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12.1	 Monitoring Oxygenation of 
Ventilated Infants and 
Children

John Salyer

Karl Wilhelm Scheele first discovered oxygen in 
1772.1 This immense milepost in the history of 
science and medicine set into motion events that 
have led us to the present in which the delivery 
and monitoring of oxygen is a mainstay of criti-
cal care. It is now possible to continuously mea-
sure many key aspects of the complex movement 
of oxygen molecules from the atmosphere to the 
lungs, to the blood, to the tissues, and finally, to 
the cellular structures that use oxygen and nutri-
ents to create the energy molecules that fuel our 
biological engines. This chapter will focus on the 
most commonly used oxygenation monitoring 
techniques including their measurement princi-
ples, utility, and limitations. However, before we 
explore a brief review of what can be monitored, 
it is useful to consider what should be monitored. 
Sometimes, our technology develops at a pace 
that far exceeds our wisdom in how to use it. 
“New technologies and procedures have devel-
oped so rapidly—and there are such economic 
and social incentives to use them—that the evalu-
ation of their safety, efficacy, and cost-
effectiveness as well as the consideration of their 
social and ethical consequences have lagged far 
behind” (Mosteller and Institute of Medicine 
1985). Another term for this is technology creep, 

1 Although still debated, evidence suggests that Scheele 
discovered oxygen independently and earlier than Joseph 
Priestly who has been widely credited with this break-
through because he published his findings prior to Scheele. 
Others have suggested that oxygen was discovered even 
earlier by a Michał Sędziwój, a Polish alchemist and natu-
ral philosopher in the late sixteenth century.
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Educational Goals

• Describe a basic understanding of the 
oxygen transport chain.

• Understand the various technologies for 
oxygenation monitoring during mechan-
ical ventilation.

• Describe the limitations associated with 
various monitoring technologies.
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which refers to the continuing addition of tech-
nology that is both qualitatively and quantita-
tively more complex. Moreover, this often 
happens without any rigorous testing of the effect 
of this technology on patient outcomes. Most 
new instrument/device testing mandated by regu-
latory agencies prior to approval is focused on 
ensuring patient safety and measurement accu-
racy and precision, as opposed to proving that the 
device in question will alter patient outcomes or 
improve processes of care.2

Some clinicians have adopted a “more is bet-
ter” philosophy, wanting to monitor nearly every-
thing possible (Hess 1998). Excessive numbers 
of monitors at the bedside can produce so much 
information for clinicians to process that the 
sheer volume can outpace their ability to analyze 
and integrate this information into timely deci-
sion making (East et al. 1991; Graham and Cvach 
2010). There can be up to 40 different monitoring 
alarms assaulting the intensive care clinician 
(Chambrin 2001). It is reported that only 15 % of 
all monitor alarms in an intensive care environ-
ment are clinically relevant (Siebig et al. 2010).

Add this complexity to the fact that clinicians 
are often not adequately trained to understand 
the physiology and measurement principles 
related to the monitors they are using. In a sur-
vey of more than 4,300 responders, 70 % of neo-
natal care providers acknowledged that they do 
not have a complete education in oxygenation 
and have insufficient knowledge of basic con-
cepts (Sola et al. 2008). In the same survey, 92 % 
did not know how SpO2 monitors work and the 
differences between various brands of SpO2 
monitors. Knowledge (or the lack thereof) about 
pulse oximetry has been tested among pediatric 
clinicians, and the results have mostly been 

2 Not long ago, I stood at the doorway of a room in our 
cardiac intensive care unit watching the care of a post-op 
cardiac surgery patient who was on extracorporeal mem-
brane oxygenation. I counted 21 different LCD displays in 
the immediate beside area. These included cardiorespira-
tory monitors, infusion pumps, oxygen monitors, ventila-
tion monitors, and the ECMO system. And of course, each 
of these was connected to the tiny patient by tubing, 
cables, lines, and sensors. It is a tribute to the focus and 
dedication of the clinical staff that there are no more mis-
haps in this complex visual environment.

disappointing (Teoh et al. 2003; Popovich et al. 
2004; Elliott et al. 2006).

To better understand the way in which oxy-
genation is monitored, the clinician must first 
understand the basic physiology of oxygen trans-
port in the blood. In healthy humans, every 
100 mL of arterial blood carries about 20 mL of 
oxygen at sea level. At rest, the body extracts 
about 5  mL of oxygen per 100  mL of arterial 
blood. This reserve allows for adequate tissue 
oxygenation during periods of high oxygen 
demand (i.e., exercise) or periods of low oxygen 
delivery (i.e., pulmonary and/or cardiac disease, 
or high altitude).

Entering the arterial blood in gaseous form, 
oxygen diffuses across the alveolar capillary 
membrane and dissolves into the plasma. But the 
oxygen carrying capacity of plasma alone is 
insufficient to sustain life. In 100 mL of plasma 
(with no hemoglobin), at a partial pressure of 
oxygen of 100 mmHg, there is only 0.3 mL of 
dissolved oxygen. Once dissolved in the plasma, 
oxygen quickly binds with hemoglobin mole-
cules on the erythrocytes. The remarkable stereo-
chemical properties of the hemoglobin molecule 
render it capable of binding to, carrying, and off-
loading much more oxygen than can be dissolved 
in plasma alone. Once the erythrocytes have been 
transported through the arterial system to the 
capillary beds, the oxygen off-loads from the 
hemoglobin back into the plasma and thus dif-
fuses across the capillary membranes into the 
adjacent tissues and finally through the cell mem-
brane and into the mitochondria. Figure  12.1 
visually describes some of the complex mecha-
nisms involved in oxygen transport from the 
atmosphere to the tissues.

The movement of oxygen molecules through 
our biological systems is governed by pressure 
gradients. The atmosphere has a higher partial 
pressure of oxygen than the plasma, which is 
higher than the interstitial partial pressure and so 
on. This is illustrated in Fig. 12.2. Oxygen trans-
port to the cells depends on the partial pressure of 
oxygen in the alveoli, the amount of hemoglobin 
in the blood, the degree to which the hemoglobin 
is saturated, and the cardiac output. There can 
also be regional variations in blood flow that can 
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affect oxygen transport. Finally, the diffusion of 
oxygen out of the plasma across the capillary 
membranes, into the interstitial space, into the 
cell, and finally into the mitochondria can be 
affected by interstitial fluid balances, capillary 
permeability, and anything else that increases the 
distance oxygen has to travel from the capillary 
wall to the adjacent cells.

Blood gas studies assess oxygenation by mea-
suring the partial pressure of oxygen dissolved in 
the plasma alone (PO2). But this is only a small 
part of the oxygen transport chain. The utility of 
blood gas measurements are based on assump-
tions about the relationship between the partial 
pressure of dissolved oxygen in plasma and the 

amount of oxygen bound to hemoglobin. This 
relationship is described by oxyhemoglobin dis-
sociation curve (Fig. 12.3). The curve is sigmoid 
shaped to facilitate that loading of oxygen onto 
hemoglobin in the lungs and off-loading oxygen 
from the hemoglobin in the somatic capillaries. 
Many factors affect the shape and position of the 
dissociation curve. These include temperature, 
pH, chronic hypoxemia, dyshemoglobinemias, 
and the availability of 2,3 diphosphoglycerate 
(2,3-DPG), a compound that affects the affinity of 
oxygen for hemoglobin (Hsia 1998). Decreased 
levels of 2,3-DPG are found in cases of erythrocy-
tosis and nonspherocytic hemolytic anemia and 
2,3-DPG phosphatase deficiencies. The effect of 
transfusion of stored RBCs on oxygen delivery is 
complex, and views about its effect are divergent. 
Historically, it was reported that 2,3-DPG levels 
were depleted in stored RBCs, but others have 
found no relationship between the length of time 
of storage of RBCs and biochemical markers of 
oxygenation in the critically ill (Tinmouth et al. 
2006; Ibrahim et  al. 2005a; Walsh et  al. 2004). 
Increased levels of 2,3-DPG are found in condi-
tions in which the body needs more oxygen, such 
as obstructive lung disease, cystic fibrosis, con-
genital heart disease, and hyperthyroidism. High 
altitudes and participating in exercise sessions can 
also elevate 2,3-DPG levels.

In general, those factors that shift the curve to 
the right are advantageous to the patient since 
this reflects a reduced affinity of oxygen for 
hemoglobin resulting in more oxygen released 
from hemoglobin to the tissues (Peter et al. 1991). 
The position of the curve is usually expressed by 
measurement of P50, which is defined as the 
PaO2 at which the hemoglobin is 50 % saturated 
with oxygen at a pH of 7.40, PaCO2 of 40 mmHg, 
and temperature of 37 °C.

It has been known for many years that there is 
large variation in affinity of oxygen for hemoglo-
bin and thus the shape and position of the disso-
ciation curve (Gøthgen et  al. 1990; Wilkinson 
et al. 1980). No less than Ole Siggaard-Andersen, 
one of the principle developers of blood gas tech-
nology has said (Gøthgen et  al. 1990), “…it is 
essential to know the actual position of the 
hemoglobin-oxygen dissociation curve, as well 
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Fig. 12.1  Visual representation of the oxygen movement 
of oxygen from the atmosphere to the cellular level. CO 
cardiac output, SVR systemic vascular resistance (Used 
with permission from Sola et al. (2008))

Dry atmosphere: 160 mmHg   

Humidified tracheal gas: 150 mmHg     

Alveolar gas: 105 mmHg  

Arterial blood: 100 mmHg  

Capillary blood: 45 mmHg  

Mitochondria: 5 mmHg  

Oxygen cascade

Fig. 12.2  The oxygen cascade is a conceptual rendering 
of the movement of oxygen from the atmosphere to the 
mitochondria down a descending pressure gradient. The 
partial pressure of oxygen in various parts of the oxygen 
transport chain is displayed. Various types of oxygenation 
monitoring systems monitor different parts of this cascade 
either directly or indirectly
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as the hemoglobin concentration in the individual 
patient, for correct interpretation of PO2....... in 
arterial blood.” Yet, historically, we have relied 
heavily on PaO2 alone for assessing oxygenation. 
Unfortunately, the actual measurement of p50 is 
not widely available and requires the tonometry 
of blood. There are calculators for P50, but these 
are based on assumptions about oxygen hemo-
globin affinity which can vary widely (Gøthgen 
et al. 1990).

As clinical practice has evolved, the focus on 
PaO2 as the most widely used measure of oxygen-
ation has been enhanced by the appreciation that 
SaO2 is a broader assessment of the oxygen trans-
port chain. This value assesses a much larger por-
tion of the mechanism of oxygen transport. It is 
also clear that a thorough assessment of oxygen-
ation cannot be made without knowing the total 
serum hemoglobin. This can be seen when one 
considers the equations for oxygen content and 
oxygen delivery. These equations describe the 
volume of oxygen in a given amount of whole 
and the volume delivered (or available) to the tis-
sues by the cardiovascular system:

Oxygen content (the volume of oxygen (in mL) 
carried in 100 mL of whole blood):

	 CaO Hb SaO Oa2 2 21 34 0 0031= × ×( ) + ×( ). .P 	

where
CaO2	� oxygen content of arterial blood, 

expressed as mL/dL (normal values are 
16–22 mL/dL)

Hb	 total serum hemoglobin in g/dL
1.34	� the volume of oxygen (in mL) that can 

be carried by a gram of hemoglobin 
that is fully saturated with oxygen

SaO2	� the degree to which the hemoglobin is 
saturated in percent which should be 
expressed as a decimal for the mathe-
matics of the formula

PaO2	� partial pressure of oxygen in arterial 
blood in mmHg

0.0031	� the oxygen solubility coefficient in 
plasma (the number represents the mL 
of oxygen that will be dissolved in 
plasma for each mmHg of partial pres-
sure of oxygen dissolved in plasma)
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Fig. 12.3  Oxyhemoglobin 
dissociation curve. Note that 
the overwhelming majority 
of the total oxygen content 
is carried as oxygen bound 
to hemoglobin. The curve 
will shift left or right as 
affinity of oxygen for 
hemoglobin increases or 
decreases. Changes in 
temperature, pH, and levels 
of 2,3-diphosphoglycerate 
cause the affinity of oxygen 
for hemoglobin to change. 
Increased affinity is 
associated with decreased 
availability of oxygen to 
tissues (Brashers 2002). 
Recent work has called into 
question some of the 
assumptions about the 
relationship between 
pH and 2,3-DPG  
(Ibrahim et al. 2005b)
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Oxygen delivery:

	 DO CaO CO2 2 10= × × 	

where
DO2	 oxygen delivery expressed as mL/min
CaO2	� oxygen content of arterial blood 

expressed as mL/dL
CO	 cardiac output expressed in mL/min

These formulae and other measures and deriv-
atives of oxygenation, and their normal values 
are listed in Table 12.1. Careful review of these 
formulae reminds us that oxygen delivery is 
dependent on many factors including serum 
hemoglobin levels, cardiac output, oxygen satu-
ration, and PaO2.

12.1.1	 Effects of Altitude

As altitude increases, barometric pressure 
decreases. Thus, even though the concentration of 
oxygen in the atmosphere is the same regardless of 
altitude, the partial pressure of oxygen decreases 
at increasing heights above sea level (Gallagher 
and Hackett 2004). As the PaO2 decreases, so does 
the SaO2. Figure 12.4 demonstrates the effect of 
altitude on the pressure of inspired oxygen (PIO2), 
PaO2, and SaO2 (Hackett et al. 2001).

The effect of altitude on “normal” pulse 
oximetry readings in infants and children has 
been studied (Beebe et al. 1994; Niermeyer et al. 
1993, 1995; Thilo et al. 1991; Gamponia et al. 
1998). Thilo reported that at an altitude of 
1,610 m, healthy newborns had a mean SpO2 of 
92–93 % and that the lower end of the reference 
range was as low as 86 % during quiet sleep at 
1–3 months of age (Thilo et al. 1991). Niermeyer 
et  al. studied serial SpO2 at an altitude of 
3,100  m, measured from birth to 4 months in 
healthy infants. SpO2 ranged from 80.6 ± 5.3 to 
91.1 ± 1.7  % during the 4 months period 
(Niermeyer et al. 1993).

The clinician is challenged with knowing how 
low SpO2 must go before supplemental oxygen is 
indicated at various altitudes. Subhi and col-
leagues did a systematic review of published nor-
mal SpO2 for children at various altitudes above 
sea level (Subhi et al. 2009). Tables 12.2 and 12.3 
and Fig.  12.4 are adapted from their work. 
Figures  12.4 and 12.5 offers threshold values 
below which a child may be considered hypox-
emic adjusted for altitude and thus requiring sup-
plemental oxygen. The risk of the development 
of retinopathy of prematurity in low-birth-weight 
infants requires that different target values for 
SpO2 be used. See the section below on pulse 
oximetry.

Table 12.1  Measures and derivatives of oxygenation

Measures Normal range

Partial pressure of arterial oxygen (PaO2) 80–100 mmHg
Partial pressure of arterial CO2 (PaCO2) 35–45 mmHg
Arterial oxygen saturation (SaO2) 95–100 %
Mixed venous saturation (SvO2) 60–80 %
Arterial oxygen content (CaO2) (Hb × 1.34 × SaO2) + (0.0031 × PaO2) 17–20 mL/dL
Venous oxygen content (CvO2) (Hb × 1.34 × SvO2) + (0.0031 × PvO2) 12–15 mL/dL
A–V oxygen content difference (C[a − v]O2) CaO − CvO2 4–6 mL/dL
Oxygen delivery (DO2) CaO2 × CO × 10 950–1,150 mL/min
Oxygen delivery index (DO2I) CaO2 × CI × 10 500–600 mL/min/m2

Oxygen consumption (VO2) (C(a − v)O2) × CO × 10 200–250 mL/min
Oxygen consumption index (VO2I) (C(a − v)O2) × CI × 10 120–160 mL/min/m2

Oxygen extraction ration (O2ER) [(CaO2 − CvO2)/CaO2] × 100 22–30 %
Oxygen extraction index (O2EI) [SaO2 − SvO2]/SaO2 × 100 20–25 %

Pediatric and Neonatal Mechanical Ventilation
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12.1.2	 Blood Gas Measurements

12.1.2.1	 Intermittent
Intermittent sampling and analyses of the pH, 
PCO2, and PO2 of arterial, venous, or capillary 
blood are some of the most frequently ordered 

laboratory tests. There have been tremendous 
advances in blood gas technology including min-
iaturization of components, improved quality 
control, simplified maintenance techniques, 
reduced sample size, decreased throughput time, 
and portability. But the measurement principles 
for blood gases remain the same. Blood gas 
machines actually measure only three variables, 
pH, PCO2, and PO2. All other variables reported 
on a blood gas, i.e., base excess, bicarbonate, and 
oxygen saturation,3 are calculated.

Blood gas machines use electrochemical sen-
sors which are covered with selectively perme-
able membranes that allow the passage of either 
O2 or CO2. These gases then chemically react 
with reagents in their respective sensors to create 
voltages that are proportional to the amount of 
the respective gas that has entered the electrode, 
which correlates with the partial pressure of gas 
in the blood that has come in contact with the 
semipermeable membranes.

Advantages of intermittent blood gas sam-
pling include well-known accuracy and preci-
sion, simplicity, convenience, relatively low cost, 
and a generally good understanding of the basics 
of blood gas measurement. Typically, PO2 elec-
trodes are less accurate and precise than PCO2 
electrodes. Intra-instrument imprecision4 is much 
improved in newer models of blood gas analyz-
ers. For PO2 samples <150 mmHg, most instru-
ments can produce measurements within ±2  % 
(Hansen et  al. 1989; Scuderi et  al. 1993). This 
imprecision worsens in PO2 > 150 mmHg.

Disadvantages include the need for an inva-
sive blood sample, either through repeated 

3 Later in this chapter, the limitations of the calculation of 
oxygen saturation are discussed in detail.
4 Intra-instrument imprecision can be thought of as the 
variability of repeated samples of the same blood run con-
secutively in the same instrument.

Table 12.2  Normal (reference) ranges for blood gases in neonatal and pediatric populations

Age range Neonatal Pediatric

Source Arterial Venous Capillary (Cousineaua et al. 2005) Arterial Venous

pH 7.35–7.45 7.31–7.41 7.31–7.47 7.35–7.45 7.31–7.41
PCO2 35–45 mmHg 41–51 mmHg 29–49 mmHg 35–45 mmHg 41–51 mmHg
PO2 50–90 mmHg 30–40 mmHg 33–61 mmHg 80–100 mmHg 30–40 mmHg

Table 12.3  Normal pulse oximetry values for children 
1–5 years of age at various altitudes

Age of study 
group

Number of 
children 
studied

Altitude 
above sea 
level (m)

Reported 
SpO2 
mean (SD)

2–60 months 153 3,750 88.9 (2.9)
2–23 months 80 1,500 98.9 (1.0)
0–2 months 302 1,584 97.1 (2.7)
1–60 months 151 1,600 95.7 (2.7)
1 month 100 1,610 93.4 (2.0)
7 days–36 months 87 1,670 95.7 (1.6)
0–24 months 189 2,640 93.3 (2.1)
0–18 months 55 2,600 93.2 (3.0)
0–60 months 150 2,800 92.0 (2.0)
2 days–22 months 72 2,800 91.7 (2.1)
0–60 months 152 4,018 87.8 (3.8)

Adapted with permission from Subhi et al. (2009)
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percutaneous arterial or capillary sticks. Patients 
on ventilators for many days, can have much 
bruising and skin injury from repeated sticks, 
which can be very disturbing to parents, even 
though they typically heal without difficulty. 
Arterial lines obviate the need for repeated sticks, 
but in infants and children, utilization of arterial 
lines is not as prevalent as in adults. This is prob-
ably related to many factors including the pain of 
insertion, the limitations of the size of the 
patients, the risk of infection and mishap, and the 
known sequela of arterial lines.

From the early days when 10 mL of blood and 
45 min was required to obtain and analyze a sam-
ple, we now have instrumentation that allows for 
blood gas measurements on far less than 1 mL of 
blood with results available within 90  s using 
handheld point of care analyzers. Whether or not 
having all blood gas results this rapidly ulti-
mately affects patient outcomes remains largely 
unproven (Giuliano and Grant 2002).

Kendall and colleagues (1998) randomized 
1,728 patients to be managed in the emergency 
room using either point of care or central labora-
tory testing. They found that point of care testing 
(which included blood gas, hematological, and 
chemical studies) reduced the time until lab 
results were available (for blood gases, a 20 min 
reduction). But they deemed that change in man-
agement in which timing was critical involved 
only 7 % of all samples. Moreover, there was no 
difference between groups in hospital admission 
rate, length of stay in the emergency department, 
hospital length of stay, and mortality.

In a very interesting study, Thomas and col-
leagues (2009) compared PaO2 and PaCO2 values 
from a point of care testing system to values 
obtained from a central laboratory with regard to 
running a ventilator management algorithm in 
446 ventilated adult intensive care patients. In 
other words, would the recommendations of the 
ventilator management algorithm be different 
when using point of care values or central 
laboratory-derived blood gases? They concluded 
that the use of point of care blood gases versus 
central blood gas laboratory values produced 
equivalent ventilator management algorithm rec-
ommendations. Their study included no cost 
analyses.

Despite increased proliferation of handheld, 
point of care blood gas analyzers, there remains 
tremendous variation in the use of these devices. 
Some intensive care units rely exclusively on 
point of care testing for blood gas analysis. 
Others use little or no point of care testing, rely-
ing instead on near patient, bench blood gas ana-
lyzers, or analyses done in a central laboratory.

A search has been underway for more than 10 
years to prove that point of care testing is cost 
effective. Results have been divergent depending 
on what type of point of care testing is being 
studied (O’Connell et  al. 2008; Macnab et  al. 
2003; Englander et  al. 2006). Clearly, there are 
some cases where immediate testing results at the 
bedside seem likely to make a meaningful differ-
ence in outcomes, such as in surgery, during 
ECMO, or during transport. But my observations 
have led me to conclude that in a typical intensive 
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care setting, the vast majority of point of care 
blood gas testing is not emergent and that results 
within 15–30 min would be completely accept-
able. Additionally, any potential savings of 
implementing point of care blood gases systems 
would be dependent on elimination of the instru-
mentation and labor costs of other blood gas 
analysis systems. Most applications of point of 
care blood gas testing I have seen simply layered 
the point of care capabilities on top of existing 
laboratory blood gas systems, resulting in cost 
increases with no proven effect on patient out-
comes. Most of the published financial analyses 
of the impact of point of care testing are not 
sophisticated and often confuse the cost of the 
blood gases with the charges for blood gases. The 
interested learner is directed to a thorough review 
of the general topic of point of care testing by 
Kost (1998).

Many blood gas instruments do not actually 
measure SaO2, but instead calculate (or estimate) 
the SaO2 based on assumptions about the shape 
of the oxygen dissociation curve. Wilkinson et al. 
showed that in some newborns, when PaO2 was 
less than 50  mmHg, calculated SaO2 could be 
>90 %, whereas in others <75 % (Wilkinson et al. 
1980). My colleagues and I showed that in pedi-
atric ICU patients, calculated oxygen saturation 
levels were unreliable, particularly when true 
saturation levels were <90 % (Salyer et al. 1989). 
Clinicians are advised not to rely on calculated 
oxygen saturation values derived from blood gas 
measurements.

The most common method of direct labora-
tory measurement of SaO2 requires the use of a 
CO-oximeter. This name can be a little mislead-
ing since it was derived from early instruments 
designed to measure carboxyhemoglobin 
(HbCO). Laboratory CO-oximeters use multiple 
wavelength spectrophotometry of hemolyzed 
blood samples to measure SaO2. This measure-
ment principle is basically the same as is used in 
pulse oximetry, which we will discuss in detail 
later. Typically, point of care blood gas tests do 
not actually measure SaO2 so care must be taken 
in interpreting low saturation values from point 
of care devices. Some of the latest bench blood 
gas analyzers incorporate spectrophotometry into 

their measurement capabilities and thus can 
report actual measured SaO2. The interested cli-
nician should check and ensure that the SaO2’s 
reported with blood gas results are actually mea-
sured using CO-oximetry versus calculated.

12.1.2.2	 Continuous Blood Gas 
Monitoring

Continuous intravascular monitoring of blood 
gases became widely available in the 1990s and 
has been steadily improving since then (Ganter 
and Zollinger 2003). This technology uses vari-
ous techniques to miniaturize blood gas measure-
ment sensors sufficiently to allow them to be 
imbedded in a catheter that can be placed in the 
radial, brachial, and femoral artery for continu-
ous monitoring. Measurement principles may be 
electrochemical (as in bench blood gas analyz-
ers) or photochemical/optical (also called opto-
des). Optodes use sample chambers that contain 
dyes which are illuminated with light of a certain 
wavelengths. The illuminating light will be trans-
mitted, reflected, absorbed, and reemitted pro-
portionally to the concentration of oxygen, 
carbon dioxide, and hydrogen ions in the 
sample.

The radial artery is the most common site for 
catheter insertion in adults and the femoral artery 
in children <5 years old. The disadvantages of the 
radial approach include increased susceptibility 
to motion artifact, vasospasm, and changes in 
peripheral blood flow. Nevertheless, this approach 
is chosen routinely in adults and older children, 
because of easy access, the double blood vessel 
supply of the hand, and low complication rates. 
For newborns, the umbilical artery is used.

Proponents of this technology argued that sub-
stantial changes in arterial blood gases can be 
missed by intermittent blood gas analyses (Zaugg 
et al. 1998). Moreover, it is suggested that con-
tinuous blood gas monitoring could (1) allow for 
more rapid identification of changing trends in 
blood gases, (2) decrease therapeutic decision 
time, (3) reduce blood loss from repeated sam-
pling, and (4) make it possible to use the continu-
ous blood gas results for closed loop control of 
ventilator settings using feedback-control algo-
rithms (Mahutte 1998). As is the case with so 
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much new technology, little systematic investiga-
tion has been done to validate these assumptions.

These systems are very costly. The instru-
ments themselves cost as much as a bench blood 
gas analyzer and yet can only be used on one 
patient at a time. The catheters are also very 
costly, and some patients end up needing more 
than one because of catheter failure. They are 
also very invasive and prone to technical prob-
lems such as kinked or clotted catheters and 
problems with poor regional blood flow. In my 
experience in the USA visiting many pediatric 
intensive care units, I have seen very few in use.

12.1.3	 Pulse Oximetry

One of the more remarkable advances in oxygen-
ation monitoring technology is the development 
of the pulse oximeter (Salyer 2003). Pulse oxim-
eters use principles of spectrophotometry to esti-
mate arterial oxygen saturation noninvasively 
using sensors that can be clipped to an ear or fin-
ger or, for smaller patients, can be wrapped 
around digits, palms, and feet. Pulse oximetry 
estimates arterial oxygen saturation by measur-
ing the absorption of light of two wavelengths, 
approximately 660 nm (red) and 940 nm (infra-
red), in human tissue beds. As light passes 
through human tissue, it is absorbed in various 
degrees by the skin, tissues, bone, fluids, and 
blood. The amount of blood in the tissue beds 
changes with each beat of the heart. This change 
in volume causes a change in spectral absorption, 
which the oximeter can detect and thus estimate 
heart rate. As the relative amounts of oxygenated 
and deoxygenated hemoglobin changes in the tis-
sue bed, the spectral absorption also changes, and 
thus the oximeter can estimate SaO2.

The accuracy of pulse oximetry has been 
studied extensively in various populations (Choe 
et al. 1989; Morris et al. 1989; Faconi 1988; Hay 
et al. 1989; Nickerson et al. 1988; Severinghaus 
et  al. 1989; Hannhart et  al. 1991; Taylor and 
Whitman 1988; Wouters et al. 2002a, b; Deckardt 
and Steward 1984; Jennis and Peabody 1987; 
Walsh et al. 1987; Southall et al. 1987; Solimano 
et al. 1986; Ramanathan et al. 1987; Praud et al. 

1989; Boxer et al. 1987; Carter et al. 2001) and 
is generally about ±1–2  % of readings >85  % 
(Severinghaus 1993; Emergency Care Research 
Institute 2003; Van de Louw et al. 2001). During 
periods of profound desaturation (typically 
below 70–80 %), bias and precision of oximeters 
deteriorates significantly, being highly variable 
depending on brand (Faconi 1988; Severinghaus 
et al. 1989). This limitation has never been par-
ticularly problematic for most clinicians since an 
SpO2 of 40 % versus 60 % will illicit the same 
aggressive interventions to improve oxygenation.

As we have learned more and more about the 
behavior of oximeters during continuous moni-
toring, it has become apparent that there are seri-
ous performance problems with some types of 
pulse oximeters that are not related to accuracy, 
but instead to precision and reliability, e.g., the 
ability of the devices to produce credible read-
ings over time. More about this are discussed 
below.

Continuous monitoring with a pulse oximeter 
was originally mostly confined to the periopera-
tive period. But it has now grown in many places 
to include all intensive care patients, any child on 
oxygen, anyone undergoing procedural sedation, 
anyone presenting with respiratory symptoms in 
the emergency department, or anyone on patient-
controlled anesthesia, to name a few. Indeed, 
SpO2 readings have become a de facto fifth vital 
sign. In terms of processes, pulse oximetry has 
been shown to sometimes reduce the number of 
arterial blood gas samples obtained in various 
populations (King and Simon 1987; Kellerman 
et al. 1991; Inman et al. 1993; Bourdelles et al. 
1998; Roizen et al. 1993; Niehoff et al. 1988).

But as the use of pulse oximetry spread, little 
evidence was developed demonstrating the effect 
of continuous monitoring with a pulse oximeter 
on outcomes of care. It has been said that 
“absence of evidence is not evidence of absence.”5 
Many technologies have not been thoroughly 
tested, and thus their effect on outcomes has been 
suspect. But it is risky to then build arguments 

5 This quote should be interpreted to mean that having not 
looked for something, and thus not found it, does not nec-
essarily mean that it is not there.
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based on the assumption that this absence of evi-
dence is a result of having looked for it and not 
found it. But in the case of oximetry, there has 
been a decade long search for proof that continu-
ous monitoring changes the outcomes of care. 
For most of this time, no such effect has been 
found (Ochroch et al. 2006; Pedersen et al. 2009).

Moeller et al. enrolled more than 20,800 sur-
gical patients and randomized them to receive 
continuous pulse oximetry during the 
perioperative period. The two groups did not dif-
fer significantly in cardiovascular, respiratory, or 
neurologic complications; length of hospital stay; 
or in-hospital deaths (Moller et al. 1993a).

It is possible that not using the pulse oximeter 
and, thereby, not identifying and treating epi-
sodic hypoxemia might have more subtle effects 
on the higher brain functions of memory and cog-
nition. In a follow-up study, Moeller and col-
leagues studied this question by randomizing 736 
surgical patients to continuous pulse oximetry 
during the perioperative period (Moller et  al. 
1993b). Cognitive function was evaluated before 
surgery, at 7 days and 6 weeks following surgery. 
The authors concluded that “. . . subjective and 
objective measures did not indicate less postop-
erative cognitive impairment after perioperative 
monitoring with pulse oximetry.”

Bowton et al. studied (1991) the effect of con-
tinuous pulse oximetry on a population of gen-
eral medical–surgical patients. Reviews of the 
oximeter records were compared with the nurses’ 
charting, doctors’ progress notes, and doctors’ 
orders. Desaturations that were identified by the 
pulse oximeter were noted in the nursing notes 
only 33 % of the time and in the doctors’ progress 
notes 7 % of the time. Changes in the orders for 
respiratory therapy were noted in only 20 % of 
patients who desaturated to <85 %.

A Cochrane systematic review of the effect of 
pulse oximetry in the perioperative period by 
Pedersen et al. (2009) concluded, “…studies con-
firmed that pulse oximetry can detect hypoxae-
mia and related events. However, we have found 
no evidence that pulse oximetry affects the out-
come of anaesthesia for patients. The conflicting 
subjective and objective results of the studies, 
despite an intense methodical collection of data 

from a relatively large general surgery popula-
tion, indicate that the value of perioperative mon-
itoring with pulse oximetry is questionable in 
relation to improved reliable outcomes, effective-
ness, and efficiency. Routine continuous pulse 
oximetry monitoring did not reduce either trans-
fer to ICU or mortality, and it is unclear if there is 
any real benefit from the application of this tech-
nology in patients who are recovering from car-
diothoracic surgery in a general care area.”

However, both my observations of how oxim-
eters are actually used and a careful reading of the 
literature lead me to conclude two important 
things about the impact of continuous pulse oxim-
etry on patient outcomes. First, not all oximeters 
perform the same, and second, an oximeter will 
not substantially alter patient care unless it is used 
by people who are thoroughly trained and in con-
junction with a systematic methodology for how 
to set oximeter alarms and how to react to oxim-
eter alarms. We know that clinicians are generally 
not very well trained in exactly what a pulse 
oximeter measures, and they know very little 
about performance differences between brands 
(Sola et al. 2008; Teoh et al. 2003; Popovich et al. 
2004). And collectively, we are beginning to 
understand that superimposing additional tech-
nology on top of unreliable clinical processes will 
not necessarily improve the process at all, but may 
instead simply create a more technologically 
advanced unreliable process (Stapleton et  al. 
2009; Thompson et al. 2003).

Anyone who has long worked in the quality 
assurance field of health care will appreciate that 
policy and practice may often not be well 
acquainted. In the case of pulse oximeter alarm 
limits, this is particularly true. It has been shown 
that compliance with pulse oximetry alarm limit 
policies is as low as 9 % of patients (Clucas et al. 
2007). This has certainly been my clinical experi-
ence. This is probably largely due to the propen-
sity of some brands of pulse oximeters to generate 
lots of false desaturations. The clinicians are sim-
ply setting the alarm limits at levels that will keep 
the oximeters from driving them to distraction. 
Even so, there is still a great deal of alarm desen-
sitization because of the poor performance of 
some brands of pulse oximeters. This noncompli-

P.C. Rimensberger et al.



385

ance is also probably a contributing factor in why 
it was originally difficult to show an influence of 
pulse oximetry on patient outcomes. But as tech-
nology and clinical processes have improved and 
standardized, the impact of pulse oximetry has 
become more detectable.

As an example, Durbin and Rostow 
demonstrated that using motion-resistant6 pulse 
oximetry technology in conjunction with a stan-
dardized process of postoperative weaning 
resulted in a reduction in oximeter failure rates, 
arterial blood gas utilization, and oxygen wean-
ing time in adult cardiovascular surgery patients 
when compared to a conventional pulse oximeter 
(Durbin and Rostow 2002).

Chow et al. also demonstrated improved out-
comes associated with the implementation of an 
oxygen management protocol while switching to 
motion-resistant pulse oximetry (Chow et  al. 
2003). In this study of low-birth-weight infants, 
retinopathy of prematurity rates went from 12.5 
to 2.5 % after introduction of new pulse oximeter 
technology and a rigorous oxygen management 
protocol.

Taenzer et  al. reported that unplanned trans-
fers to the intensive care unit decreased by 48 % 
after introduction of motion-resistant pulse oxim-
etry and a centralized monitoring system7 to an 
orthopedic unit (Taenzer et al. 2010). This system 
sends all pulse oximetry data via wireless tech-
nology to a central computer server that notifies 
nurses by pager when their patients desaturated.

12.1.3.1	 Limitations of Pulse Oximetry
Not all pulse oximeters are created equal. Although 
the accuracy of pulse oximeters has been demon-
strated repeatedly, there are serious issues with the 
ongoing precision and reliability of the readings 
produced. Most studies of oximetry performance 
have focused on comparing single SpO2 readings 
to the SaO2 of simultaneously drawn arterial blood 
samples that are measured in a CO-oximeter. 
When this is done, accuracy is typically ±2  % 

6 Motion-resistant pulse oximetry will be discussed in 
detail in a later section of this chapter.
7 Both the oximetry and the monitoring system were man-
ufactured by Masimo Inc, Irvine CA, USA.

(actual reading). The more important issue for 
monitoring critically ill patients is the reliability of 
continuous readings over time. False alarms can 
be a major problem in critical care units (Lawless 
1994; Bohnhorst and Poets 1998). It turns out that 
in neonatal, pediatric, and adult populations, some 
pulse oximetry technology is prone to increased 
false desaturation readings and data dropout, 
which is defined as the amount of time the pulse 
oximeters display no reading at all.

In infants and children, the most common lim-
itation is the effect of motion and low perfusion 
(Petterson et  al. 2007). As children move the 
extremity being monitored, wiggling their fingers 
and toes, or experience periods of low perfusion, 
the absorption being measured by the oximeter is 
constantly changing in an environment where the 
signal-to-noise ratio of the changes in absorption 
is very low. These changes can be misinterpreted 
by oximeters as false desaturations or even cause 
some oximeters to display no readings at all (data 
dropout). Some pulse oximeters use sophisti-
cated signal processing algorithms to filter and 
analyze these signals and determine through sta-
tistical modeling if the readings are reliable 
enough to be displayed. This is typically called 
motion resistance, and it is claimed by a number 
of manufacturers (Bohnhorst and Poets 1998). 
The computer in the oximeter must decide if the 
data at hand should be displayed, and the com-
plex confidence arbitration algorithms for this are 
proprietary and thus the exact details of how this 
is done are often not available. How well these 
various algorithms work is a point of great debate 
among manufacturers.

The clinicians must also be aware that pulse 
oximetry software is frequently changing, and 
although your hospital may have only one brand 
of oximetry, you may have many different soft-
ware versions that perform differently. Another 
confounder when thinking about pulse oximeter 
performance is the misleading use of one manu-
facturer’s sensors by another manufacturer. As an 
example, if you buy Philips multiparameter mon-
itoring systems, you can get many different soft-
ware and hardware configurations. You can get 
their monitors equipped with Nellcor, Masimo, 
or Philips oximetry signal processing software. 
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You can also use Nellcor probes with Philips sig-
nal processing. Thus, clinicians may look at the 
Nellcor sensor and assume they have Nellcor sig-
nal processing in their multiparameter, which 
they may not. Sometimes, the front-line manu-
facturer representatives are not forthcoming with 
this information.

Ahlborn et al. (2000) showed that the use of 
the motion-resistant pulse oximetry of Masimo 
Signal Extraction Technology (SET)8 in a popu-
lation of low-birth-weight infants resulted in a 75 
and 47 % reduction in false alarm rates compared 
to two other brands of oximeters.

Sahni and colleagues (2003) studied a popula-
tion of 15 healthy infants during various activity 
states. They showed that the use of Masimo SET 
resulted significantly less artifact. Figures  12.6 
and 12.7 show SpO2 and heart rate readings from 
the two brands of oximeters in these healthy 
infants during various activity states.

In another study which compared neonatal 
transcutaneous PO2 (TCPO2) measurements to 
SpO2, Bohnhorst and colleagues showed that epi-
sodes of hyperoxia detected by TCPO2 were 
missed by the Masimo SET technology in only 
0.5 % of episodes compared to 5.4 % by another 
brand (Bohnhorst et al. 2000).

8 Masimo Inc. Irvine California, USA.

In another study of the utility of various brands 
of pulse oximeters in neonates, Hay and col-
leagues (2002) showed that there were 86 % fewer 
false hypoxemias with the Masimo SET than other 
brands. Table 12.4 shows the results of this study 
for four different brands of oximeters. Data drop-
outs have also been shown to be much lower with 
the Masimo SET technology compared to some 
brands of oximeters (Workie et al. 2005).

Torres et  al. compared Masimo SET technol-
ogy to another brand in postoperative pediatric 
cardiopulmonary bypass patients and reported that 
the SpO2 failure rates were 10 % in the Masimo 
and 41 % in the other brand (Torres et al. 2004).

Another important limitation of pulse oxime-
ters is presence of elevated levels of dyshemoglo-
bins such as carboxyhemoglobin, methemoglobin, 
and sulfhemoglobin. These variants of hemoglo-
bin arise out of various clinical conditions such 
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Fig. 12.6  Oxygen saturation measurements (means 
(SD)) with Masimo and Nellcor pulse oximeters in 15 
healthy infants during different behavioral activity states: 
1 quiet sleep, 2 indeterminate sleep, 3 active sleep, 4 
awake, 5 crying. *p, 0.02; **p, 0.005; ***p, 0.0005 (Used 
with permission from Sahni et al. (2003))
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Fig. 12.7  Heart rate measurement (means (SD)) with 
Masimo and Nellcor pulse oximeters in 15 healthy infants 
during different behavioral activity states: 1 quiet sleep, 2 
indeterminate sleep, 3 active sleep, 4 awake, 5 crying.*p, 
0.005; **p, 0.0005; ***p, 0.00005 (Used with permission 
from Sahni et al. (2003))

Table 12.4  Incidence of performance problems of four 
new-generation pulse oximeters in a neonatal population

Masimo 
SET

Nellcor 
N-395

Novametrix 
MARS

Philips 
Viridia

False 
hypoxemia

1 42 35 10

Data drop 
outs

1 10 95 21

Used with permission from Hay et al. (2002)
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as carbon monoxide inhalation, nitric oxide ther-
apy, and the ingestion of certain poisons. These 
dyshemoglobins cannot bind adequately with 
oxygen and when elevated can cause a patient to 
have a very low true oxyhemoglobin desaturation 
in the presence of very high PaO2’s. Thus, relying 
on PaO2 alone, the clinician may have a false 
sense of security regarding the patient’s level of 
saturation. Table 12.5 demonstrates this phenom-
enon in a 12-month-old child. Nearly all cur-
rently available pulse oximeters cannot 
distinguish oxyhemoglobin from these dyshemo-
globins and thus will read falsely high in the 
presence of elevated levels. To measure these, an 
oximeter would have used more than two wave-
lengths of light (as does a CO-oximeter). Masimo 
has marketed a pulse oximeter that purports to 
measure total serum hemoglobin, carboxyhemo-
globin, and methemoglobin noninvasively. Little 
controlled scientific data has yet been subjected 
to peer review on this product. Early reports are 
promising (Annabi and Barker 2009; Barker 
et al. 2006; Rabe et al. 2010) but the technology 
needs to subjected to more testing under more 
challenging conditions in various populations.

12.1.4	 Summary

The movement of oxygen through the human 
body is a complex phenomenon. It is important 
for the clinicians to understand which part of the 
oxygen transport chain is being measured by vari-
ous oxygenation monitoring technologies. Heavy 
reliance on PaO2 measurements alone may give a 
limited view of oxygenation monitoring. Other 
factors to consider are cardiac output, serum 
hemoglobin levels, and the oxygen saturation of 

hemoglobin. Normal oxygen saturation dimin-
ishes with increasing altitude.

Point of care blood gas testing has gained 
widespread acceptance without any compelling 
evidence that it has substantially altered patient 
outcomes.

Pulse oximetry has greatly simplified oxygen-
ation monitoring and can be a powerful and conve-
nient tool for oxygenation monitoring. However, 
there continue to be knowledge deficits of the 
clinicians regarding what oximeters actually mea-
sure and how the performance of oximeters vary 
between and within brands. While pulse oximetry 
accuracy has been well established, there are sig-
nificant problems with the reliability of readings 
over time with some brands. Motion-resistant 
pulse oximetry (Masimo SET) has been shown to 
significantly reduce false desaturations and data 
dropout when compared to other pulse oximeters.

Table 12.5  Pulse oximetry readings, PaO2, actual arte-
rial saturation, and methemoglobin (MetHb) levels in a 
12-month-old infant suffering from phenazopyridine 
hydrochloride ingestion

Time
PaO2 
(mmHg)

SpO2 
(%)

SaO2 
(%)

MetHb 
(g/dL)

Admission 155 63 44 55
4 h 102 81 66 30
16 h 110 89 82 15
24 h 100 95 93 6

Used with permission from Watcha et al. (1989)

Essentials to Remember

• The movement of oxygen through the 
human body is complex.

• The most common measures of oxygen-
ation, PaO2, and SaO2 only measure cer-
tain aspects of the oxygen transport 
system. A more thorough understanding 
of the oxygen transport system and oxy-
genation monitoring technology will 
help clinicians make decisions based on 
the data from continuous or intermittent 
oxygenation monitoring.

• Point of care invasive oxygenation stud-
ies like blood gases have not been shown 
to substantially alter the outcomes of 
care when compared with centralized 
laboratory testing.

• The most widely used measure of oxy-
genation is pulse oximetry.

• There are important performance differ-
ences between brands of oximeters.

• Motion-resistant oximeters are superior 
and reduce false desaturations, false 
alarms, and data dropout. When used 
with carefully controlled clinical proto-
cols, they can also alter care processes 
and improve patient outcomes.
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12.2	 Ventilation: Adequacy 
of Breathing Assessment

Gerd Schmalisch, Ira M. Cheifetz

12.2.1	 Capnography

Noninvasive carbon dioxide monitoring provides 
valuable clinical information for the neonatal, 
pediatric, and adult patient populations. 
Capnography is an essential monitoring system 
for critically ill patients and is increasingly being 
described as the fifth vital sign.

Capnometry is the digital display of data, 
while capnography is the graphical display of 
data which can be presented time based or vol-
ume based (i.e., volumetric; see Sect.  12.2.3). 
Capnography refers to the visual depiction via 
waveforms of exhaled CO2 during the entire 
respiratory cycle and is a better indicator for 
dynamic changes in a patient’s gas exchange than 
capnometry. When capnography is used, proper 

clinical interpretation of the data and waveforms 
is essential to provide optimal management of the 
ventilator as well as safe patient care.

Time-based capnography is commonly known 
as end-tidal carbon dioxide (etCO2) monitoring. 
A time-based capnogram provides qualitative 
information on the waveform patterns associated 
with invasive ventilation and a quantitative esti-
mation of the partial pressure of expired CO2. 
Volumetric capnography utilizes a CO2 sensor 
and a pneumotachometer in combination. This 
approach permits the calculation of the net vol-
ume of CO2 expired and is expressed as a volume 
exhaled per unit time (most commonly mL/min) 
rather than a partial pressure or gas fraction. 
Additionally, volumetric capnography allows for 
the calculation of the airway dead spaces, includ-
ing the dead space to tidal volume ratio (Vd/Vt).

12.2.2	 Time-Based Capnography/
End-Tidal Carbon Dioxide 
Measurements

12.2.2.1	 Methods, Waveforms, 
and Nomenclature

End-tidal carbon dioxide measurement is one of 
the primary variables obtained from time-based 
capnography. For these measurements, the 
required interface with the ventilator circuit is 
called a capnograph. Carbon dioxide elimination 
can be measured by either mainstream or side-
stream technology.

Several studies, in particular in infants, have 
demonstrated that mainstream measurements are 
superior to sidestream measurements from the 
technical perspective (Pascucci et  al. 1989). 
Mainstream sensors have a faster response time, 
such that reliable single-breath CO2 measure-
ments, even at high respiratory rates, are possi-
ble. However, the additional apparatus dead 
space (VDapp) of the CO2 analyzer chamber leads 
to rebreathing of the exhaled CO2, which should 
be considered; however, VDapp is generally only 
clinically significant in very small infants. 
Mainstream sensors have become the more typi-
cal approach for capnography in mechanically 
ventilated larger infants, children, and adults.

Educational Aims

• Understand the differences between 
time-based and volume-based (volumet-
ric) capnography.

• Review technologic considerations of 
capnography.

• Understand the interpretation of the vari-
ous phases of the time-based capnogram.

• Discuss the unique aspects of carbon 
dioxide monitoring in the premature 
infant population.

• Understand the interpretation of the 
phases of the single-breath carbon diox-
ide waveform associated with volumet-
ric capnography.

• Review the effects of both ventilation 
and perfusion on carbon dioxide 
elimination.

• Discuss the various clinical applications 
of time-based and volume-based 
capnography.

• Review the prognostic value of the dead 
space to tidal volume ratio (Vd/Vt).
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Sidestream measurements utilize a sample 
port at the endotracheal tube (ETT) and are void 
of dead space; however, the suction flow rate 
required to sample exhaled gas may adversely 
affect measurement accuracy and response time. 
In neonates with a minute ventilation of about 
200  mL/min/kg body weight, the suction flow 
must be sufficiently low to prevent dilution by 
surrounding air that will occur when the expira-
tory gas flow rate falls below the suction flow 
rate. A microstream capnograph using a suction 
flow of 30  mL/min and a miniaturized sample 
chamber has been developed, thus, improving the 
measurement accuracy for intubated infants 
(Hagerty et al. 2002; Kugelman et al. 2008).

Several techniques to measure the CO2 in 
expired air have been developed (Gravenstein 
et al. 2004). Currently, infrared (IR) spectrogra-
phy and mass spectrometry (mainly for multiple 
gas analyses) are most frequently used. However, 
only IR spectrography utilizes miniaturized, 
low-cost main- and sidestream sensors opti-
mized for measurements in the infant popula-
tion. An alternative fast method could be the 
molar mass measurement of the breathing gas by 
ultrasound spirometry. Of note, ultrasonic flow 
meters have a very short response time without a 
time delay between the measured air flow and 
molar mass of the breathing gas. Theoretically, 
such devices are well suited for volumetric cap-
nography in small lungs. However, molar mass 
techniques utilize a surrogate signal which is 
influenced by all components of the expired gas, 
and, thus, it is difficult to separate the CO2 signal 
(Thamrin et al. 2007).

Capnographs measure either the partial pres-
sure (PCO2) (IR analyzer) or the CO2 fraction 
(FCO2) of the breathing gas (mass spectrome-
ters). The relationship is given by Dalton’s law:

	
PCO mmHg FCO2 247= −( ) ⋅R B 	

(12.1)

where PB is the barometric pressure and 
47 mmHg is the water vapor pressure at 37 °C. 
However, with a dry gas (e.g., calibration gas 
from a gas cylinder), PCO2 is calculated by:

	 PCO FCO2 2= ⋅R B 	 (12.2)

The time-based waveform of the measured 
PCO2 (or FCO2) is called a capnogram and can 
be divided into four phases as shown in Fig. 12.8. 
Phase I starts with inspiration and represents, 
after a short CO2 rebreathing, mainly the CO2-free 
inspired gas. Phase II starts with exhalation and 
consists of a rapid S-shaped upswing on the trac-
ing due to mixing of dead space gas with alveolar 
gas. Phase III describes the so-called alveolar pla-
teau representing CO2-rich gas from the alveoli. In 
older infants and adults, phase III almost always 
has a slightly positive slope, indicating a rising 
PCO2 due to the delayed emptying of alveoli with 
a low ventilation/perfusion ratio (high PCO2). In 
ventilated newborns, this slope is rarely seen due 
to their typically fast exhalation times. An exag-
gerated positive slope is seen in patients with pul-
monary inhomogeneity, high airway resistance, 
and/or mechanical obstruction of the airway as 
alveoli empty carbon dioxide at a variable rate in 
these conditions. This is discussed in more detail 
below. Phase IV is actually a component of phase 
I and describes the decrease of the exhaled CO2 to 
zero at the beginning of inspiration.

12.2.2.2	 PetCO2 Monitoring
Since capnography is noninvasive, its utilization 
to monitor gas exchange in ventilated infants, 
children, and adults is very attractive, and the 
most typical parameter monitored is end-tidal 
CO2 (PetCO2). The various factors that increase or 
decrease PetCO2 are summarized in Table  12.6 
(Shapiro and Kacmarek 1998).

Under ideal conditions, PetCO2 accurately rep-
resents alveolar PCO2. However, this relationship 
is dependent on the delivery of carbon dioxide to 
the lung via the circulatory system (i.e., perfusion) 
and its removal from the lung (i.e., ventilation). 
Thus, the relationship between alveolar PCO2 and 
PetCO2 is a reflection of the ventilation/perfusion 
ratio (  V Q/ ) as assessed by the dead space to tidal 
volume ratio (VD/VT) (McSwain et al. 2010).

An important prerequisite for a PetCO2 mea-
surement is the presence of a stable alveolar pla-
teau at end expiration. Only if the capnogram 
shows such a plateau can we assume that the 
PetCO2 accurately reflects the alveolar PCO2. 
However, in ventilated infants and some ventilated 
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children with increased airways resistance, this is 
not guaranteed as the adjusted expiratory time of 
the ventilator can be longer than the actual exhala-
tion time of the patient (i.e., premature termination 

of exhalation). In such a situation, there is no 
patient flow at end expiration (Fig.  12.9), and, 
thus, PetCO2 cannot be determined (Proquitte et al. 
2004). Confounding variables do exist in the 

Table 12.6  Clinical factors that affect PetCO2 (Shapiro and Kacmarek 1998)

Increases PetCO2 Decreased PetCO2

CO2-production and delivery 
to the lung

Increased by
• fever
• sepsis
• bicarbonate administration
• seizures

Decreased by
• hypothermia
• pulmonary hypoperfusion
• cardiac arrest
• pulmonary embolism
• hemorrhage
• hypotension

Alveolar ventilation Decreased by 
• increased deadspace
• hypoventilation
• ventilatory inhomogeneity

Increased by
• hyperventilation

Equipment malformations • CO2-rebreathing due to 
apparatus deadspace

• ventilator disconnection
• esophageal intubation
• complete airway/ endotracheal tube obstruction
• poor gas sampling
• too low response time
• endotracheal tube leakage
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neonatal and pediatric populations. The presence 
of large endotracheal tube air leaks makes the 
measurement of “end-tidal” values less reliable 
(Schmalisch et  al. 2012). Additionally, signifi-
cant patient–ventilator dyssynchrony (Fig. 12.10) 
can  make the accurate determination of PetCO2 
difficult.

Therefore, PetCO2 measurements in ventilated 
patients are only useful if the shape of the capno-
gram is considered. Automated measurements of 
PetCO2 without monitoring the waveform should 
be used with caution as the resultant data can be 
misleading. Similarly, we should interpret PetCO2 
values published in older literature with caution 
as the technical options for adequate monitoring 
of the capnogram were often very limited.

12.2.2.3	 A Practical Approach to 
Interpreting Capnograms

What information can the capnogram offer the 
bedside clinician? At first, the presence of a 
physiologic meaningful PetCO2 should be 
assessed. If such a PetCO2 is not present, failure 

to ventilate the patient’s lungs must be assumed. 
Table 12.7 summarizes typical causes of absent 
CO2 elimination (Schmalisch 2004). Second, the 
shape of the capnogram must be compared with a 
typical pattern as shown in Fig. 12.8 by inspect-
ing the inspiratory CO2 baseline, steepness of 
phase II, alveolar plateau of phase III, and decline 
of the capnogram at the beginning of the next 
inspiration. Third, depending on the capnograph 
and the monitoring software utilized, the clini-
cian should assess the characteristic parameters 
derived from the capnogram, for example, 
PetCO2, CO2 elimination (VCO2), Pa − etCO2, and 
dead space (anatomic and alveolar).

12.2.2.3.1  The Inspiratory Baseline (Phase I)
Inspired gas should be void of carbon dioxide. 
Thus, the displayed CO2 level should be zero; 
otherwise, there must be either rebreathing of 
CO2 from the patient due to high apparatus 
dead space or the administration of exogenous 
carbon dioxide. Especially in very small infants, 
CO2 rebreathing can occur if the tidal volume is 
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relatively low compared to the apparatus dead 
space. A leak around the endotracheal tube may 
reduce CO2 rebreathing (Claure et  al. 2003); 
however, it may dampen both tidal volume and 
PetCO2 measurements considerably (Schmalisch 
et al. 2012).

12.2.2.3.2  �The Expiratory CO2 Increase 
(Phase II)

During expiration, the first gas is eliminated from 
the CO2-free anatomic dead space. Subsequently, in 
healthy lungs, the CO2 curve rises with a steep 
upward slope. Phase II can be prolonged when the 
delivery of CO2 from the lung is delayed, for exam-
ple, due to pulmonary inhomogeneities, high resis-
tances of the small airways, and mechanical 
obstructions, such as a blocked or kinked ETT. A 
prolonged phase II can also be caused by technical 
problems related to the capnograph. Technical limi-
tations are most commonly seen in patients with 
stiff lungs and a low respiratory time constant when 
the response time of the capnograph is inadequate 
to follow the fast expiration.

12.2.2.3.3  The Alveolar Plateau (Phase III)
In adults and older infants, the shape of the alveo-
lar plateau is one of the most interesting portions 
of the capnogram because the steepness of the 
slope is a function of morphometric structure and 
respiratory mechanics (Neufeld et  al. 1992; 
Schwardt et  al. 1991). Early phase III contains 
gas from the well-ventilated, low-resistance 
regions of the lung. Later in phase III, gas from 
poorly ventilated, high-resistance regions is 
exhaled which causes a slope of the alveolar pla-
teau. Thus, the steepness of the alveolar plateau 

is commonly used as an indicator for inhomoge-
neities in the alveolar time constants and  V Q/  
ratio (Ream et al. 1995). A flat phase III indicates 
relatively homogeneous exhalation from airways 
throughout the lung. It should be noted in very 
small infants that phase III should be interpreted 
with caution as the plateau (if it exists at all) is 
often small, and steepness is also a function of 
lung growth (Ream et  al. 1995). Therefore, the 
diagnostic value of a phase III analysis in the 
small neonatal population may be limited. 
Nevertheless, the appearance of phase III in the 
capnogram indicates that alveolar gas has been 
sampled.

12.2.2.3.4  �The Decrease of Exhaled CO2 
at the Beginning of 
Inspiration (Phase IV)

After expiration, the fresh gas from the breath-
ing circuit rinses out the carbon dioxide from the 
previous exhalation. Thus, there should be a quick 
decrease of the end-expiratory CO2 at the initiation 
of inspiration. Several techniques (e.g., tracheal gas 
insufflation) (Davies and Woodgate 2002; Miller 
et al. 2004) have been developed to reduce rebreath-
ing and dead space ventilation such that the tidal 
volume is more efficiently used for gas exchange. 
However, for various reasons, these techniques 
have seen limited application in the neonatal and 
pediatric populations. A delayed decrease of the 
expired CO2 may be caused by a respiratory cir-
cuit with low flow, such that CO2 may accumulate 
in the inspiratory limb of the circuit. Furthermore, 
a prolonged phase IV can also be associated with 
technical failures of the capnograph (e.g., a slow 
response time of the CO2 analyzer).

Table 12.7  Differential diagnostic causes of absent end-expiratory CO2

Patient Capnograph

Immediately after intubation, 
CO2 absent or very minimal

• Inadvertent esophageal intubation • Calibration error
• Disconnection of the CO2 analyzer or the 

sample tube 
Exhaled CO2 present, then 
suddenly absent

• Accidental tracheal extubation
• Disconnection of breathing circuit
• Apneic spells
• Cardiac arrest
• Severe bronchospasm
• Complete obstruction of ETT  

(e.g., mucous plugging or kinking)

• Disconnection of the CO2 analyzer or the 
sample tube

• Water condensation or secretions the CO2 
analyzer or in sampling tube 

• Failure of the capnograph
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12.2.2.4	 Relationship  
Between PetCO2 and PaCO2

In infants with normal pulmonary function and 
well-matched  V Q/ , the PetCO2 can provide an 
accurate estimate of the PCO2 in arterial blood 
(PaCO2) (Wu et al. 2003; McDonald et al. 2002; 
Bhat and Abhishek 2008), for all patient popula-
tions from the extremely low-birth-weight infant 
(Amuchou and Singhal 2006) through adults 
(McSwain et al. 2010; Wu et al. 2003; McDonald 
et al. 2002; Bhat and Abhishek 2008; Amuchou 
and Singhal 2006). Noninvasive measurement of 
PetCO2 clearly allows for an accurate estimation 
of PaCO2 in patients with minimal dead space 
ventilation without the inherent need for the time 
delay or the blood removal associated with per-
forming an arterial blood gas analysis. The rela-
tionship between PetCO2 and PaCO2 in patients 
with elevated dead space is discussed in more 
detail below.

PetCO2 monitoring has several advantages for 
all patients requiring intensive care, from preterm 
newborns through elderly adults (McDonald 
et al. 2002; Rozycki et al. 1998), which include:
• Decreased blood loss by arterial sampling for 

blood gas analysis
• Lower risk of infection related to a decreased 

number of central venous line or arterial line 
entries

• Decreased costs
• Availability of continuous data

However, as shown in Table  12.6, several 
physiologic and technical factors as well as dis-
ease states can affect PetCO2 measurements and 
potentially make it less reliable as a surrogate for 
blood gas interpretation.

The lack of consistency in the agreement 
between PetCO2 and PaCO2 has led to significant 
controversy in the medical literature with regard 
to the usefulness of PetCO2 measurements in ven-
tilated patients, especially in the neonatal popula-
tion. McDonald et al. (2002) and Wu et al. (2003) 
have shown in large clinical studies in critically ill 
mechanically ventilated infants that PetCO2 corre-
lates with PaCO2 and provides a clinically relevant, 
reliable estimation of ventilation for most infants. 
Similar results were found by Rozycki et  al. 
(1998) investigating 45 newborn infants receiv-
ing mechanical ventilation. They suggest that 

capnography in these patients may be useful for 
trending or screening patients for abnormal arte-
rial CO2 values. In contrast, Tobias et al. (Tobias 
and Meyer 1997a) found in intubated infants that 
PetCO2 does not accurately predict PaCO2 and that 
transcutaneous carbon dioxide (PtcCO2) measure-
ments are more accurate. To the same result came 
Tingay et al. (2005) during neonatal transport as 
there was an unacceptable under-recording of the 
PaCO2 likely due to the technical limitations of 
the sidestream technology used.

A distinct improvement in the agreement 
between PetCO2 and PaCO2 was obtained by 
Kugelman et al. (2008) by using a double lumen 
endotracheal tube and a microstream sidestream 
capnograph. They demonstrated in 27 newborns 
(body weight 490–4,790 g) that distal end-tidal 
CO2 measurements correlate significantly better 
with PaCO2 than when PetCO2 is measured with a 
mainstream capnograph. This improved agree-
ment remained reliable in conditions of severe 
lung disease. However, such measurements can 
be difficult as the required cannula is small and 
may be occluded with secretions while continu-
ously sampling. Unfortunately, the sampling 
equipment cannot be flushed with air to avoid 
damage to its filters.

Across a heterogeneous critically ill popula-
tion of infants, children, and adolescents, 
McSwain et al. (2010) demonstrated a close cor-
relation between PetCO2 and PaCO2. As a key 
component of their results, McSwain and col-
leagues noted that as dead space (VD/VT) 
increased, the mean gradient between PetCO2 and 
PaCO2 increased as physiology would dictate; 
however, the excellent correlation persisted. In 
contrast, a poor agreement between PetCO2 and 
PaCO2 in magnitude as well direction was 
observed in ventilated dogs undergoing thora-
cotomy (Wagner et al. 1998), during cardiac sur-
gery (Russell et  al. 1990), and neurosurgery 
(Grenier et al. 1999) and in mechanically venti-
lated adults with multisystem trauma (Russell 
and Graybeal 1994) due to highly variable  V Q/  
matching. A survey about misleading PetCO2 val-
ues during anesthesia and surgery has been 
provided by Wahba and Tessler (1996).

It appears that in neonatology (especially for 
the smaller preterm infants), PetCO2 measurements 
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may not be replacements for arterial or transcuta-
neous blood gases; however, in most of these 
patients, capnography can be helpful in monitor-
ing the PCO2 trend and assessing the integrity 
of the airway and ventilator circuit (e.g., monitor-
ing for inadvertent extubation and circuit discon-
nections/blockages). Within the pediatric critical 
care environment, PetCO2 can be a suitable substi-
tute for arterial blood gas analyses, if dead space 
ventilation and the expected gradient between 
PetCO2 and PaCO2 is considered (McSwain et al. 
2010).

12.2.2.5	 The Pa − etCO2 Difference 
and Ventilation/Perfusion 
Abnormalities

PetCO2 is commonly lower than PaCO2, and the 
difference (Pa − etCO2) can be caused by  V Q/  
mismatching in the lungs (e.g., dead space venti-
lation) as a result of temporal, spatial, and alveo-
lar mixing effects. The Pa − etCO2 gradient is 
normally 4–6 mmHg, if ventilation and perfusion 
are reasonably matched. However, when the 
alveoli are not properly ventilated (i.e., shunt per-
fusion) or, much more significantly, when lung 
perfusion is decreased (globally or regionally) as 
compared to ventilation (i.e., dead space ventila-
tion), the increased  V Q/  mismatch will result in 
an increased Pa − etCO2 difference. It should be 
noted that a variable air leak around the endotra-
cheal tube or within the ventilator circuit (as dis-
cussed below), hypothermia, and other variables 
may result in a falsely decreased PetCO2 and, sub-
sequently, an exaggerated Pa − etCO2 gradient.

In several studies, the Pa − etCO2 difference has 
been used to monitor  V Q/  matching during 
mechanical ventilation. Wenzel et  al. (1999a) 
found in ventilated rabbits a strong correlation 
between Pa − etCO2 and alveolar dead space. Both 
increased significantly after surfactant depletion 
by bronchoalveolar lavage and decreased signifi-
cantly after surfactant application with a return 
nearly to the baseline. Skimming et  al. (2001) 
demonstrated in ventilated sheep that the vasodi-
lator effects of nitric oxide (NO) inhalation 
improved the efficiency of CO2 elimination in 
acutely injured lungs by a decrease in Pa − etCO2, 
and these effects, including alveolar dead space, 
were relatively dose independent between 5 and 

20  ppm. Due to the strong correlation between 
Pa − etCO2 and alveolar dead space, these authors 
state that from a clinical perspective, measuring 
Pa − etCO2 to monitor NO inhalation therapy is 
simpler than measuring alveolar dead space as an 
ordinary end-tidal CO2 monitor can substitute for 
a sophisticated system of dead space measure-
ments requiring simultaneous measurements of 
CO2 elimination and tidal volume.

Hagerty et al. (2002) found a higher Pa − etCO2 
gradient when comparing newborns with pulmo-
nary disease and those who received mechanical 
ventilation for non-pulmonary conditions. 
However, McDonald et  al. (2002) showed in a 
large study in 129 ventilated infants using 2,184 
arterial blood and gas samples that in most of the 
patients, Pa − etCO2 is small enough such that 
PetCO2 monitoring enables the clinician to ade-
quately monitor ventilation and gas exchange.

The Pa − etCO2 difference can also be used as a 
minimally invasive monitor of pulmonary blood 
flow. A reduction in cardiac output causes a 
reduction in pulmonary blood flow, which pro-
duces a high  V Q/  ratio and an increased alveo-
lar dead space resulting in a lower PetCO2 and an 
increased Pa − etCO2 difference. As pulmonary 
blood flow increases, thereby improving the 
 V Q/  ratio, PetCO2 increases and Pa − etCO2 

decreases. Sanders et al. (1989) have shown that 
Pa − etCO2 monitoring can be effectively utilized to 
predict successful resuscitation after cardiac 
arrest. During cardiac arrest, circulation and 
PetCO2 disappear. A subsequent increase in 
PetCO2 indicates effective cardiopulmonary 
resuscitation or return of spontaneous circula-
tion. Berg and colleagues (1996) have confirmed 
these observations in an animal model.

In summary, an increase of the Pa − etCO2 gradi-
ent is one of the most sensitive indicators of 
decreased pulmonary blood flow, which may be 
caused by acute pulmonary embolism (Napolitano 
1999), air embolism, fat embolism, pulmonary 
hypertension, and/or, more commonly, a global 
decrease in cardiac output. Overall, poor cardiac 
output, decreased pulmonary blood flow for other 
reasons, and/or significant lung disease will result 
in high alveolar dead space, and, thus, Pa − etCO2 
will be increased. This is clinically seen as a poor 
correlation between PetCO2 and PaCO2.
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12.2.2.6	 Alveolar Ventilation  
and Dead Space

Only one portion of the total delivered tidal volume 
from a ventilator participates in gas exchange with 
pulmonary capillary blood (i.e., alveolar ventila-
tion). The difference between minute ventilation 
and alveolar ventilation is dead space ventilation—
the portion of the delivered tidal volume of which 
gas exchange is negligible. Dead space consists 
of the conducting airways (anatomic dead space), 
the endotracheal tube and other adaptors (appara-
tus dead space), and the non-perfused or under-
perfused alveoli (alveolar dead space). Anatomic 
and apparatus dead space may be combined into 
the term airway dead space. In ventilated neo-
nates and young children, the dead space fraction 
(VD/VT) is higher than in adults which impairs both 
the alveolar ventilation and the homogeneity of the 
alveolar ventilation visibly by a higher lung clear-
ance index (Schmalisch et al. 2006). Since areas of 
physiologic dead space (airway and alveolar) do 
not participate in gas exchange, expired CO2 must 
derive from alveolar gas.

The first calculations of alveolar ventilation 
and airway dead space in neonates from the 
breathing gas were performed using the chemi-
cal CO2 absorption method by Haldane and 
Scholander assuming that alveolar CO2 can be 
approximated by the arterial CO2 (Karlberg et al. 
1954; Cook et al. 1957; Nelson et al. 1962). Chu 
et  al. (1967) were the first to use a rapid cap-
nograph to measure the PetCO2 in neonates and 
to calculate the anatomic and physiologic dead 
space using the Bohr equation:
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or the Bohr/Enghoff equation by substituting 
arterial CO2 for PetCO2:
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where mean PmeanCO2 is the mean CO2 tension of 
the mixed expired air. The difference of both 
dead space represents the alveolar dead space:
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These calculations can be routinely used for 
all patient populations. It should be acknowl-
edged that the calculation of the alveolar dead 
space requires simultaneous measurement of the 
arterial CO2 tension (PaCO2), and the mixed 
expired carbon dioxide concentrations (PmeanCO2) 
obviously limit the relative noninvasiveness of 
the technique as well as its ability to provide 
breath-to-breath information (Arnold 2001).

The Bohr and the Bohr/Enghoff equations use 
only three measured parameters to calculate dead 
space. Basing on earlier work by Aitken and 
Clark-Kennedy (1928), Fowler (1948) and 
Fletcher et al. (1981) were the first who consid-
ered the shape of the entire CO2 curve during 
expiration for dead space calculations. They plot-
ted exhaled CO2 as a function of the exhaled vol-
ume and calculated different airway dead space 
from a single breath by the area under the curve 
as discussed in Sect.  12.2.3. This single-breath 
CO2 (SBCO2) technique is now commercially 
available and can be used for dead space mea-
surements for all patient populations (McSwain 
et al. 2010; Ream et al. 1995; Riou et al. 2004).

Theoretically, Fletcher’s method is optimal, 
provided that phases I–III are clearly defined. 
However, determination of dead space by the 
SBCO2 method can be foiled if there is no alve-
olar plateau or if the transition from phase II to 
III cannot be clearly identified. This is predomi-
nantly a problem in very small lungs. Wenzel 
et al. (1999b) found in ventilated preterm infants 
that the SBCO2 technique failed in 67 % of the 
infants studied. In contrast, the dead space cal-
culations by the Bohr or the Bohr–Enghoff 
equations are independent of the shape of the 
volumetric capnogram and are preferentially 
used by several authors for dead space calcula-
tion (Ream et  al. 1995; Rozycki et  al. 1998; 
Arnold et  al. 1993, 1995; Lum et  al. 1998). 
However, this advantage may be deceptive 
because until recently it has not been known to 
what extent the missing alveolar plateau leads to 
dead space errors. As such, the failure rate of 
capnography to determine dead space as well as 
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the calculated dead space itself may depend on 
the method used (Wenzel et al. 1999b).

12.2.2.7	 Specific Considerations 
During Noninvasive 
Ventilation

Noninvasive ventilatory support (i.e., ventilation 
without intubation), including noninvasive venti-
latory pressure ventilation (NPPV) and continu-
ous positive airway pressure (CPAP), has been 
successfully applied to patients with acute or 
acute-on-chronic respiratory failure of various 
etiologies. During recent several years, there is a 
clear shift to noninvasive respiratory support in 
all patient populations as it has become widely 
accepted as an effective means to improve pul-
monary and non-pulmonary outcomes, including 
a reduction in the risk of ventilator-induced lung 
injury (VILI) (Davis et al. 2009; Mahmoud et al. 
2011). In preterm infants, the use of noninvasive 
CPAP for respiratory support has provided an 
improvement in survival rates and morbidity, 
compared to endotracheal intubation (Gittermann 
et al. 1997; Dani et al. 2004; Geary et al. 2008; 
Morley et  al. 2008). Unfortunately, definitive 
data are lacking in the pediatric population. In the 
adult population, noninvasive ventilation has 
been demonstrated to reduce mortality, ventilator-
associated pneumonia (VAP), and intubation 
rates (Keenan et al. 2004; Hess 2005).

In addition to improvements in lung mechan-
ics and gas exchange, noninvasive ventilation 
aims to reduce CO2 rebreathing by the flushing of 
airway dead space and to improve alveolar gas 
exchange by a reduction of alveolar dead space. 
Theoretically, capnography should be a suitable 
method to monitor the effectiveness of this ther-
apy. However, capnography is only rarely used 
during noninvasive-ventilator support due to the 
very difficult measuring conditions. The patient 
interface (e.g., binasal prongs, nasopharyngeal 
tubes, or masks) limits the usefulness of the cap-
nographic measurements as exhaled CO2 is 
diluted by the driving inspiratory flows of the 
system and accurate measurements are limited by 
the leakage of expired gas around the monitoring 
device (as described in more detail below). Both 

of these limitations of noninvasive ventilation 
hamper precise measurements.

Due to these technical difficulties, there are 
only a few reports of the use of capnography 
during noninvasive ventilation in the medical 
literature, mainly in adults. Schettino et  al. 
(2003) used mainstream capnography in an in 
vitro model to optimize face masks for adults 
with regard to CO2 rebreathing. Henke et  al. 
(1991) investigated the effect of CPAP in sleep-
ing adults with obstructive airways by PetCO2 
sidestream measurements, and Bratzke et  al. 
(1998) compared controlled mechanical venti-
lation (CMV) with CPAP during anesthesia 
using PetCO2 and dead space measurements.

Capnographic measurements in neonatal/
pediatric animal models have been performed 
using the combination of intubation with nonin-
vasive devices to facilitate CO2 measurements. 
Miller et al. (2004) investigated the effect of tra-
cheal gas insufflation-augmented CPAP on CO2 
elimination in intubated piglets, and Pillow et al. 
(2007) compared bubble CPAP with constant 
pressure CPAP using mainstream capnography 
in intubated preterm lambs. Thus, the efficiency 
of ventilatory support in most studies of non-
intubated patients is assessed by conventionally 
measured arterial blood gas analyses, transcuta-
neous monitoring, and/or pulse oximetry (Gozal 
1997; Criner et al. 1999; Regnis et al. 1994).

As previously noted, a principal difficulty of 
capnography with noninvasive ventilatory sup-
port is that the site of CO2 and air flow measure-
ments depends on the patient interface used (e.g., 
facial mask, head box, mono- or binasal prongs, 
or pharyngeal tubes). With all of these patient 
interfaces, large air leaks can occur. When using 
nasal prongs, oral air leaks can lead to highly 
variable leak flows which prevent reliable CO2 
and air flow measurements. Hückstädt et  al. 
(2003) performed air flow measurements in 69 
neonates during nasal CPAP using differential 
pneumotachography, and in 49 (71  %) infants, 
measurements were not possible due to 
uncorrectable air leaks. In contrast to measure-
ments of ventilation during noninvasive ventila-
tory support (Fischer et  al. 2008, 2009; 
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Schmalisch et al. 2009), nothing is known about 
the effect of air leaks on the measured PetCO2 or 
dead space. Overall, capnography during nonin-
vasive ventilation support seems to be highly 
doubtful, and, therefore, it cannot be recom-
mended for clinical use at this time.

12.2.2.8	 Specific Considerations  
in the Neonatal Patient

The developing neonatal lung differs in many 
respects from older children and adults, and this 
may influence CO2 measurements significantly. It 
is essential to understand these age-related devia-
tions to minimize misleading interpretations of a 
capnogram.

12.2.2.8.1  Small Airways
In healthy adult lungs, there is a rapid rise in 
CO2 concentration during phase II of the capno-
gram with only a negligible contribution of the 
upper airways to gas exchange. In neonates, the 
diameter of the airways is inherently much 
smaller. The smaller the airway diameter, the 
higher is the impact on the exhaled CO2. With a 
larger airway diameter, the ratio between inner 
surface and volume suffices to prevent a fast 
CO2 exchange between gas and tissue. However, 
in much smaller airways, there is already an 
inner-bronchial PCO2 exchange. This may 
explain why neonates have an exaggerated phase 
II and a reduced, or even missing, phase III  
(Tirosh et al. 2001).

12.2.2.8.2  Lung Growth
Lung growth during infancy also affects phase III (if 
even present) of the capnogram. Ream et al. (1995) 
found a steeper slope of phase III in small infants as 
compared to adults. This result is supported by the 
modeling studies of Schwardt et  al. (1991) and 
Neufeld et  al. (1992) which demonstrated that a 
morphometric decrease of the airway cross-section 
is associated with an increase in the diffusional 
resistance within the airways resulting in an increase 
in the phase III slope. However, the steeper phase 
III, the more difficult it is to distinguish between 
phase II and III, and the more difficult becomes the 
calculation of the dead space from the volumetric 
capnogram by Fletcher’s method.

12.2.2.8.3  Respiratory Time Constant
The main problem of capnography in ventilated 
neonates is the fast exhalation time such that the 
response time of the capnograph may not be suf-
ficient to reach an alveolar plateau in the capno-
gram. This is especially true in preterm 
newborns with stiff lungs where the respiratory 
time constant can be shorter than 50  ms and 
exhalation completed within 200 ms. The influ-
ence of the stiffness of the lungs on the inci-
dence of capnograms without alveolar plateau 
was investigated by Proquitté et al. (2004) in 21 
ventilated surfactant-depleted piglets (body 
weight 560–1,435 g). This study noted that the 
incidence of capnograms without alveolar pla-
teau increased considerably with decreasing 
exhalation time. If the exhalation time was 
shorter than 200 ms, an alveolar plateau was not 
seen in more than 75  % of all recorded files. 
This agrees well with a study by Tirosh et  al. 
(2001) which demonstrated that with decreasing 
gestational age, the number of capnograms 
without alveolar plateau increased significantly.

12.2.2.8.4  Breathing Pattern
Relatively higher respiratory rates and smaller 
tidal volumes encountered in neonates, as com-
pared to older infants and adults, make capnogra-
phy much more difficult. Technical requirements 
of the capnograph for use in neonates and small 
children are higher and include:
• Minimal dead space of mainstream sensors 

because of the lower delivered tidal volumes
• Low suction flow of sidestream monitors 

because of the low expiratory flow rates
• Fast response time of the CO2 analyzer 

because of the short exhalation times, espe-
cially in preterm neonates with stiff lungs

• High sample rate of the signals to obtain suf-
ficient graphic resolution of the capnogram, 
especially in infants and young children with 
elevated respiratory rates
The concept of capnography was initially 

developed for adults with a well-defined capno-
gram. Ventilation and gas exchange in smaller 
lungs may differ from adult lungs in many respects. 
Particularly in premature neonates, in which the 
phase II is widened and phase III reduced or 
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absent, we will need imaginative physiologic con-
cepts to interpret such capnograms.

12.2.2.9	 Current Technical Limitations 
of Capnography in the 
Neonatal Patient

An important difference of capnography in venti-
lated newborns compared to older infants, chil-
dren, or adults is the use of uncuffed endotracheal 
tubes (ETT). This practice leads to air leakages 
around the ETT which are observed in about 70 % 
of all ventilated neonatal infants (Bernstein et al. 
1995). In the past, several studies were preformed 
to investigate the effect of ETT leakages on the 
measurement of ventilation and lung mechanics 
and to develop suitable correction algorithms 
(Schmalisch et  al. 2009; Kondo et  al. 1997; 
Herber-Jonat et al. 2008); however, little is known 
about the effects of ETT leaks on capnographic 
measurements. Depending on the used ventilator, 
tidal volume measurements are reliable up to 
5–20  % endotracheal tube air leaks (Mahmoud 
et al. 2009). In contrast to volume measurements, 
it is not possible to give an upper limit of ETT 
leaks which may be tolerated for capnographic 
measurements with clinically applicable results. 
The leak-dependent CO2-measuring error depends 
on the shape of CO2 plateau in the exhaled air. If 
there is a wide alveolar plateau, capnographic 
measurements may be reliable for ETT leaks up 
to 20  % (Schmalisch et  al. 2012). However, in 
mechanically ventilated newborns with low com-
pliant, stiff lungs, there is only a small (if any) 
CO2 plateau at the end of expiration. Therefore, 
the presence of ETT leak in these infants’ capno-
graphic measurements should be interpreted with 
caution, and the PetCO2 is the most falsified cap-
nographic parameter by the ETT leak.

One of the most important obstacles in the use 
of mainstream capnography in ventilated new-
borns is the additional dead space of the CO2 ana-
lyzer chamber. For most neonates, current 
technology allows for the use of capnography. 
However, in preterm infants with low tidal vol-
umes, rebreathing of exhaled CO2 with the poten-
tial of generating false inspiratory and expiratory 
CO2 measurements may occur. This was a signifi-
cant problem in the past using volumetric cap-

nography by serial connection of a CO2 analyzer 
and a flow sensor where the resulting dead space 
could exceed 30 % of the tidal volume (Wenzel 
et  al. 1999b). Combined sensors for volumetric 
capnography are now available (e.g., neonatal 
sensor of the NM3, NICO, and CO2SMO+ respi-
ratory monitors, Philips Respironics, Murrysville, 
PA, USA) with dead space of about 1 mL. Except 
for premature neonates, these new flow sensors 
have essentially eliminated the dead space con-
cern of the capnostats. If the tidal volume is less 
than 5  mL (e.g., ventilated preterm newborn 
<1,000 g), a dead space of 1 mL is an undesirable 
load (Nassabeh-Montazami et al. 2009).

Sidestream measurements are dead space-free, 
and special microstream devices (e.g., NBP-75, 
Nellcor Puritan Bennett, Pleasanton, CA, USA) 
have been developed for use in neonates with low 
sampling flows and rapid response times (Hagerty 
et al. 2002; Kugelman et al. 2008). When a side-
stream capnograph is used, the sampling tube 
needs special care to prevent measuring errors. 
During mechanical ventilation, water droplets and 
secretions can be aspirated, significantly affecting 
accuracy of the carbon dioxide measurements. In 
the extreme situation, the sample port or the sam-
pling tube can become completely occluded.

Some capnographs either increase the sam-
pling flow or, to clear contaminants from the 
tube, reverse the flow (purge) when they sense a 
drop in pressure from a flow restriction. If this 
fails, the sampling port and/or the tubing requires 
replacement. Occasionally, liquids enter the CO2 
analyzer chamber despite the presence of a water 
trap. This can affect the performance of the CO2 
monitor and produce abnormal capnograms. It 
should be noted that cleaning the CO2 analyzer 
chamber can be difficult. Positioning of the sam-
pling tubing upwards (i.e., away from the patient 
and against gravity) decreases the risk of liquids 
entering in the tubes and the analyzer chamber. 
When abnormal capnograms are noted, clinicians 
should ensure that there is no system fault. In 
clinical practice, a common, but less accurate, 
bedside method to check the capnograph is to 
record a normal CO2 tracing (e.g., one’s own) to 
confirm the proper functioning of the capnometer 
(Bhavani-Shankar et al. 1992).

Pediatric and Neonatal Mechanical Ventilation



400

Independent of which measuring principle is 
used, the response time of the capnograph must be 
sufficiently high so that the magnitude and shape 
of the signal are not falsified. Due to the short 
respiratory time constants in neonates and young 
infants, a capnograph should have an adequate 
response time, which has two components—tran-
sit time and rise time (Tang et al. 2005).

In sidestream measurements, the transit time 
is the time taken by the gas sample to travel from 
the sample port to the CO2 analyzer and depends 
on ventilator pressures, suction flow, and length 
and diameter of the tube. The transit time can be 
numerically corrected provided that it is nearly 
constant. Nevertheless, a volumetric capnograph 
is hardly possible due to remaining errors in the 
synchronization of the volume and CO2 signals.

The rise time is the time of the CO2 analyzer 
taken from 10 to 90  % of the final value. 
Unfortunately, the possibilities of improving the 
rise time by signal filtering are marginal and are 
limited by the rapid increase of the noise in the 
signal (Wong et al. 1998). Capnographs used in 
neonates currently have rise times (T10–90  %) of 
50–80 ms depending on the airflow used for test-
ing. This can be too long for preterm neonates 
with low expiratory flow and respiratory rates of 
60/min and higher (i.e., expiratory time, tE, 
<500 ms). If the rise time of the capnograph is 
too high as compared to the exhalation time, the 
alveolar plateau is not reached and PetCO2 is 
underestimated. Therefore, older results using 
capnographs with much higher rise times should 
be viewed with reservation.

As many capnographs are developed for chil-
dren and adults with a relatively low sampling 
rate of the signals, the specifics of the technol-
ogy used must be assessed before employing 
such devices in the neonatal and infant popula-
tions. A sampling rate of 50/s for CO2 and gas 
flow may be sufficient in adults with an expira-
tory time of several seconds; however, such a 
sampling rate would provide only 25 sample 
values in a preterm newborn with an expiratory 
time of 500 ms. Such a situation would put into 
doubt the ability to cleanly distinguish phase I, 
II, and III of the capnograms. To accurately 
record breathing signals of premature infants, a 

sampling rate of at least 200 Hz is required. For 
full-term neonates and infants, a sampling rate 
of 100  Hz is generally adequate. These limits 
are necessary for a precise evaluation and an 
accurate graphic presentation of the signals 
(Bates et  al. 2000). As already shown, the 
graphic assessment of a capnogram is an essen-
tial prerequisite for a valid interpretation of 
capnogram-derived parameters.

12.2.2.10  �Time-Based Capnography 
and Endotracheal Tube 
Placement

Although practical applications of end-tidal CO2 
monitoring in the ICU setting include adequacy 
of alveolar ventilation during mechanical ventila-
tion and respiratory monitoring of spontaneously 
breathing patients, one could argue that the most 
important use for this monitoring technology in 
the ICU setting is to assess proper endotracheal 
tube (ETT) positioning and patency. The use of 
capnography at intubation for a rapid assessment 
of appropriate ETT placement by confirming the 
presence of exhaled carbon dioxide is standard of 
care. Knapp et al. (1999). demonstrated capnog-
raphy as the most rapid and reliable method for 
evaluation of appropriate ETT placement (Clark 
et  al. 1992). One could argue that capnography 
should be used through the duration of mechani-
cal ventilation to ensure the continued integrity 
of the ventilatory system (Cheifetz and Myers 
2007). However, only a small subset of centers 
use capnography throughout the duration of 
mechanical ventilation to monitor for inadvertent 
ETT dislodgement or discontinuity of the venti-
lator circuit. It should be noted that volumetric 
capnography, as described below, is a more sensi-
tive indicator of appropriate ETT placement than 
time-based (i.e., end-tidal CO2) monitoring.

12.2.3	 Volume-Based (Volumetric) 
Capnography

With volume-based or volumetric capnography, a 
Capnostat (i.e., carbon dioxide sensor) and a 
pneumotachometer (i.e., gas flow sensor) in com-
bination measure the quantity of CO2 exhaled as 
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a function of the total expired volume of gas. The 
net quantity of CO2 expired (VCO2) is calculated 
and expressed as a volume of gas, generally in 
units of mL/min, rather than as a gas fraction or 
partial pressure (as occurs with time-based cap-
nography). In the unusual circumstance in which 
carbon dioxide is present in the inspired gas, the 
difference between inspired and expired carbon 
dioxide is used to calculate VCO2. Volumetric 
capnography would be expected to be an 
improved indicator of dynamic changes in gas 
exchange as compared to time-based capnogra-
phy (Proquitte et al. 2004; Schmalisch 2004).

Volumetric capnography is often referred to as 
single-breath carbon dioxide (SBCO2) elimination 
because the quantity of carbon dioxide eliminated 
per breath is used for most of the calculations. The 
SBCO2 waveform includes three distinct phases 
enabling clinicians to assess clinical issues of car-
diorespiratory concern (see Fig.  12.11). Phase 1 
depicts gas exhaled from the upper airways (i.e., 
gas exhaled from the combined anatomic and 
apparatus dead space), which is generally void of 
carbon dioxide. An increase in the duration of 
phase 1 is consistent with an increase in anatomic/
apparatus (i.e., airway dead space) dead space. As 
an example, a prolongation of phase I can be seen 
with excessive PEEP leading to distension of the 
upper airways. Phase 2 depicts a transitional phase 
of ventilation from the upper to the lower airways 

and tends to depict alterations in perfusion. A 
slower rise of phase 2 tends to correlate with 
decreased pulmonary capillary blood flow. Phase 3 
represents alveolar gas exchange and may indicate 
abnormalities in gas distribution due to heteroge-
neous lower airway and/or alveolar disease. An 
upsloping of phase 3 generally indicates maldistri-
bution of gas delivery throughout the lung regions. 
Such an upsloping can be seen with significant 
lower airways disease (i.e., bronchospasm).

12.2.3.1	 Technique
Volumetric capnography is the continuous moni-
toring of carbon dioxide elimination per unit 
time. CO2 elimination (VCO2) is affected by ven-
tilation, circulation/pulmonary perfusion, and, to 
a much lower degree, diffusion as carbon dioxide 
diffuses so rapidly across the epithelial–endothe-
lial junction. Carbon dioxide elimination can be a 
valuable clinical marker for acute changes in the 
cardiorespiratory status of an invasively venti-
lated patient. Basic physiology states that VCO2 
indicates pending alterations in PaCO2.

Devices that monitor VCO2 and display volu-
metric capnograms provide bedside clinicians 
with a breath-by-breath indicator of gas exchange 
in response to changes in a patient’s cardiorespi-
ratory status in relation to variations in the trajec-
tory of clinical illness and/or in response to 
alterations in the medical management of a 
patient (Taskar et al. 1995). Overall, volumetric 
capnography provides a global picture of the 
physiologic effects of cardiorespiratory interac-
tions for the mechanically ventilated patient.

12.2.3.2	 Carbon Dioxide Production/
Metabolism

An underlying principle of capnography (time-
based and volume-based) is that carbon dioxide 
elimination and carbon dioxide production must 
always equilibrate, with carbon dioxide produc-
tion being primarily determined by cellular 
metabolism. Normally, carbon dioxide produc-
tion is dependent on a person’s activity level and 
weight. For a resting, healthy, normal person with 
a respiratory quotient of 0.8, carbon dioxide pro-
duction minute is estimated by Brody’s formula, 
8 × patient weight0.75, where CO2 production is 
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calculated in mL/min and patient weight is mea-
sured in kilograms. Thus, an average size, resting 
adult produces carbon dioxide at approximately 
200–250 mL/min (Arnold et al. 1993). However, 
there are no equations to predict carbon dioxide 
production for an invasively ventilated patient, 
who may have injured lungs and be pharmaco-
logically sedated as Brody’s formula simply does 
not apply. Thus, it is important to stress that much 
of the interpretation of volumetric capnography is 
based on trends over time and patterns of change 
rather than absolute numbers.

Clinical conditions which directly affect 
metabolism would be expected to predictably 
decrease or increase CO2 production accordingly. 
Thus, CO2 production decreases with pharmaco-
logic sedation, natural or pharmacologic sleep, 
and hypothermia (except if shivering occurs) and 
increases with agitation, fever, shivering, and 
excessive caloric intake.

Carbon dioxide balance in the body (i.e., 
production versus elimination) at any point in 
time is dependent on the intricate balance 
between CO2 production, transport (cells to 
blood, then to lungs), storage (skeletal muscle, 
fat, and bone), and exhalation. In a normal, 
healthy individual, CO2 produced from metabo-
lism rapidly equilibrates with CO2 elimination 
via the lungs. However, the time to re-equili-
bration can vary greatly with the degree of 
alterations in pulmonary capillary blood flow 
and/or lung volume. Thus, acute changes in 
VCO2 and the return to an equilibration with 
carbon dioxide production will vary in relation 
to both the timeframe and magnitude of the car-
diorespiratory change(s). This time variability 
can be a hurdle in the interpretation of volumet-
ric capnography.

12.2.3.3	 Clinical Applications
The volumetric capnogram (i.e., single-breath 
carbon dioxide waveform) has been successfully 
used in the measurement of anatomical dead 
space, pulmonary capillary perfusion, global car-
diac output, and effective ventilation (Arnold 
et  al. 1993; Blanch et  al. 2006). By analyzing 

volumetric capnograms, clinicians can easily and 
quickly assess cardiorespiratory issues of con-
cern. In Fig. 12.11, phase 1 represents gas exhaled 
from the upper airways (i.e., gas exhaled from 
anatomic dead space), which is generally void of 
carbon dioxide (Proquitte et al. 2004). Therefore, 
an increase in phase 1 indicates an increase in 
anatomic dead space ventilation (VDana). Such a 
situation can occur with excessive PEEP, which 
may overdistend the upper airways (as well as the 
alveoli). Phase 2 is the transitional phase from 
upper to lower airway ventilation and tends to 
depict changes in perfusion. For example, a 
decrease in phase 2 slope would be indicative of 
reduced perfusion. Phase 3 is the area of alveolar 
gas exchange and represents changes in gas dis-
tribution. For example, an increase in the slope of 
phase 3 is indicative of increased maldistribution 
of gas delivery.

As with oxygen consumption, CO2 produc-
tion and elimination (VCO2) is a continuous pro-
cess. VCO2 rapidly reflects changes in both 
ventilation and perfusion regardless of clinical 
etiology. As such, VCO2 reflects the body’s 
physiologic response to changes in a patient’s 
cardiorespiratory status and can be a useful mon-
itor to assess response to changes in mechanical 
ventilator settings as well as therapies that affect 
pulmonary perfusion (including global cardiac 
output). Thus, volumetric capnography is a sen-
sitive clinical tool useful for reflecting acute 
changes in the cardiorespiratory status and meta-
bolic state of a mechanically ventilated patient 
(Breen et  al. 1996a, b), as discussed in more 
detail below.

12.2.3.3.1  Endotracheal Intubation
Although time-based capnography has become 
the standard of care for determining endotracheal 
intubation (Holland et  al. 1993; Birmingham 
et al. 1986; Knapp et al. 1999; Anonymous 2006), 
one could speculate that volumetric capnography 
would be superior as it provides data on both 
carbon dioxide elimination and the movement of 
gas flow in and out of the airways (Sum-Ping 
et al. 1989; Grmec 2002). It should be noted that 
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time-based capnography can provide false-posi-
tive results for the determination of endotracheal 
intubation when carbon dioxide is present in the 
stomach. Although somewhat rare, this typically 
occurs after ingestion of a carbonated beverage 
or prolonged bag-mask ventilation. Volumetric 
capnography would be much less likely to pro-
vide a false-positive result as expiratory gas flow 
would be unlikely to be detected with a misplaced 
endotracheal tube.

12.2.3.3.2  Mechanical Ventilation
Volumetric capnography may assist the clini-
cian in managing the mechanical ventilator as 
changes in VCO2 predict changes in PaCO2. As 
the patient’s exhalation of carbon dioxide 
increases (i.e., increased VCO2), the level of 
carbon dioxide in the blood must decrease (i.e., 
decreased PaCO2). Likewise, any decrease in 
VCO2 would predict an increase in PaCO2. As 
PaCO2 obviously cannot decrease to zero or 
increase to infinity, the changes seen in VCO2 
and PaCO2 must be transient until carbon diox-
ide elimination re-equilibrates with carbon 
dioxide production. One of the more difficult 
aspects of utilizing volumetric capnography in 
the clinical setting is evaluating the variable of 
time. The time for re-equilibration of CO2 pro-
duction and elimination varies with the 
patient’s clinical status as well as the degree 
and timing of ventilator changes. Baseline lung 
volume and changes in lung volume are an 
inherent component of the required equilibra-
tion time.

Although data are limited, it would be antici-
pated that volumetric capnography could assist 
with PEEP management as lung volume is a key 
component of carbon dioxide elimination. As 
the lung collapses or overdistends, carbon diox-
ide elimination would be anticipated to decrease. 
In contrast, carbon dioxide elimination would 
be expected to increase as the lung approaches a 
more optimal lung volume. Although this con-
cept is based on physiology, clinical application 
becomes difficult as the time to CO2 re-
equilibration is considered. A more detailed dis-

cussion of PEEP titration by the use of 
volumetric capnography is beyond the scope of 
this chapter.

From a weaning perspective, volumetric cap-
nography may provide objective data to assist 
clinicians. Successful weaning using volumetric 
capnography is demonstrated by an increase in 
spontaneous alveolar minute ventilation in asso-
ciation with a stable (or slightly increased) 
elimination of carbon dioxide. If seen, an 
increase in VCO2 with weaning often correlates 
with an increase in CO2 production (i.e., 
increased respiratory muscle activity) with the 
patient being able to exhale the additional car-
bon dioxide produced. In such situations, an 
arterial blood gas would demonstrate a stable 
PaCO2. A significant increase in VCO2 with 
weaning from mechanical ventilation would 
suggest excessive work of breathing and the 
potential for impending respiratory decompen-
sation. This scenario would be consistent with a 
visual assessment of increasing respiratory dis-
tress (e.g., retractions, tachypnea, and poten-
tially agitation).

With the failure of weaning from mechani-
cal ventilation as the ventilator settings are 
decreased, the patient is no longer able to main-
tain an adequate degree of spontaneous ventila-
tion, and, hence, total minute ventilation falls. 
This decrease in minute ventilation is associated 
with a decrease in carbon dioxide elimination, 
and an arterial blood gas would, thus, reveal 
an elevated PaCO2. Volumetric capnography 
enables the bedside clinician to more easily and 
quickly identify weaning failure and, in response, 
increase mechanical ventilator support promptly 
and often without the requirement for an arterial 
blood gas determination.

12.2.3.3.3  Pulmonary Blood Flow
Physiology dictates that any clinical condition 
which alters pulmonary blood flow will alter 
CO2 elimination. A decrease in pulmonary capil-
lary blood flow (regardless of etiology) results in 
a decrease in VCO2. Such conditions include a 
decrease in RV output (which would include a 
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decrease in global cardiac output), pulmonary 
hypertension, and/or pulmonary (including 
thrombus, fat, and air) embolus. VCO2 can be 
used as an effective monitor for pulmonary blood 
flow as long as minute ventilation is stable.

One of the key difficulties of volumetric cap-
nography occurs when there are competing car-
diorespiratory variables. For example, if 
pulmonary capillary blood flow increases (which 
should increase VCO2) and minute ventilation 
decreases (which should decrease VCO2 as 
described above), then VCO2 will move in the 
direction of the primary pathophysiology, which 
the clinician must then determine. The same 
would be true for a decrease in pulmonary blood 
flow and an increase in minute ventilation or 
other competing physiologic changes.

12.2.3.3.4  Assessment of Dead Space 
Ventilation
One of the most important applications of volu-
metric capnography is the calculation of physio-
logic dead space and the total dead space to tidal 
volume ratio (VD/VT) (see Eqs.  12.3. and 12.4). 
Total physiologic dead space equals airway (ana-
tomic and apparatus) dead space plus alveolar 
dead space. Thus, alveolar dead space can be cal-
culated once one knows the VD/VT ratio, delivered 
tidal volume, and airway dead space. It should be 
noted that although volumetric capnography is 
generally a noninvasive monitoring technique, 
the calculations of physiology dead space and the 
VD/VT ratio do require an arterial blood gas.

The VD/VT ratio has been successfully used to 
predict extubation readiness in a heterogeneous 
population of infants and children as reported by 
Hubble et al. (2000). A VD/VT ratio of less than 
0.50 correlated with a 96 % chance for successful 
extubation, while VD/VT ratios of 0.51–0.65 and 
greater than 0.65 correlated with successful extu-
bation rates of 60 and 20  %, respectively. The 
VD/VT ratio has also been used to assess the sur-
vival likelihood of adult patients with acute respi-
ratory distress syndrome with a VD/VT ≤ 0.55 
representing increased survival (Kallet et  al. 
2004; Nuckton et al. 2002).

Essentials to Remember

• Capnography is an essential monitoring 
system for critically ill patients and is 
increasingly being described as the fifth 
vital sign.

• Time-based capnography represents 
carbon dioxide elimination as expressed 
as CO2 partial pressure or CO2 fraction 
over time. Volume-based (volumetric) 
capnography represents carbon dioxide 
elimination over exhaled volume.

• Recent technologic advances have 
allowed for noninvasive carbon dioxide 
monitoring for all patient populations, 
although limitations do exist for the 
small premature infant.

• The clinical use of carbon dioxide moni-
toring should allow for decreased blood 
loss related to a lower need for arterial 
sampling for blood gas analysis, lower 
risk of infection related to a decreased 
number of central venous line or arterial 
line entries, decreased costs, and avail-
ability of continuous data.

• Both time-based and volume-based cap-
nography provides clinical information 
concerning both ventilation and perfu-
sion. Overall, volumetric capnography 
provides a global picture of the physio-
logic effects of cardiorespiratory 
interactions.

• Basic physiology states that carbon 
dioxide elimination (VCO2) indicates 
pending alterations in the arterial carbon 
dioxide concentration (PaCO2).

• Much of the interpretation of volumetric 
capnography is based on trends over 
time and patterns of change rather than 
absolute numbers.

• Elevated dead space to tidal volume 
ratio (VD/VT) has been correlated with 
extubation failure in the pediatric popu-
lation and increased mortality in the 
adult ARDS population.
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12.3	 Transcutaneous Carbon 
Dioxide Monitoring in 
Infants and Children

Joseph D. Tobias

12.3.1	 Introduction

The equipment and techniques to accurately 
measure transcutaneous PCO2 (TC-CO2) were 
first developed and described in 1960 by Dr. 
Severinghaus (Severinghaus 1960). This pioneer-
ing work was later applied to clinical trials which 
demonstrated a linear correlation between skin 
surface PCO2 and arterial CO2 (PaCO2) in the 
range of 20–74 mmHg (Johns et al. 1969). The 
initial investigations involving TC-CO2 monitor-
ing were performed using a specially designed 
temperature-stabilized tissue PCO2 electrode. 
However, it was later determined that it was fea-
sible to noninvasively and continuously measure 
transcutaneous oxygen (TC-O2) and later TC-CO2 
by using an electrode that provided local heating 
of the skin. The initial applications of these 
devices were in the neonatal population in whom 
the continuous monitoring of PO2 was necessary 
to limit the deleterious effects of excessive tissue 
oxygen concentrations on the eye (Eberhard et al. 
1976). Similar technology was subsequently 
applied to the continuous measurement of 
TC-CO2 thereby resulting in the commercially 
available monitors which combined the ability to 
provide the continuous measurement of TC-O2 
and CO2 being introduced into clinical practice in 
the 1980s (Eberhard and Schafer 1980). Although 

the largest application of TC-CO2 monitoring 
remains in the neonatal population (Cassady 
1983), a greater appreciation of the potential util-
ity of this technology has resulted in several 
potential applications outside of the newborn 
population. Suggested applications outside of the 
neonatal population have included continuous 
CO2 monitoring during mechanical ventilation 
including high-frequency oscillatory ventilation, 
in spontaneously breathing patients with respira-
tory insufficiency related to various pathologic 
processes, during noninvasive ventilatory sup-
port, with apnea testing during brain death exam-
ination, and in the assessment of patients with 
diabetic ketoacidosis (DKA) (Tobias 2009).

12.3.2	 Technical Aspects of 
Transcutaneous Carbon 
Dioxide Monitoring

TC-CO2 monitors apply heat (42–43 °C) to the skin 
to induce vasodilatation of the capillary bed which 
results in the equilibration of capillary and arterial 
PCO2 levels (Fig. 12.12). Capillary vasodilatation 
also facilitates the diffusion of CO2 from the capil-
lary lumen to the membrane of the TC-CO2 moni-
tor. This externally applied heat alters the true value 
of the capillary/arterial PCO2 by changing the solu-
bility of CO2 in blood and increasing the metabolic 
rate of the tissue and local CO2 production (an 
increase of 4–5  % for every °C). Additionally, a 
final factor which accounts for the TC-CO2 being 
higher than the PaCO2 is the local production of 
CO2 from the epidermal cells of the skin. Therefore, 
to provide an accurate reflection of the PaCO2, the 
TC monitor must provide some type of tempera-
ture correction to account for these factors. The 
currently available TC monitors provide an internal 
temperature correction for the PCO2 based on the 
working temperature of the electrode (Severinghaus 
1982). At a working temperature of 43 °C, the con-
version from PaCO2 to TC-CO2 can be arrived at 
using the formula PCO2 = (TC-CO2 divided by 
1.34) + 4 mmHg. Without temperature correction, 
there is an exaggeration of the normal TC to arterial 

Educational Aims

• The reader will be familiar with the vari-
ous techniques available for the continu-
ous, noninvasive monitoring of PCO2.

• The reader will understand the advan-
tage sand disadvantages of the different 
techniques for continuous monitoring of 
PCO2.
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CO2 gradient, which may lead one to question the 
validity and utility of such technology (Tremper 
et al. 1981).

The technology for TC blood gas monitoring 
was originally developed and described in the 
1950s by two groups of investigators (Stow and 
Randall 1954; Severinghaus and Bradley 1958). 
TC-CO2 value is determined by measuring 
changes in the pH of an electrolyte solution that 
is separated from the skin by a semipermeable 
membrane. Following the local application of 
heat from the surface of the monitoring electrode 
and the local vasodilatation of the capillary bed, 
CO2 diffuses from the capillary lumen across the 
tissue planes and through the semipermeable 
membrane of the monitor. The movement of CO2 
into the electrolyte solution changes the pH of the 
solution. This change in pH is used to calculate 
the TC-CO2 value.

Various types of TC-CO2 monitors are cur-
rently available for clinical use. Those initially 
available for clinical use in the 1980s included 
the combination of both TC-O2 and TC-CO2 
monitors. More recently, TC-CO2 monitors are 

available as a single TC-CO2 electrode or as a 
combined pulse oximeter and TC-CO2 monitor 
(Bendjelid et  al. 2005; Dullenkopf et  al. 2003; 
Tschupp and Fanconi 2003). The newer devices 
incorporate the two monitors into an earclip sen-
sor which has found increased applications in the 
older pediatric and even the adult population. As 
with any type of monitoring technology, there are 
specific details of TC-CO2 monitoring that are 
required to ensure its accuracy. In comparison to 
ET-CO2 monitoring, TC-CO2 equipment requires 
a longer preparation time including a calibration 
period, which varies from 1 to 3 min dependent 
on the manufacturer, prior to placement. This is 
followed by an additional 3–5 min equilibration 
period after placement of the electrode 
(Fig. 12.13) on the patient. This time is required 
to allow for heating of the skin to provide an 
equilibration between the TC and arterial CO2 
values. Additionally, with older generations of 
the TC-CO2 monitor, removal of the electrode, 
recalibration, and placement at another site were 
recommended to avoid burning the skin. The 
TC-CO2 electrode can be placed on any flat skin 

The sensor on the skin

Arterial end of a
capillary loop

Venous end of a
capillary loop

CO2CO2

CO2

O2

CO2

CO2

CO2

CO2

O2

O2
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Fig. 12.12  Schematic 
representation of a transcuta-
neous O2/CO2 device. The 
heat produced by the sensor 
dilates the capillary bed 
thereby increasing local 
blood flow and facilitating 
the diffusion of O2 and CO2 
from the capillary to the 
sensor. Transcutaneous O2 
and CO2 are measured 
electrochemically in the 
sensor (Figure provided by 
Radiometer Inc.)
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surface, or the newer electrodes can be clipped on 
an earlobe.

As the working temperature of the electrode is 
less (42 °C) with the newer generation of TC-CO2 
monitors, the need to reposition the electrode has 
decreased. However, frequent site changes are 
still suggested in preterm infants or other patient 
populations at risk for skin breakdown. Factors 
related to the monitor and electrode which may 
affect accuracy include technical variables such 
as trapped air bubbles under the electrode mem-
brane, improper placement technique, damaged 
membranes, and inappropriate calibration tech-
niques. Patient-related factors may also affect the 
accuracy of TC-CO2 monitoring including skin 
thickness, the presence of edema, tissue hypoper-
fusion, or the administration of vasoconstricting 
drugs.

12.3.3	 Clinical Applications of 
TC-CO2 Monitoring

12.3.3.1	 Neonatal Applications
The initial applications of TC blood gas monitor-
ing (PCO2 and PO2) were in the neonatal ICU 
population, most importantly preterm infants 
with respiratory failure. Given the potential for 
oxygen toxicity and the development of retrolen-

tal fibroplasias as well as the risk of iatrogenic 
anemia related to repeated blood gas analysis, a 
device to provide a continuous readout of PO2 was 
a welcome addition to the monitoring provided 
by pulse oximetry and intermittent blood gas 
monitoring. In the neonatal population, the cor-
relation of the TC with arterial PCO2 and PO2 
values is excellent given the thinner epidermis 
and the limited development of the stratum cor-
neum in neonates compared to older infants and 
children. Continuous TC-O2 monitoring in the 
neonatal periods allows a means of more effec-
tively and accurately maintaining the desired 
level of oxygenation (PaO2 of 50–70 mmHg) as 
well as a means for the early identification of 
hypoxemia which may develop during routine 
care, handling, or invasive procedures. Routine 
screening with TC-O2 monitors may also allow 
for the identification of significant respiratory or 
cardiac anomalies in otherwise asymptomatic 
neonates.

12.3.3.2	 Monitoring During 
Mechanical Ventilation 
(Pediatric ICU)

Outside of the neonatal ICU population, one of 
the most frequent uses of TC-CO2 monitoring is 
to provide a continuous monitor demonstrating 
the efficacy of ventilation during respiratory 

Fig. 12.13  Transcutaneous 
CO2 electrode with mem-
brane in use on a patient
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failure in patients who require endotracheal intu-
bation and ventilatory support. Various reports 
have demonstrated the accuracy of such monitor-
ing in the PICU population (Tobias and Meyer 
1997b; Berkenbosch et  al. 2001; Tobias et  al. 
1999; Sivan et al. 1992). In two prospective com-
parisons involving PICU patients with respira-
tory failure requiring mechanical ventilation, 
TC-CO2 was significantly closer to arterial PO2 
values than the simultaneously measured ET-CO2 
value (Tobias and Meyer 1997b; Berkenbosch 
et al. 2001). The efficacy of TC-CO2 monitoring 
has also been demonstrated following cardiovas-
cular surgery in infants and children with con-
genital heart disease (CHD) (Tobias et al. 1999). 
In all of these studies, various physiologic factors 
including increased dead space ventilation, resid-
ual shunt from CHD, and ventilation–perfusion 
mismatch can be expected to lead to significant 
inaccuracies with ETCO2 monitoring.

While the previously reviewed studies have 
used continuous TC-CO2 monitoring, other 
investigators have evaluated its utility as an 
intermittent monitor of PCO2. As a cost saving 
measures by avoiding the need to have a TC-CO2 
monitor at each bedside, Rauch et al. used inter-
mittent TC-CO2 monitoring in a PICU popula-
tion of 19 patients ranging in age from 5 days 
to 16 years (Rauch et al. 1999). Prior to obtain-
ing the PaCO2 sample, the TC-CO2 device was 
applied and left in place for 5  min. The actual 
PaCO2 value varied from 19 to 86  mmHg. The 
mean difference between the TC and arterial 
CO2 value was 1.94 mmHg with a 95 % confi-
dence interval of – 0.12–4.07 mmHg. Scatter plot 
analysis revealed a regression line characterized 
by the equation PaCO2 = (TC-CO2 × 1.05) – 4.08. 
Additional workup has demonstrated the utility 
and accuracy of TC-CO2 monitoring during high-
frequency oscillatory ventilation (Berkenbosch 
and Tobias 2002). Given the inability to use 
ET-CO2 monitoring during high-frequency ven-
tilation techniques, the authors demonstrated that 
TC-CO2 monitoring can be used in this unique 
population of pediatric ICU patients. In the 100 
paired values (TC and arterial CO2) obtained 
from14 patients ranging in age from 1 day to 16 
years, the difference between the TC and arterial 

CO2 was 2.8 ± 1.9  mmHg. No difference in the 
accuracy of TC-CO2 monitoring was noted when 
the arterial CO2 was ≤50 mmHg versus when it 
was ≥50  mmHg. Given these results, TC-CO2 
monitoring is highly recommended during the 
use of HFOV.

12.3.3.3	 Spontaneous Ventilation
Continuous monitoring of ventilatory function is 
equally important during spontaneous ventilation 
or assisted spontaneous ventilation with noninva-
sive ventilatory techniques. Continuous TC-CO2 
monitoring has been shown to provide evidence 
of previously unrecognized episodes of hypercar-
bia in adults during the immediate postoperative 
period or during the use of patient-controlled or 
epidural analgesia (Drummond et  al. 1997; 
Kopka et  al. 2007; McCormack et  al. 2008). 
Additional reports suggest the utility of TC-CO2 
monitoring in spontaneously breathing pediatric 
patients with acute airway and respiratory events 
such as croup and status asthmaticus (Holmgren 
and Sixt 1992; Fanconi et  al. 1991; Wennergan 
et  al. 1986). Holmgren and Sixt evaluated the 
relationship between TC and arterial CO2 in 14 
children, 7–15 years of age, with status asthmati-
cus (Holmgren and Sixt 1992). The average 
TC-CO2 value was 0.6  kPa (range, 0–1.5  kPa) 
higher than the PaCO2 (1 kPa = 7.3 mmHg). This 
relationship was not changed by the administra-
tion of ß-adrenergic agents. In a cohort of 17 chil-
dren with croup, a reduction in TC-CO2 values 
and croup scores was noted following the admin-
istration of inhaled epinephrine (Fanconi et  al. 
1991). These changes were noted despite no 
change in other physiologic parameters including 
heart rate, oxygen saturation, or respiratory rate. 
The authors also noted a correlation of TC-CO2 
values with the croup scores and suggested that 
TC-CO2 monitoring was a reliable and objective 
tool for managing patients with upper airway 
obstruction.

TC-CO2 monitoring has also been used during 
the provision of noninvasive ventilation (NIV), 
another situation in which the accuracy of 
ET-CO2 may be affected by the presence ventila-
tion–perfusion mismatch due to parenchymal 
lung disease and sampling issues related to the 
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apparatus and mask. In a cohort of 26 adults 
receiving noninvasive ventilation, there was a 
good correlation (r = 0.968) between TC and arte-
rial CO2 values over a PaCO2 range of 
26–71  mmHg (TC-CO2 = 1.116 × PaCO2 – 0.46) 
(Janseens et al. 1998; Storre et al. 2007). To date, 
only one study has investigated the use of TC-CO2 
monitoring during NIV in the pediatric popula-
tion (Paiva et  al. 2009). The study population 
included patient with acute respiratory problems 
supported with NIV and a second cohort of 
patients who were on long-term home NIV and 
required a sleep study evaluation. The first cohort 
included 65 patients with various respiratory 
issues including asthma, acute infectious prob-
lems, cystic fibrosis, interstitial lung disease, and 
neuromuscular disorders. Using linear regression 
analysis, the authors noted a clinically acceptable 
correlation of the TC and arterial CO2 in all 3 age 
groups with r = 0.931 in patients 0–6 years of age, 
r = 0.630 in patients 7–12 years of age, and 
r = 0.505 in patients 13–18 years of age. Bland–
Altman analysis revealed that the TC-CO2 value 
moderately underestimated the PaCO2 value with 
a mean bias of approximately 1 mmHg and a pre-
cision of approximately 4 mmHg. In the second 
cohort of patients, 21 of 50 patients were identi-
fied who manifested nocturnal hypercarbia 
≥50  mmHg despite no evidence of hypoxemia 
and normal daytime blood gas measurements.

12.3.3.4	 Intraoperative Applications
Although ETCO2 monitoring remains an intraop-
erative standard of care to document the intratra-
cheal presence of the ETT, various issues 
affecting ventilation–perfusion matching, the 
presence of shunt, and technical limitations may 
affect its accuracy in the operating room setting. 
When compared with the ICU setting, there are 
fewer studies reporting intraoperative applica-
tions of TC-CO2 monitoring (McBride et  al. 
2002; Griffin et al. 2003; Bhavani-Shankar et al. 
1998; Reid et  al. 1992; Phan et  al. 1987; 
Nosovitch et al. 2002). Nosovitch et al. demon-
strated that TC-CO2 monitoring was more accu-
rate than ET monitoring during intraoperative 
care in a cohort of 30 pediatric patients (Nosovitch 
et  al. 2002). The potential utility of TC-CO2 

monitoring was demonstrated by one of the 
patients who developed intraoperative broncho-
spasm. Despite an ET-CO2 of 70  mmHg, the 
TC-CO2 monitoring was reading 110  mmHg, 
while a simultaneous PaCO2 was 122  mmHg. 
Using the new combined ear sensor (TC-CO2 and 
pulse oximetry), Dullenkopf et  al. evaluated 
intraoperative TC-CO2 monitoring in a cohort of 
60 children receiving general anesthesia 
(Dullenkopf et al. 2003). Although there was no 
difference in the accuracy of ET versus TC-CO2 
monitoring in the general population, in a subset 
of patients with CHD, TC-CO2 monitoring was 
more accurate (−0.039 ± 0.56  kPa versus 
0.093 ± 0.64  kPa, p < 0.01). Another scenario in 
which the anesthetic technique may impact on 
the accuracy of ETCO2 is the use of one-lung 
ventilation (OLV) during thoracic surgical proce-
dures. Four studies have demonstrated improved 
accuracy of TC compared to ET-CO2 monitoring 
in this scenario (Ip Yam et  al. 1994; Oshibuchi 
et al. 2003; Cox and Tobias 2007; Tobias 2003).

12.3.3.5	 Apnea Testing
One component of the brain death examination is 
the demonstration of no ventilatory effort at a 
PaCO2 ≥ 60 mmHg. To accomplish, an apnea test 
is performed and an arterial blood gas is drawn to 
demonstrate a PaCO2 ≥ 60  mmHg. However, as 
the rate at which the PaCO2 increases is variable, 
it may be problematic to judge when the thresh-
old PaCO2 of 60  mmHg has been achieved. 
Therefore, frequent ABGs are generally obtained 
to avoid waiting too long given the potential for 
hemodynamic compromise from hypercarbia or 
the development of hypoxemia. In both adult and 
pediatric patients, TC-CO2 monitoring has been 
used to determine the appropriate time to obtain 
an ABG (Tobias 2001; Lang 1998). In a cohort of 
8 pediatric patients, TC-CO2 monitoring was 
employed during two separate apnea tests (Tobias 
2001). In the first 2 patients of the cohort, the 
ABG was obtained when the TC-CO2 was 
60 mmHg. In all four instances, the PaCO2 was 
less than 60 mmHg. For the subsequent 6 patients, 
the ABG was drawn when the TC-CO2 was 
≥70 mmHg. In 11 of 12 apnea tests, the PaCO2 
was greater than 60 mmHg, and in the other one, 
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the PaCO2 was 60 mmHg. In the 16 samples from 
the 8 patients, the TC to PaCO2 difference varied 
from 2 to 11  mmHg (5.8 ± 2.7  mmHg). If the 
ABG was obtained when the TC-CO2 was 
≥80  mmHg, the PaCO2 was ≥60  mmHg in all 
cases, and the TC to PaCO2 difference varied 
from 2 to 8 mmHg (5.4 ± 1.9 mmHg).

12.3.3.6	 Monitoring of Acid–Base 
Status

Given the relationship between PaCO2, pH, and 
serum bicarbonate, TC-CO2 may also have clini-
cal utility as a means of evaluating changes in 
pH during pathologic processes that result in 
metabolic acidosis. During diabetic ketoacido-
sis (DKA), acidosis is partially compensated by 
a decrease in the PaCO2 related to an increase 
in minute ventilation. With appropriate therapy 
and resolution of the metabolic acidosis, the 
PaCO2 returns to normal values. In a cohort of 
30 children with DKA, it has been demonstrated 
that TC-CO2 monitoring can be used to follow 
changes in pH during treatment and resolu-
tion of the metabolic acidosis (McBride et  al. 
2004). In 2 of the patients, TC-CO2 monitor-
ing was not feasible due to poor tissue perfu-
sion. In the remaining 28 patients, there was a 
gradual increase in the TC-CO2 during correc-
tion of metabolic acidosis. Using the equation 
PaCO2 = (1.5 × serum bicarbonate) + 8, a calcu-
lated bicarbonate value was determined and 
compared to simultaneously obtained serum 
bicarbonate values. The difference between the 
calculated and actual serum bicarbonate val-
ues was 1.5 ± 1.2  mmol/L. The difference was 
≤2  mmol/L in 74.4  % of the sample sets and 
≤5 mmol/L in 99.2 % of the sample sets. Linear 
regression analysis of calculated versus actual 
serum bicarbonate revealed a slope of 0.95 and 
an r (Johns et al. 1969) value of 0.88. From this 
linear regression analysis, the authors suggested 
that the serum bicarbonate could be calculated 
from the TC-CO2 value by using the equation 
serum bicarbonate = 0.61 × (TC-CO2 − 3.9).

12.3.3.7	 Evaluation of Tissue Perfusion
As noted previously, the accuracy of TC-CO2 
monitoring is affected by tissue perfusion. In the 

previously mentioned study evaluating the 
correlation of TC and arterial CO2 in patients 
with CHD following cardiovascular surgery, it 
was noted that TC-CO2 monitoring could not be 
used in patients receiving high doses of inotropic 
agents that resulted in peripheral vasoconstric-
tion and/or in those with poor peripheral perfu-
sion (Tobias et  al. 1999). The impact of 
hemodynamic instability with poor tissue perfu-
sion on TC-CO2 monitoring has also been 
reported in a group of adult patients from a mixed 
operating room and ICU setting (Tremper et al. 
1981). When the cardiac index was ≤1.5 L/min/m2, 
there was an increase in the TC to arterial CO2 
gradient. The TC-CO2 value trended inversely 
with the cardiac index rather than the PaCO2. 
Given this relationship, other investigators have 
suggested the utility of measuring TC-CO2 as a 
means of evaluating tissue perfusion (Greenhalgh 
and Warden 1992; Tatevossian et  al. 2000; 
Tobias et  al. 2006). Greenhalgh and Warden 
applied intermittent TC CO2 and O2 monitoring 
on the day of surgery and then daily for the next 
2 weeks following partial-thickness skin grafts 
for burn injury in 13 adults (Greenhalgh and 
Warden 1992). The TC-CO2 values from the 
grafts were  80–100  mmHg for the initial few 
days and then decreased to levels that were 
slightly higher than those of normal skin (40–
50 mmHg) by day 5–6 after grafting. The authors 
suggested that graft TC-CO2 levels can be used 
to provide a noninvasive and objective measure 
of skin graft vascularization. Other authors have 
used TC-CO2 and O2 values as a means of evalu-
ating peripheral perfusion during resuscitation 
(Tatevossian et al. 2000). When compared with 
survivors, non-survivors had lower TC-O2 and 
higher TC-CO2 values. All patients who main-
tained a  TC-O2 ≥ 150  mmHg survived. A 
TC-O2 ≤ 50  mmHg for ≥60  min or a 
TC-CO2 ≥ 60 mmHg for ≥30 min was associated 
with a 90 % mortality.

TC-CO2 monitoring has also been used to 
evaluate changes in tissue PCO2 during aortic 
cross-clamping for repair of aortic coarctation 
(Tobias et al. 2006). The study protocol included 
TC-CO2 monitoring from a site above the aortic 
cross-clamp (right chest wall) and a site below 
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(right thigh). Following placement of the aortic 
cross-clamp, there was a progressive rise in the 
tissue CO2 (TC-CO2) below the region of the 
cross-clamp (right thigh), while no change was 
noted above the cross-clamp. TC-CO2 increased 
from 41 ± 4 to 92 ± 41 mmHg during the period of 
aortic cross-clamping which varied from 12 to 
20  min. There was significant variability in the 
increase of the TC-CO2 below the cross-clamp 
(4–127  mmHg), which the authors speculated 
resulted from the variability of the collateral cir-
culation around the aortic coarctation. There was 
a correlation between the TC-CO2 increase and 
the age of the patient with less of an increase in 
older patients who likely had time to develop col-
laterals. The authors suggested that TC-CO2 
monitoring might be able to predict extreme 
degrees of tissue hypoperfusion distal to the 
cross-clamp and might therefore be able to iden-
tify patients at risk for spinal cord ischemia.

12.3.4	 Summary

Although still used most commonly in the neona-
tal period, an improved understanding of the 
techniques of TC-CO2 monitoring and the avail-
ability of new monitors have led to the increased 
use of TC-CO2 monitoring in various clinical 
scenarios outside of the neonatal population. 
Despite specific limitations of the technology 
(Table 12.8), when compared with ET-CO2 moni-
toring, TC-CO2 monitoring is equally as accurate 
in patients with normal respiratory function and 
more accurate in patients with shunt or ventila-
tion–perfusion inequalities. Additionally, 
TC-CO2 monitoring can be applied in situations 
that may preclude ET-CO2 monitoring such as 
HFOV, apnea testing, and NIV. TC-CO2 monitor-
ing has been used in spontaneously breathing 
patients with airway and respiratory issues (croup 
and status asthmaticus) as well as a means of 
monitoring metabolic status during treatment of 
acidosis related to DKA. TC-CO2 monitoring 
should not be used to replace ET-CO2 monitoring 
as ET-CO2 monitoring remains the standard of 
care to demonstrate the intratracheal location of 
the ETT following endotracheal intubation and 

as a disconnect alarm in the operating room. 
Given the complementary nature of these two 
noninvasive monitors, their combined use should 
be considered in critically ill pediatric patients in 
both the pediatric ICU and the operating room 
settings.

Table 12.8  Potential limitations of TC-CO2 monitoring

More labor intensive for respiratory therapy staffl
Device requires calibration and setup time
Lag time between change in arterial oxygen and TC 
oxygen
Depending on type of device used, may require 
calibration and site change at specific intervals
Accuracy affected by specific patient factors including:
  Low perfusion states
 � Administration of inotropic agents with 

vasoconstricting properties
  Tissue edema or subcutaneous fat
Potential for superficial burns and blistering especially 
in preterm infants
Limited, but increasing clinical experience outside of 
neonatal population
Limited clinician familiarity with its use
Device must have intrinsic calibration to eliminate 
discrepancy due to increased tissue metabolism and 
CO2 production from heat.

Essentials to Remember

• TC-CO2 monitors apply heat (42–43 °C) 
to the skin to induce vasodilatation of 
the capillary bed which results in the 
equilibration of capillary and arterial 
PCO2 levels.

• Although used most commonly in neo-
nates, improvement in the technology of 
TC-CO2 monitoring has led to the 
increased use of TC-CO2 monitoring in 
various clinical scenarios outside of the 
neonatal population.

• Despite limitations of the technology, 
when compared with ET-CO2 monitor-
ing, TC-CO2 monitoring is equally as 
accurate in patients with normal respira-
tory function and more accurate in 
patients with shunt or ventilation–perfu-
sion inequalities.
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