Importantly, the nasal
cannula interface may not be tolerated in all subjects, and
care should be taken to ensure proper cannula placement
and device function.22 A recent randomized controlled trial
assessing the affect of capnography during postanesthesia
care demonstrated different rates of adverse respiratory
events overtime in children undergoing capnography com-
pared with only pulse oximetry.23 Capnography appeared
to improve the efficacy of staff interventions but did not
have a significant effect on oxygen desaturation events.

Cardiopulmonary Resuscitation. In addition to confir-
mation of an advanced airway discussed previously, the
utility of PETCO2

has been noted during cardiopulmonary
resuscitation. Current data indicate that a PETCO2

target
of � 10 mm Hg is associated with the return of sponta-

neous circulation and can be useful in deciding when to
terminate cardiopulmonary resuscitation.24,25 PETCO2

mon-
itoring is an effective metric to assess the quality of ex-
ternal chest compressions, where higher values are asso-
ciated with improved survival rates26 as well as being a
gross marker of return of spontaneous circulation.27

Waveform Interpretation. The capnogram has several
features that permit clinical interpretation.5 The best thing
a clinician can do is to thoroughly understand each portion
of the normal capnogram. Abnormalities observed in
individual subjects can then be interpreted relative to the
expected characteristics. The normal pediatric waveform
is depicted in Figure 1. Although many distinct pathophys-
iologic phenomena can be detected on the capnogram, 4
important ones are outlined below that are often observed
in the pediatric population: airway obstruction (Fig. 2),
patient effort/asynchrony (Fig. 3), CO2 rebreathing (Fig.
4), and bronchial intubation (Fig. 5).

Limitations and Future Directions of Investigation

Interpretations of capnography waveforms should be done
complementary to the clinical picture. Findings can either: (1)
serve as an early warning sign of a pathophysiologic process
or (2) provide corroborative evidence (eg, a clinician may

Fig. 1. Normal features of the capnogram. A: Baseline; at the end of inspiration, expiration begins with a CO2 concentration of zero. B:
Transitional; a rapid increase in CO2 is observed as the subject exhales, representing mixed alveolar and dead space gas. C: � angle, which
represents change from transitional to alveolar gas. D: Alveolar gas; expect this region to be fairly flat, sometimes referred to as the alveolar
plateau. E: Point at which end-tidal CO2 is typically measured. F: � angle, change from expiration to inspiration. G: A rapid decrease in CO2

concentration is expected and observed as inspiration begins. The right-hand portion of the figure shows a time-compressed version of the
same waveform and is useful for trending. From Reference 5.

Fig. 2. Obstruction. The rate of rise during the transitional phase of the capnogram is slow, and an alveolar plateau is not readily
distinguished. The shaded area is the normal capnogram for reference. From Reference 5.
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suspect an acute worsening in obstruction by auscultation and
then confirm this by inspecting the capnograph).

Future directions include automated waveform interpre-
tation and alerting, as has been demonstrated by Kazemi
et al,28 who devised a method to automatically detect the
severity of obstruction during asthma from capnographic
information. Importantly, collaborations between respiratory
clinicians, engineers, and data scientists should be fostered to
improve the clinical utility of capnometry and capnography
and to enhance decision support at the bedside.

Gas Exchange Monitoring

Gas exchange monitoring comprises the application of a
device to measure the flow (volume per unit time, into and
out of the body) and partial pressure of the 2 main gases
involved in human respiration: oxygen and carbon dioxide.
These data are integrated to extract the volume of respiratory

gases being consumed and extreted by the body. Aerobic
metabolism is the primary process by which humans combust
nutrients to obtain energy. The process consumes O2 and
produces CO2, which is transported by the blood and ex-
creted by the respiratory system. Oxygen consumption
(V̇O2

) refers to the volume of oxygen consumed per unit
time (typically expressed in mL/min), and carbon dioxide
elimination (V̇CO2

) refers to the volume of CO2 elimi-
nated per unit time (typically expressed in mL/min).

Function

There are various devices available on the market to
measure V̇O2

and V̇CO2
. These devices incorporate either

an oxygen sensor (typically a paramagnetic or galvanic
cell) to measure the concentration of O2 or a CO2 sensor
(typically a non-dispersive infrared sensor) to measure the
concentration of CO2 and a pneumotachometer to measure

Fig. 3. Patient effort. The arrow points to a portion of the capnogram during which a slight dip in CO2 concentration is observed. This can
be indicative of a patient effort during mechanical ventilation that did not trigger a breath. From Reference 5.

Fig. 4. CO2 rebreathing. The baseline is seen above a level of zero (arrows) and increasing in this case. This can result from inadequate time
for inspiration or excessive mechanical dead space. From Reference 5.

Fig. 5. Intubation of bronchus. An acute change from a normal capnogram (shaded area). The endotracheal tube migrated down the right
or left main bronchus. This is an important consideration in children, since the tolerance of appropriate endotracheal insertion depth is
relatively small. From Reference 5.
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gas flow. The gas concentrations and inspired and expired
gas volumes are integrated to yield V̇O2

and V̇CO2
values. Gas

exchange monitoring capabilities, primarily V̇CO2
monitor-

ing, are incorporated into many modern mechanical ventila-
tors used in critical care. A summary of a selection of devices
available in the United States is provided in Table 1.

Potential Uses and Indications

In nutrition applications, an indirect calorimeter or a
mechanical ventilator with gas exchange capabilities (see
Table 1) measures both V̇O2

and V̇CO2
as a noninvasive

means of determining substrate oxidation and rate of en-
ergy expenditure (EE).29 The modified Weir equation is
used to extract a patient’s EE based upon V̇O2

and V̇CO2

30,31.

EE � [3.941(V̇O2) � 1.106(V̇CO2)] � 1,440 (2)

Modern indirect calorimetry devices are able to detect
V̇O2

and V̇CO2
in patients during mechanical ventilation,

during spontaneous breathing, and even during noninva-
sive ventilation.32 An indirect calorimeter is recommended
to help titrate energy prescriptions in critically ill chil-
dren.33 Tailoring nutrient intake to actual patient needs is
especially important in this population, since children are
at a high risk of nutrition deficiency due to high energy
demand and relatively small energy reserves.34-36

Recently, methods have been described and validated to
simplify the measurement of energy expenditure by requiring
only V̇CO2

measurements in children.37,38 These methods as-

sume that the respiratory quotient (V̇CO2
/V̇O2

) is equal to 0.89
and modifies the Weir equation to yield the following,

EE � 5.534(V̇CO2) � 1,440 (3)

where V̇CO2
is in L/min, and 1,440 corresponds to the

number of minutes in a day. EE is expressed in kcal/d.
The V̇CO2

EE equation has important benefits over tra-
ditional indirect calorimetry methods due to the fact V̇CO2

measurements are more readily available (especially since
many ventilators offer integrated V̇CO2

sensors only and
not V̇O2

) and therefore may be able to extend the benefits
of EE monitoring to a wider patient population. However,
an important limitation is the error introduced if the pa-
tient’s actual respiratory quotient (RQ) deviates from the
assumed value; the method should provide EE estimates
that are within �10% for an RQ range of 0.79–1.02.37

Continuously estimating EE from V̇CO2
measurements may

allow clinicians to identify gross over- or underfeeding.
Overfeeding may be especially harmful in patients with
severe respiratory insult. If energy intake exceeds a pa-
tient’s requirement, an excessive amount of CO2 is pro-
duced and must be eliminated, resulting in increased re-
spiratory work or elevated PaCO2

. Although data have
demonstrated that overfeeding adult subjects with COPD
results in significant respiratory deterioration, and cumu-
lative energy imbalances have been reported in the pedi-
atric ICU, overfeeding is probably under-recognized, and
investigations in this area are needed.39,40

Other potential applications of V̇CO2
monitoring include

titration of end-expiratory pressure during critical illness,

Table 1. Specifications of Gas Exchange Monitors Available in Mechanical Ventilators

Device and Manufacturer
Carbon Dioxide

Sensor Type
(Sampling)

CO2 Specification
Range (Accuracy)

Oxygen
Sensor

O2 Specification
Range (Accuracy)

V̇CO2
Accuracy Range
(Accuracy)

V̇O2
Accuracy Range
(Accuracy)

Avea (Carefusion, San
Diego, California)

NDIR (mainstream) 0–150 mm Hg
(�2 mm Hg for
0–40 mm Hg)*

NA† NA† Not specified NA†

V500 (Dräger, Lübeck,
Germany)

Not specified 0–100 mm Hg
(�2 mm Hg for
0–40 mm Hg)‡

NA† NA† 0–999 mL/min (�12%) NA†

R860 (GE Healthcare,
Madison, Wisconsin)

NDIR (sidestream) 0–15% (�0.2% �
2% of reading)

Paramagnetic 0–100% (�1% �2%
of reading)

20–1,000 L/min (�10%
or 10 mL for
O2 � 65%)§

20–1,000 L/min
(�10% or 10 mL
for O2 � 65%)§

G5 (Hamilton Medical,
Bonaduz, Switzerland)

NDIR (mainstream) 0–150 mm Hg
(�2 mm Hg for
0–40 mm Hg)*

NA† NA† 0–5,000 mL/min NA†

Servo-i (Maquet, Wayne,
New Jersey)

NDIR (mainstream) 0–150 mm Hg
(�2 mm Hg for
0–40 mm Hg)*

NA† NA† Not specified NA†

All percentage values are expressed as volume % unless otherwise noted.
* Accuracy: �5% of reading for 41–70 mm Hg, �8% of reading for 71–100 mm Hg, �10% of reading for 101–150 mm Hg.
† Not applicable because the ventilator is not set up to measure oxygen consumption, although as a safety feature, an O2 sensor is incorporated, but only to verify oxygen delivery to the patient.
‡ Accuracy: �5% of the measured value in the range 41–100 mm Hg.
§ �15% or 15 mL for FIO2 0.65–0.85.
NDIR � non-dispersive infrared
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titration of minute ventilation during severe obstruction,
and response to pulmonary vasodilation therapy. In an ex-
perimental model of pediatric lung disease, Hanson et al41,42

demonstrated that maximizing the volume of CO2 elimi-
nated per breath was associated with maximal pulmonary
recruitment. The physiologic rationale for the highest CO2

elimination being associated with optimal PEEP is that it
represents the balance between atelectasis and overdisten-
tion. During marked atelectasis, lung units cease partici-
pating in gas exchange, since no gas is able to interface
with blood (shunting). Consequently, the efficiency of ven-
tilation is reduced and manifests as a reduction in V̇CO2

(or
CO2 volume/breath). On the other hand, as pressure and vol-
ume in the lungs are increased to the point that blood flow is
impeded, V̇CO2

(or CO2 volume/breath) decreases as a result
of increased dead-space ventilation. Importantly, it is difficult
to parse specific underlying pathophysiology (ie, shunt vs
dead space) from assessing V̇CO2

alone; therefore, interpre-
tation of these data must be done with caution. During severe
obstruction, V̇CO2

can be utilized to titrate inspiratory and
expiratory times to maximize ventilation, since, during severe
obstruction, the optimal change in ventilator support may be
to decrease breathing frequency to facilitate alveolar empty-
ing. Although the rationale for this application is sound, there
are limited data describing it.

Limitations and Future Directions of Investigation

Limitations of gas exchange monitoring include errors
in calibration and selection of an appropriate airway adapter
based on patient size. Further, some methods require more
frequent or extensive calibration, and failing to follow
manufacturer recommendations may result in erroneous
values. In nutrition applications, timing of study and
achievement of steady state are essential to minimize er-
ror. When applying the V̇CO2

EE equation, clinicians must
be mindful that the assumed RQ of the equation and sig-
nificant deviations from this may yield inaccurate results.
In titration of ventilation and assessment of therapy, it is
important to interpret V̇CO2

data alongside changes in clin-
ical condition and achievement of stability/steady state.43

Changes in level of consciousness, agitation, temperature,
feeding, and other parameters can affect V̇CO2

and must be
carefully assessed to safely interpret data at the bedside.44,45

Since many manufacturers do not provide accuracy and
precision data for gas exchange devices, clinicians must
rely on independently published data and/or personally
conducted bench tests.

Near-Infrared Spectroscopy

Function

A near-infrared spectroscopy device leverages the rela-
tive permeability of biologic tissues to near-infrared light.

The device uses a number of near-infrared light emitter-
receiver distances and wavelength combinations (typically
from 650 to 950 nm) to estimate the relative concentra-
tions of both deoxygenated and oxygenated hemoglobin.
A modification of the Beer-Lambert law models the rela-
tionship between the near-infrared light absorption and the
concentration of the chromophore in the tissues (Equation 4).
A chromophore includes the portions of a molecule that
are responsible for its color. In the specific context of
near-infrared spectroscopy, it is the portion of the hemo-
globin molecule that absorbs near-infrared light, a prop-
erty that changes when oxygen is added or removed.

A � �BdC � G (4)

where A is the optical density attenuation, � is the absorp-
tion coefficient of a chromophore at a specific wavelength
(L/�mol/cm), B is the differential path length factor, d is
distance between the near-infrared emitter and receiver, C
is the concentration of the chromophore (mmol/L), and G
is a term that represents the loss of near-infrared that oc-
curs due to scattering in the tissues. The requirement to
measure the differential path length of light (term B in
Equation 4) can be obviated by assessing only the ratio of
oxyhemoglobin (HbO2) to total hemoglobin (Hbtot). This
offers a substantial methodological simplification that im-
proves the reliability of measurements. The ratio (percent-
age) calculation is as follows,

RSO2 � HbO2/(HbO2 � Hbtot) (5)

where RSO2 is the regional oxygen saturation.

Potential Uses and Indications

Near-infrared spectroscopy is a noninvasive method of
assessing oxygen supply and consumption balance in a
tissue (such as the brain) and can be used to estimate blood
flow.46 A common application is the measurement of re-
gional oxygen saturation in the brain. In this case, a near-
infrared spectroscopy probe is affixed to the patient’s fore-
head with relative ease. In infants, brain injury is often
related to cerebral oxygenation and cerebral blood flow
disturbances.47 Examples of such injury include hypoxic-
ischemic encephalopathy, intraventricular hemorrhages,
and perinatal arterial ischemic stroke. Devices available on
the market provide regional oxygen saturation. Cerebral
brain regional oxygen saturation is a venous representation
of cerebral oxygenation and is a gross indication of O2

reserve and potentially ischemic risk. As brain regional
oxygen saturation decreases, the probability of ischemic
injury increases. An average cerebral brain regional oxy-
gen saturation � 65% has also been associated with hy-
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perlactatemia and may be a global hypoperfusion indicator
when caused by low cardiac output.48 Further, decreased
brain regional oxygen saturation has been associated with
1-y developmental outcomes in children following cardiac
surgery.49 Application of near-infrared spectroscopy in the
delivery room may reduce the propensity of cerebral hyp-
oxia during the transition period as infants adapt to extra-
uterine life.50 In the first 72 h of life, brain regional oxygen
saturation has been observed to decrease until 	12 h and
then gradually increase after 18 h.51 Importantly, brain
regional oxygen saturation measurement may aid in reduc-
ing the incidence of cerebral hypo- and hyperoxygenation
by guiding oxygen therapy.52 It has also been demon-
strated that a higher rate of hypoxia incidence is detected
with cerebral brain regional oxygen saturation compared with
peripheral oxygen saturation and blood pressure in neonates
in the perioperative period.53 Near-infrared spectroscopy de-
vices are available from several manufacturers, and most pro-
vide patient-specific sensors (neonatal and adult).

In smaller infants, the probing of other organs is possi-
ble (albeit with significant potential for error), since they
are closer to the surface compared with older children and
adults.54 Although further study is required, regional ox-
ygen saturation may play a role in quantifying response to
blood transfusion.55 Oxygen saturation measurements may
also play a role in assessing severity of apnea and brady-
cardia events,56 early diagnosis of severe patent ductus
arteriosus,57 and identification of possible derangements in
cerebral autoregulation in neonates with respiratory dis-
tress syndrome.58

Limitations and Future Directions of Investigation

Limitations of near-infrared spectroscopy include inac-
curate measurements with inappropriate or suboptimal
probe placement. Affixing the probe to hematomas, bony
or fatty areas as well as applying excessive pressure should
be avoided. Another important limitation is the lack of
large observational trials quantifying oxygen saturation val-
ues for tissue in various patient cohorts (pre-term, infants,
or children). Further, although initial reports of potential ap-
plications of near-infrared spectroscopy are promising, these
studies, on average, include relatively small populations, and

broader application to a more heterogeneous population has
not been adequately described in the literature.

Therefore, further investigation is required for near-in-
frared spectroscopy. Normative data for select patient pop-
ulations needs to be described as well as derivation and
validation of values that can be used prognostically or for
assessing response to therapy. Importantly, the application
of near-infrared spectroscopy monitoring for infants re-
ceiving extracorporeal membrane oxygenation should be
investigated because it may offer a surrogate assessment
of organ perfusion and relative health. In general, near-
infrared spectroscopy is attractive, since it offers a conve-
nient noninvasive interface with the potential to support
bedside care. However, caution should be used with the
device at this stage, since the evidence supporting its use
is very limited in pediatric patients.

Transcutaneous Carbon Dioxide and Oxygen

Function

Methods for transcutaneous monitoring of CO2 (PtcCO2
)

and O2 (PtcO2
) were first described in the mid-to-late twen-

tieth century.59,60 In brief, a sensor is affixed to the skin,
which is warmed to 	37–44°C. The increased tempera-
ture causes vasodilation of the capillary bed in order to
facilitate diffusion of gases to the location of the sensor
membrane where the gases are measured. PtcCO2

and PtcO2

provide estimates of PaCO2
and PaO2

, respectively.

Potential Uses and Indications

Partial pressures are overestimated with transcutaneous
compared with arterial samples due to metabolism at the
site of the sensor and other factors.61 Therefore, correction
factors have been proposed to compensate for this.62 The
technology has primarily been utilized in the neonatal pop-
ulation, but recent applications have arisen in pediatric
ventilatory support. A summary of a selection of available
devices that measure PtcCO2

is provided in Table 2.
High-frequency oscillatory ventilation (HFOV) remains

an important adjunct therapy for children with respiratory
failure.63 Due to the high velocity, oscillatory flow pattern,

Table 2. Selection of Available Devices That Measure Transcutaneous CO2

Device and Manufacturer
Response
Time, s

CO2 Specification
Range, mm Hg

(Accuracy)
Operating Temperature, °C

Sensor Calibration
Frequency, h

Sensor Membrane
Change Frequency

V-Sign digital monitor (SenTec,
Therwil, Switzerland)

�75 0–200 (not specified) 37–44.5 (user-configurable) 12 Up to 6 weeks (4
weeks is default)

TCM CombiM (Radiometer,
Brønshøj, Denmark)

�60 5–200 (not specified) 37–44 (user-configurable) 12 2 weeks
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PETCO2
is not feasible during HFOV. PtcCO2

has been shown
to be feasible in this population, but with important limi-
tations.64 Limitations in the context of HFOV include error
due to edema and changes in tissue perfusion. Nonethe-
less, the ability to dynamically and continuously assess
ventilation and oxygenation during HFOV is attractive,
and transcutaneous monitoring, when applied correctly and
assessed carefully, may provide important clinical insights.
In a cohort of children receiving long-term noninvasive
ventilation, Felemban et al65 demonstrated the correlation
between values of PtcCO2

collected at home and in the
hospital. The authors report a statistically significant, al-
beit modest, correlation between PtcCO2

at home and in the
hospital (r � 0.647, P � .037). There are important lim-
itations to the study, and future work should assess the
agreement between PtcCO2

/PtcO2
and arterial values col-

lected simultaneously.

Limitations and Future Directions of Investigation

Important considerations when using transcutaneous
monitoring systems include the need for frequent calibra-
tion (although vastly improved compared with previous
generations), replacement of sensor membranes, assess-
ment of skin integrity under the sensor, and the potential
for erroneous measurements as a function of changes in or
poor tissue perfusion.61,66 Further work is needed to dem-
onstrate the agreement between PtcCO2

and PaCO2
and clin-

ical applicability of the measurements during HFOV and
noninvasive ventilation. Additionally, technological ad-
vancements, including the utility of simultaneous multisite
probe placement, are forthcoming.

Pulse Oximetry

The estimation of arterial oxygen saturation by pulse
oximetry (SpO2

) allows for the continuous estimation of
oxygenation and detection of hypoxemia. The device is
routinely applied to pediatric patients throughout the hos-
pital and has been referred to as the “fifth vital sign.”67

Assessment of hypoxemia is historically difficult, since
various factors affect reliability, including tissue perfu-
sion, hemoglobin concentration, tissue pigmentation, and
ambient lighting. A brief overview of the technology and
some of the issues are noted below.

Function

Pulse oximetry function shares many features similar to
near-infrared spectroscopy and transcutaneous monitoring.
Pulse oximetry leverages the specific spectroscopic princi-
ples of oxygenated and deoxygenated hemoglobin (oxyhe-
moglobin and deoxyhemoglobin) when red and infrared light
is introduced to provide a measure of blood oxygenation;

absorption of red and infrared light differs between hemo-
globin loaded with and without oxygen. Deoxyhemoglobin is
characterized by increased red light absorption (wavelengths
600–700 nm), and oxyhemoglobin tends to absorb light in
the infrared spectrum (700–1,000 nm; Fig. 6).69,70 The ratio
of red to infrared light transmission is calculated and con-
verted to SpO2

by a Beer-Lambert law lookup table.

Potential Uses and Indications

There is a paucity of normative SpO2
data for acutely and

critically ill children. However, in healthy children, mean
SpO2

levels at sea level are between 97 and 99%.71,72 SpO2

decreases with elevation as a function of reduced atmospheric
pressure. Pulse oximetry should be applied in all cases where
hypoxemia is suspected. This means that in most centers,
pulse oximetry use is nearly ubiquitous. In particular, SpO2

can be used identify severity of illness for conditions associ-
ated with ventilation/perfusion mismatch. Examples include
asthma, acute and chronic lung disease, acute bronchiolitis,
and pneumonia.73-76 Asthma severity has been associated with
SpO2

: mild, �95%; moderate, 90–95%; severe, �90%.76 Dur-
ing asthma exacerbation, an SpO2

of � 94% 1 h after bron-
chodilator treatment in the emergency department has been
shown to be a reasonable predictor of need for hospitaliza-
tion.77,78 Pulse oximetry is also used for the diagnosis and to
stratify severity of illness in pediatric ARDS by the applica-
tion of the oxygen saturation index ([FIO2

� mean airway
pressure � 100]/SpO2

).79 SpO2
is not a sensitive metric of

severity of proximal airway obstruction (eg, foreign body
aspiration, laryngothracheitis). In this case, capnography
should be applied to patients with suspected upper-airway
obstruction. Pulse oximetry also plays an important role in
screening for congenital heart disease in the newborn.80

The role of continuous SpO2
monitoring is also important

in the home during prolonged invasive mechanical venti-
lation and is an important part of telemedicine.81

Limitations and Future Directions of Investigation

Limitations of pulse oximetry primarily derive from nu-
meric error introduced as a function of clinical circum-
stances. Motion artifact can affect the signal/noise ratio
and subsequently provide incorrectly low values.82 How-
ever, hardware and signal processing improvements of some
devices have improved the performance of pulse oximetry
during motion and provided clinicians with artifact alerts.83

A decrease in perfusion to the site at which the probe is
affixed and dark skin pigmentation decrease the calculated
SpO2

value, especially in cases where the measured SpO2

is � 80%.84-86 Methemoglobin absorbs roughly the same
amount of light in both the red and infrared wavelength,
and therefore its presence in the blood, such as during
methomoglobinemia, confounds an accurate assessment of
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SpO2
(see also Fig. 6.).87 Some modern devices have sought

to utilize non-standard wavelength light to discriminate
methemoglobin and carboxyhemoglobin from oxyhemo-
globin through co-oximetry. An important practice to as-
sess for these non-standard forms of hemoglobin includes
the calculation of the difference between the SpO2

value
and the SaO2

value. If the difference is � 5%, one should
consider the presence of methemoglobin and/or carboxy-
hemoglobin.88 In this case, further testing may be indicated.
In the future, research efforts to automate the interpretation of
SpO2

and provide context analysis (interpreting the value not
on its own but in the context of the patient’s age, disease, and
other medical information) and provide decision support
should be pursued in the pediatric population.

Electrical Impedance Tomography

Function

Electrical impedance tomography (EIT) does not offer
direct measurement of oxygenation and ventilation (by
providing a surrogate for O2 and CO2). Rather, it provides
information regarding ventilation and perfusion matching.
EIT is a real-time imaging modality that is noninvasive
and radiation-free.89 In tissue, electrical current is con-
ducted based on ion concentration and tissue fluid vol-
umes. Current does not readily pass through air and there-
fore travels along the alveolar septa tissue. As the lungs

inflate and the alveoli expand, the distance that the current
must travel increases, increasing impedance. Impedance is
the ratio of voltage to current, and images of regional
impedance changes are displayed on the device. Primarily,
EIT images are relative and based upon deviation from a
baseline, since absolute imaging requires very detailed spa-
tial and geometric information about lung, tissue, and elec-
trode locations and sizes.90-93

Mathematically, EIT is an inverse problem (meaning
that, in the context of pulmonary imaging, images are
generated from measurements taken outside of the body)
and severely ill-posed (a mathematical problem with many
potential solutions). For these reasons, a number of algo-
rithms have been developed to adequately and accurately
reconstruct lung images based on surface measurements.

The EIT system is composed of a series of electrodes
attached circumferentially around the chest. The number of
electrodes can vary, but typically 16 or 32 are utilized for a
single-plane or 32 electrodes or more for a dual-plane setup.
Common settings for data collection are to inject a very small
alternating current (	5 mA) at a frequency of 50 kHz.94

Potential Uses and Indications

Some applications of EIT in both humans and experimen-
tal models have highlighted the assessment of regional dis-
tribution of ventilation for PEEP titration,95-97 assessing dif-
ferences between ventilator modes,98 position changes,99

Fig. 6. Spectra of the relative absorption of oxyhemoglobin (HbO2), deoxyhemoglobin (Hb), methemoglibin (HbMet), and carboxyhe-
moglibin (HbCO). The vertical lines represent the wavelengths often incorporated into bedside pulse oximeters. From Reference 68,
with permission.
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detection of pneumothorax,100,101 and quantification of pul-
monary edema.102 Further delineation of these studies is be-
yond the scope of the present review. Importantly, only a
limited number of the investigations have been conducted in
pediatric populations. In the context of oxygen and carbon
dioxide measurement, EIT cannot offer specific values. How-
ever, real-time quantification of ventilation and perfusion as
measured by EIT is emerging as a bedside tool. Although not
a direct measurement of O2 and CO2, real-time quantification
of regional perfusion and ventilation may offer important
insights into disease and offer a means of assessing interven-
tions aimed at improving gas exchange during critical illness.
Although studies have demonstrated the technical feasibility
of the technology for quantifying perfusion distribution in
humans, limited data exist for pediatric subjects.103,104 It is
well known that hydrostatic pressure gradients are an impor-
tant determinant of pulmonary perfusion in adults. However,
less is known about infant and child perfusion distribution
and dynamic ventilation-perfusion matching. Carlisle et al105

quantified the regional and gravity-dependent nature of blood
perfusion in the infant chest and showed that, unlike adults,
infantshavegreaterperfusionof thenon-dependent righthemi-
thorax. These findings may help to guide ventilation strate-
gies tailored to this population that seek to optimize ventila-
tion-perfusion matching while reducing lung injury risk.

Limitations and Future Directions of Investigation

Presently, EIT is only used in a research context in the
United States. Its use is not widespread and is significantly
hindered by a lack of FDA-cleared devices available for rou-
tine clinical monitoring. Even if the device were available,
pragmatic factors need to be assessed before the technology
could be applied as suggested. First, long-term reproducibil-
ity of images should be demonstrated. Reproducible elec-
trode band placement is essential to assess the same lung
region from day to day. As adoption becomes more wide-
spread, an increased number of clinicians applying and trou-
bleshooting the device may lead to variation in placement
and confound findings. Second, in cases where the device is
applied continuously for the duration of mechanical ventila-
tion or ICU stay, patient tolerance needs to be assessed. Third,
large randomized controlled clinical trials should be con-
structed to demonstrate the superiority of regional distribu-
tion monitoring and targeted ventilation strategies compared
with standard care. Although current data are very limited
and further work (both on the corporate and research side) are
needed, EIT is an attractive technology due to its noninvasive
nature and potential to glean important real-time changes in
ventilation and perfusion.

Summary

The noninvasive measurement of CO2 and O2 is a pillar
of respiratory support and essential to offer high-quality

care to pediatric subjects. With some newer technology
(EIT and near-infrared spectroscopy), important work in
validation and clinical decision-making is needed before
widespread adoption of the methods can be recommended.
However, both are attractive, since they are noninvasive
and easy to apply and may offer important insights that
can provide decision support. In the case of technologies
that have been a part of respiratory care for decades (cap-
nography, gas exchange monitoring, transcutaneous mon-
itoring, and pulse oximetry), important refinements to tech-
nology and the development of new methods and
applications may enable the application of the devices to a
wider and more comprehensive pediatric patient popula-
tion while enabling individual care to be optimized.
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102. Trepte CJ, Phillips CR, Solà J, Adler A, Haas SA, Rapin M, et al.
Electrical impedance tomography (EIT) for quantification of pul-
monary edema in acute lung injury. Crit Care 2016;20:18.
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Discussion

Cheifetz: In the near-infrared spec-
troscopy section of your talk, you ac-
knowledge the data are limited as far
as the usefulness of cerebral and renal
near-infrared spectroscopy monitor-
ing. But at least I can understand the
physiology behind the rationale and
technology to measure the oxygen-
ation saturation of the brain and kid-
neys. However, you mentioned ab-
dominal near-infrared spectroscopy.
To me, that approach does not make
any sense at all. For the brain and kid-
neys, there is a fixed and limited dis-
tance between the organ and the probe,
but the bowels are always moving. So
changes in the abdominal near-infrared
spectroscopy value probably do not
mean anything of clinical importance;
fluctuations in the number may simply
mean the intestines are moving. Do you
have any data or thoughts to share? You
opened up the gate on this one, even
though I forewarned you that I would
ask this question. Thoughts?

Smallwood: The primary reason I
wanted to present it is because it’s of
interest in the ICU, and a fair number of
folks are starting to use it. I completely
agree that it’s a really difficult organ or
area of the body to probe accurately.

The limitation of near-infrared spectros-
copy is that it’s a near-surface regional
O2 saturation; tissue and bone proper-
ties prevent the light from penetrating
too far. Anything you’re trying to mea-
sure has to be extremely close to the
surface, near the probe to be reliable.
Even when you’re talking about prob-
ing the brain, the light doesn’t penetrate
the skull, so researchers are stuck with
demonstrating correlations between sur-
face tissue and cerebral tissue. Essen-
tially, what you’re hoping is that the
tissue of your forehead is closely re-
lated to cerebral O2 saturation. The data
are pointing in that direction. But as far
as abdominal applications, I agree with
you, Ira. Most of the data are in ex-
tremely small babies, in whom organs
of interest (the kidneys, for example)
are closer to the surface, and therefore
the physical distance between the organ
of interest and the actual sensor is fairly
small. However, it’s not clear to me that
in patients as big as you or I or even in
older pediatric patients, it would pro-
vide reliable measurements. It’s proba-
bly not the best use of the technology in
that case.

Stokes: I haven’t followed this tech-
nology very closely, but in the early
days, my impression was that they
were using probes through the open

fontanelle. Has the technology moved
away from that?

Smallwood: Right. The technology
has definitely evolved such that the
probe placement is suggested to work
inpre-term, infant, child, adolescent, and
even adult patients. There is emerging
evidence suggesting it’s potentially use-
ful, primarily for cerebral applications.
But again, the closer you get to the or-
gan of interest, the better. So if you’re
able to probe premature babies who have
an incomplete closure of their cranial
cavity, then you would probably have a
much more reliable cerebral regional O2

saturation compared to a patient with a
developed cranium.

* Branson: I spent about 10 years
seemingly doing nothing but measuring
EE in adults. I have 2 comments; one is
V̇O2

and V̇CO2
are part of the equation,

but V̇O2
is predominately the factor that

affects EE, and lots of people have sug-
gested using V̇O2

alone to determine EE.
But, of course, that’s the more difficult
value to measure. You’re suggesting
V̇CO2

because it’s almost always avail-
able, and therefore you can tolerate per-
haps a greater error than V̇O2

alone. My
question is, at these low values, is that
really something to do with the size of
the patient, or is it simply in that group
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you’re going to have more leaks around
an uncuffed ETT, and it’s a limitation
of ability to collect all the expired vol-
ume more than it is something unique
about a small baby?

Smallwood: It sounds like you’re re-
ferring to the Kerklaan study1 that found
that only in children � 15 kg was the
V̇CO2

EE estimate accurate. I think you
bringupa reasonablepoint. In that study,
the authors did their best to have rea-
sonable exclusion criteria such that if
you had excessive leak, �10%, then
those patients would be excluded from
analysis. However, that doesn’t neces-
sarily mean that there weren’t any dy-
namic leaks during the study, because
these children were spontaneously
breathing and potentially moving
around. As for your first comment re-
garding V̇O2

and V̇CO2
, if you look at it,

V̇O2
is roughly 3 times as important in

the Weir equation compared to V̇CO2
.

But what you find is that the relation-
ship between those 2 factors is linear, if
RQ is held constant. If there aren’t dy-
namic changes in RQ, and the RQ
doesn’t change a ton, then VCO2

and
V̇O2

will change linearly. It’s also one
of the screening/quality criteria for a
standard indirect calorimetry test. If the
measured RQ is out of whack, you as-
sume your device isn’t calibrated cor-
rectly, and you need to go back to the
drawingboardandredoyour tests,which
almost always reflects an error with the
oxygen sensor. The potential advantages
of using V̇CO2

are that the technology is
much more robust, it’s less prone to er-
ror, it doesn’t need to be zeroed nearly
as often, and it can easily be applied
continuously. It’s a balancing act, but I
think the V̇CO2

method may work for
the majority of patients, for technolog-
ical reasons and, quite frankly, avail-
ability of the technology. The other area
that’s going to be really interesting to
look at is longitudinal studies. An indi-
rect calorimeter is both costly and some-
what unreliable because you constantly
have to re-zero the machine every 12 h

or so, and it is typically only applied for
30 min or so, precluding continuous
measurement over many days. What’s
going to be interesting is if V̇CO2

is
indeed a reliable measure, we can then
do all kinds of interesting studies look-
ing at long periods of time in both nu-
trition and respiratory intervention clin-
ical trials.

* Branson: This was done in the
adult literature 20–25 years ago, look-
ing at EE on a daily basis. I was in-
trigued because it’s so complicated.
For instance, you look at what the child
is ordered to receive nutritionally and
then go look at what they actually got,
which had nothing to do with what
was ordered, and it gets to be very
difficult. The lucky thing for adults is
they’re so big you can be off by 10–
15%, and in the long run it probably
doesn’t make any difference, but it
probably is a huge difference in pedi-
atrics from a nutritional standpoint.

Smallwood: Definitely. Children
have a much, much smaller energy re-
serve, and I think that’s probably why
they’re an interesting population for
that kind of research and as such have
a higher probability of positive effect
from nutrition interventions, espe-
cially during critical illness.

Walsh: One of the things Craig and
I have talked about a lot is the inac-
curacy of flow measurements in the
smaller kids. The inaccuracies tend to
get wider (larger), if you will, and we
wondered whether that contributes to
some of the inaccuracies in V̇O2

and
V̇CO2

in the smaller kids (5–10 kg).
Leaving nutrition for now, what about
other uses of these gas measurements?
Specifically, your thoughts about us-
ing V̇O2

or V̇CO2
for cardiac output?

Smallwood: I know there are people
interested in using V̇CO2

to estimate
cardiac output, especially in cardiac
surgical populations. I don’t have any

personal experience in terms of re-
search, but the idea has been around
for some time. I think that the resur-
gence in interest has stemmed from
the incorporation of the technology
into the ventilators. I’m definitely ex-
cited to see what comes out of that,
but I’m certainly a little skeptical, be-
cause this idea has been around for
some time and cardiac output calcu-
lations require certain assumptions.

Cheifetz: We have done some work
in our lab along those lines. From a
pure physiology perspective, if min-
ute ventilation is stable and V̇CO2

is
stable, at a point in time, V̇CO2

must
be proportional to pulmonary blood
flow, which can be viewed as a sur-
rogate for cardiac output. So, from a
pure physiology perspective, they have
to be aligned given my prior assump-
tions. The problem occurs in the clin-
ical setting when V̇CO2

and/or minute
ventilation changes. Stated differently,
all bets are off when the patient’s re-
spiratory status is changing at the same
time his/her cardiac output (ie, pul-
monary blood flow) is changing. This
is obviously when physiology be-
comes complex. But, in a stable state,
physiology says that V̇CO2

must have
a direct relationship to pulmonary
blood flow.

Smallwood: Indeed. However, as
more and more continuous data are
being collected in the ICU, we may be
able to chip away at the number of
assumptions that are required and gain
some accuracy. Time will tell.

* Richard D Branson MSc RRT FAARC, Dep-
uty Editor, RESPIRATORY CARE.
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