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Respiratory Monitoring
DAVID W. KACZKA, HOVIG V. CHITILIAN, and MARCOS F. VIDAL MELO

KEY POINTS

!□! Intraoperative

respiratory monitoring is a fundamental component of the American Society of
Anesthesiologists’ standards for basic anesthetic monitoring. Monitoring of oxygenation and
ventilation is essential for the safe conduct of an anesthetic.
!□! A thorough understanding of the physiological and technological principles underlying respiratory monitoring is essential for its appropriate clinical application.
!□! The majority of respiratory monitors in clinical use provide information at the systemic and
whole-lung level from which inferences are made regarding the regional lung and tissue-level
conditions.
!□! The degree of invasiveness of utilized monitors should be determined by clinical requirements.
!□! Pulse oximetry is a noninvasive, reliable, and simple method for continuously monitoring the
fractional arterial oxygen saturation.
!□! Ventilation-perfusion mismatch, shunt, and hypoventilation are the most common causes of
hypoxemia in the perioperative period. Monitoring of gas exchange, and its response to various
interventions, may differentiate etiologies for hypoxemia.
!□! Mixed venous oxygen saturation (SvO2) allows for monitoring of the global balance between
oxygen delivery and consumption. Its measurement provides information on gas exchange,
cardiac output, and global oxygen consumption.
!□! Systems utilizing near infrared spectroscopy are used clinically to monitor regional tissue
oxygenation, particularly in the brain. The value of regional tissue oxygenation monitoring for
clinical management is currently being established.
!□! Capnography is the primary quantitative method to assess ventilation in the perioperative
period. Besides providing physiologic information on ventilation, pulmonary blood flow, and
aerobic metabolism, capnography is important for verifying the endotracheal tube positioning,
and determining the integrity of the breathing circuit.
!□! End-tidal carbon dioxide (CO2) is not always a reliable approximation of arterial CO2 tension,
especially in the presence of significant heterogeneity in the distribution of ventilation and
perfusion.
!□! Measurement of the pressures, flows, and volumes associated with ventilation is necessary to
optimize mechanical ventilation, as well as to detect pathophysiologic mechanical derangements of the respiratory system (i.e., increased airway resistance or reduced lung compliance).
!□! Imaging techniques have emerged as important tools for respiratory monitoring. Lung ultrasonography is increasingly utilized in emergency and perioperative settings, allowing for
prompt bedside assessments of pulmonary abnormalities such as pneumothorax, lung edema,
consolidation, and pleural effusions. Electrical impedance tomography is another noninvasive
imaging technique that provides information on lung aeration and recruitment.
!□! Current approaches to respiratory monitoring primarily assess pulmonary mechanical and
global gas exchange processes. The monitoring of tissue and subcellular respiration remains a
desirable goal for future innovation.

Overview of Respiratory
Monitoring
Respiratory monitoring is essential to every anesthetic.
Its major relevance for maintenance of homeostasis and
patient safety is acknowledged by its mandatory position in
national and international standards for anesthetic monitoring.1,2 Through the decades, advances in respiratory
monitoring have resulted in substantial reduction in anesthetic morbidity and mortality, and opened a new era of safe
anesthetic practice.3

Respiration is the transport of oxygen (O2) from the environment to the body cells and the transport of carbon dioxide (CO2) from those cells to the environment. The concept
includes a component of cellular respiration, the process
by which cells obtain energy in the form of adenosine triphosphate from the controlled reaction of hydrogen with
O2 to form water.4 Thus, in its broadest sense, respiratory
monitoring refers to the continuous or periodic assessment
of processes involved with the exchange of respiratory gases
between the environment and the subcellular pathways
where those gases are utilized and produced (Fig. 41.1).4
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Fig. 41.1 Respiratory Processes and Measurement Sites for Current Respiratory Monitoring Techniques. Most monitored variables are derived
from sites at the entrance of the airway and systemic blood (bold) and assess the elements of respiration related to global pulmonary mechanics and
gas exchange. Pulse oximetry represents a transition between systemic and local tissue oxygenation assessment. Methods for routine and reliable
clinical monitoring of respiratory processes at the tissue, cellular, and subcellular levels are limited. EMG, Electromyography; EIT, electrical impedance
tomography; FN2, nitrogen fraction; FO2, oxygen fraction; NIRS, near-infrared spectroscopy; PaCO2, arterial partial pressure of carbon dioxide; PaO2, arterial
partial pressure of oxygen; PAO2, alveolar partial pressure of oxygen; Pc′Co2, end-capillary partial pressure of carbon dioxide; Pc′O2, end-capillary partial
pressure of oxygen; PCVCO2, central venous partial pressure of carbon dioxide; PCVO2, central venous partial pressure of oxygen; PETCO2, end-tidal partial
pressure of carbon dioxide; , mixed venous partial pressure of carbon dioxide; , mixed venous partial pressure of oxygen; POCT, point of care testing;
PtcCo2, transcutaneous partial pressure of carbon dioxide; PtcO2, transcutaneous partial pressure of oxygen; RR, respiratory rate; SaO2, arterial oxygen
saturation; Sc′O2, end-capillary oxygen saturation; SCVO2, central venous oxygen saturation; SvO2 , mixed venous oxygen saturation; SpO2, peripheral
oxygen saturation; US, ultrasound.

Respiratory monitoring includes assessment of (1) convective and diffusive gas transport through the branching
airway tree and alveoli, (2) equilibration of gases between
alveoli and pulmonary capillary blood, (3) mass balance of
the distinct regional ventilation and perfusion contributions
to produce expired gases and arterial and mixed venous
blood, (4) gas transport between the blood and body tissues
through the microcirculation, (5) gas diffusion between tissues and mitochondria, and (6) cellular respiration with O2
use and CO2 production.
Advances in physiologic measurements have enhanced
our understanding of these stages of respiratory function
during anesthesia. This chapter provides an overview of
current and emerging techniques of respiratory monitoring. Despite these technical advancements, current
instrumentation is limited in providing accurate and comprehensive information on respiratory function in anesthetized and critically ill patients. The area is therefore rich for
research to advance the monitoring of all components of
respiration.5,6

AMERICAN SOCIETY OF ANESTHESIOLOGISTS
STANDARDS
The word monitoring is often associated with electronic
instrumentation, and it is noteworthy that the current
American Society of Anesthesiologists’ (ASA) Standards
for Basic Anesthetic Monitoring states in Standard I that
“Qualified anesthesia personnel shall be present in the
room throughout the conduct of all general anesthetics, regional anesthetics, and monitored anesthesia care”
(Box 41.1). This precedes reliance on any instrumentation
(as implied in Standard II), and clearly indicates that the
anesthesia provider brings essential expertise and interpretation to monitoring beyond information provided by
equipment. Increased safety in our specialty lies primarily
in high-quality training and environments that encourage
continuing education, and not exclusively on new technology.7 The ASA Standards for Basic Anesthetic Monitoring
reflect monitoring principles during anesthesia established
in the 1980s3 and should be systematically followed. The
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BOX 41.1 American Society of Anesthesiologists Standards for Basic Anesthetic Monitoring Related
to Respiratory Monitoring
Standard I
Qualified anesthesia personnel shall be present in the room
throughout the conduct of all general anesthetics, regional anesthetics, and monitored anesthesia care.!
Standard II
During all anesthetics, the patient’s oxygenation, ventilation, circulation, and temperature shall be continually† evaluated.
Oxygenation
Objective: To ensure adequate oxygen concentration in the inspired
gas and the blood during all anesthetics.!
Methods
Inspired gas: During every administration of general anesthesia
using an anesthesia machine, the concentration of oxygen in the
patient breathing system shall be measured by an oxygen analyzer
with a low oxygen concentration limit alarm in use.*
Blood oxygenation: During all anesthetics, a quantitative method
of assessing oxygenation such as pulse oximetry will be employed.*
When the pulse oximeter is utilized, the variable pitch pulse tone
and the low threshold alarm will be audible to the anesthesiologist
or the anesthesia care team personnel.* Adequate illumination and
exposure of the patient are necessary to assess color.*!
Ventilation
Objective: To ensure adequate ventilation of the patient during all
anesthetics.
Methods

as chest excursion, observation of the reservoir breathing bag and
auscultation of breath sounds are useful. Continual monitoring for
the presence of expired carbon dioxide will be performed unless
invalidated by the nature of the patient, procedure, or equipment.
Quantitative monitoring of the volume of expired gas is strongly
encouraged.*
When an endotracheal tube or laryngeal mask is inserted, its
correct positioning must be verified by clinical assessment and by
identification of carbon dioxide in the expired gas. Continual endtidal carbon dioxide analysis, in use from the time of endotracheal
tube/laryngeal mask placement, until extubation/removal or initiating transfer to a postoperative care location, will be performed
using a quantitative method such as capnography, capnometry, or
mass spectroscopy.* When capnography or capnometry is utilized,
the end tidal CO2 alarm will be audible to the anesthesiologist or
the anesthesia care team personnel.†
When ventilation is controlled by a mechanical ventilator,
there will be in continuous use a device that is capable of detecting disconnection of components of the breathing system. The
device must give an audible signal when its alarm threshold is
exceeded.
During regional anesthesia (with no sedation) or local anesthesia (with no sedation), the adequacy of ventilation will be evaluated by continual observation of qualitative clinical signs. During
moderate or deep sedation the adequacy of ventilation will be
evaluated by continual observation of qualitative clinical signs
and monitoring for the presence of exhaled carbon dioxide unless
precluded or invalidated by the nature of the patient, procedure,
or equipment.

Every patient receiving general anesthesia will have the adequacy
of ventilation continually evaluated. Qualitative clinical signs such
†

Note that “continual” is defined as “repeated regularly and frequently in steady rapid succession” whereas “continuous” means “prolonged without
any interruption at any time.”
*Under extenuating circumstances, the responsible anesthesiologist may waive the requirements marked with an asterisk (*); it is recommended that
when this is done, it should be so stated (including the reasons) in a note in the patient’s medical record.

standards represent a foundation to additional monitoring
according to clinical requirements.!

The Physical Examination
Physical examination remains an essential component of
perioperative respiratory monitoring. It provides essential
information for diagnosis and treatment, and may be the
first indication of changes in patient status requiring intervention. Physical examination has limitations, but it routinely allows for detection of information relevant for the
management of the patient.
Respiratory monitoring starts with inspection of the
patient, either awake or during anesthesia. In elective
cases, the anesthesiologist will have time to investigate
causes for abnormal presentations. In emergent situations,
careful inspection may be the only source of information for
timely and accurate anesthetic management. The observation of respiratory distress should prompt immediate search
for specific causes. Assessment of the respiratory rate provides a measure of the breathing pattern. For example,
during sepsis, respiratory rate is significantly correlated
with disease severity.8 Anatomic signs relevant to respiration include (but are not limited to) deformities of the chest

wall and spine, goiter, tracheostomy scar, and tracheal
deviation. Functional elements to be noticed include the
components of inspiration and expiration (diaphragmatic
versus thoracic), duration and difficulty of inspiration and
expiration, paradoxical chest wall motion, use of accessory
muscles, central and peripheral cyanosis, pallor, wheezing, stridor, cough and sputum, aphonia, splinting, and
clubbed fingers. Neck vein distension should be examined
for a potential cardiovascular contribution to respiratory
distress, noting that it is a less reliable indicator of central
venous pressure during significant dyspnea. Attention
should be paid to painful respiration in trauma patients, as
well as the possibility of flail chest, pericardial tamponade,
hemothorax, pneumothorax, pulmonary contusion, and
tension pneumothorax.
Auscultation of the lung during anesthesia is another
essential skill in physical diagnosis. Ambient noise, individual hearing limitations, and the acoustic properties of
the stethoscope all influence the anesthesiologist’s clinical
judgment. A stethoscope of sufficient quality will allow for
identification of distinctive normal and abnormal breath
sounds: vesicular sounds, ronchi, wheezes, fine and coarse
crackles, inspiratory stridor, and pleural friction. A clear
understanding of the acoustic mechanisms for each of these
sounds is essential for adequate clinical assessment.9,10!
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The primary role of the cardiorespiratory system is the
transport of O2 and CO2 throughout the body. O2 delivery
is quantified as the product of arterial O2 content and cardiac output (see Chapter 13, “Respiratory Physiology and
Pathophysiology”). Arterial O2 content (CaO2, in mL of O2
per 100 mL of blood [hemoglobin—Hb], mL/100 mL) is calculated as
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where 1.34 mL/g is the O2 binding capacity of Hb (i.e.,
Hüfner constant, theoretically equal to 1.39 mL/g
but experimental range between 1.31 and 1.37 mL/g
because of the presence of small amounts of other Hb
species11); SaO2 is the O2 saturation of Hb in the arterial
blood (percent saturation/100); Hb is the concentration
of Hb in the arterial blood (g/dL); 0.0031 is the solubility
of O2 in blood (mL/100 mL/mm Hg); and PaO2 is the arterial partial pressure of O2 (mm Hg). As can be inferred
from Eq. (41.1), SaO2 and Hb are the major determinants
of O2 content in the blood and consequently O2 delivery
to the tissues.
Five species of Hb are found in adult blood: oxygenated
Hb (O2Hb), deoxygenated Hb (deO2Hb); carboxyhemoglobin (COHb); methemoglobin (MetHb); and sulfhemoglobin
(SHb). Under normal circumstances, the concentrations
of COHb, MetHb, and SHb are small (1%-3% for COHb and
less than 1% for MetHb and SHb). Functional O2 saturation
(SaO2) refers to the amount of O2Hb as a fraction of the total
amount of O2Hb and deO2Hb and is expressed as
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The O2Hb fraction or fractional saturation is defined as the
amount of O2Hb as a fraction of the total amount of Hb12:
Fractional Sa O2 =

[O2 Hb]
[O2 Hb] + [deO2 Hb] + [COHb] + [MetHb] + [SHb]

× 100 %

(41.3)
SaO2 is a function of the PaO2. The relationship between
the two is described by the O2Hb dissociation curve (Fig.
41.2). As can be appreciated by inspection of the curve, the
relationship is not linear. This has important consequences.
First, a high SaO2 cannot discriminate between normoxic
and hyperoxic conditions; this can be relevant when
attempting to limit O2 exposure in neonates or patients
at risk for O2 toxicity. Second, a large numeric change in
PaO2 at the flat portion of the curve (PaO2 approximately
above 70 mm Hg) has relatively small consequences in
terms of blood O2 content. Furthermore, changes in temperature, pH, PaCO2, and erythrocyte 2,3-diphosphoglycerate concentration can shift the curve such that
the same SaO2 can be present under a range of different
oxygen partial pressures (PO2). This may be relevant,
given that diffusion from the microcirculation to tissue
depends on PO2 gradients.!
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Fig. 41.2 Oxyhemoglobin Dissociation Curve. The relationship between oxyhemoglobin saturation and arterial partial pressure of oxygen
is nonlinear and affected by a number of different factors such as pH,
PCO2, and temperature. Given the nonlinear nature of the curve, it is difficult to determine the partial pressure of oxygen at the higher range of
oxygen saturations. 2,3-DPG, 2,3-diphospoglycerate; COHb, carboxyhemoglobin. (Redrawn from Longnecker DE, Brown DL, Newman MF, Zapol
WM, eds. Anesthesiology. 2nd ed. New York, NY: McGraw-Hill; 2012.)

MEASUREMENT PRINCIPLES
Oximetry
Oximetry is the measurement of the O2 saturation of Hb. It
is an application of the Beer-Lambert law (Eq. 41.4), which
relates the transmission of light through a solution to the
concentration of the solute in the solution.13 For each solute in a solution,
Itrans = Iin e − DCε

(41.4)
where Itrans is the intensity of transmitted light, Iin is the
intensity of the incident light, e is the base of the natural
logarithm, D is the distance the light is transmitted through
the solution, C is the concentration of the solute, and ε is the
extinction coefficient of the solute.
The concentration of a single solute in solution can be
calculated by measuring the amount of light transmitted through the solution as long as the other variables are
known. For a solution containing multiple solutes, the
calculation of the concentrations of the different solutes
requires that light absorption be measured at a number of
different wavelengths at least equal to the number of solutes. In a sample of blood in a cuvette, the absorption of a
given wavelength of light passing through the blood will
depend on the concentrations of the different species of Hb.
Fig. 41.3A illustrates the absorption spectra of the five species of Hb for wavelengths of light along the visible spectrum. To measure the concentrations of all five species of
Hb in a sample of blood, light absorption of at least five different wavelengths must be measured. This measurement
is typically conducted using a co-oximeter. A co-oximeter
uses the principle of oximetry to measure the SaO2 as well
as the concentrations of other Hb species in a blood sample.
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Co-oximetry is considered the gold standard for SaO2 measurements and is relied on in circumstances when pulse
oximetry readings are inaccurate or unobtainable.!

steady (nonpulsatile) component, referred to as “DC” (“direct
current”). In conventional pulse oximetry, the ratio (R) of AC
and DC light absorption at two different wavelengths is calculated. The wavelengths of light are selected to maximize the
difference between the ratios of the absorbances of O2Hb and
deO2Hb (see Fig. 41.3B). The most commonly used wavelengths of light are 660 nm and 940 nm. At 660 nm, there
is greater light absorption by deO2Hb than by O2Hb. At 940
nm, there is greater light absorption by O2Hb than by deO2Hb,

Pulse Oximetry
Standard pulse oximetry aims to provide a noninvasive,
in vivo, and continuous assessment of functional SaO2. Estimates of SaO2 based on pulse oximetry are denoted as SpO2.
The history of the development of the pulse oximetry has
been reviewed in detail elsewhere.14
Pulse oximetry takes advantage of the pulsatility of arterial blood flow to provide an estimate of SaO2 by differentiating light absorption by arterial blood from light absorption by
other components. When compared with in vitro oximetry of
an arterial blood sample, the challenge of obtaining arterial
O2 saturation in vivo is to ensure that the light is sampling
arterial blood and to account for its absorption by other tissues. As illustrated in Fig. 41.4, light absorption by tissue can
be divided into a time-varying (pulsatile) component, historically referred to as “AC” (from “alternating current”), and a

(41.5)
where AC660, AC940, DC660, and DC940 denote the corresponding AC and DC components of the 640-nm and 940nm wavelengths.
The ratio R is then empirically related to O2 saturation
based on a calibration curve internal to each pulse oximeter
(Fig. 41.5).13 Each manufacturer develops its own calibration
curve by having volunteers breathe hypoxic gas mixtures to
create a range of SaO2 values between 70% and 100%. The FDA
Red
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Fig. 41.3 (A) Absorption spectra of five species of hemoglobin for wavelengths of light across the visible spectrum. (B) Extinction coefficients of the
most frequently measured hemoglobin species extending to infrared wavelengths used for pulse oximetry. The vertical lines indicate specific wavelengths for red and infrared light applied in pulse oximeters. The differences in the extinction coefficients of oxyhemoglobin and reduced hemoglobin
(deoxygenated hemoglobin) are pronounced at these wavelengths. Note that the extinction coefficients of carboxyhemoglobin and methemoglobin
are similar to those of oxyhemoglobin and reduced hemoglobin, respectively, at 660 nm. ([A] Redrawn from Zwart A, van Kampen EJ, Zijlstram WG. Results
of routine determination of clinically significant hemoglobin derivatives by multicompartment analysis. Clin Chem. 1986;32:972–978. [B] Modified from Tremper KK, Barker SJ. Pulse oximetry. Anesthesiology. 1989;70:98–108.)
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Fig. 41.4 Schematic of the Pulse Principle. Absorption of light passing through tissue is characterized by a pulsatile component (AC) and a nonpulsatile component (DC). The pulsatile component of absorption is due to arterial blood. The nonpulsatile component is due to venous blood and the
remainder of the tissues. (Redrawn from Severinghaus JW. Nomenclature of oxygen saturation. Adv Exp Med Biol. 1994;345:921–923)
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recommends root mean square differences between measured
values (SpO2) and reference values (SaO2) under normal conditions ranging from 70% to 100% SpO2 of 3.0% for transmittance, wrap and clip pulse oximeter sensors and of 3.5% for
ear clip and reflectance sensors.14a Most manufacturing literature reports an accuracy of ± 2% to 3% SpO2 over this range.15
The dependence of SpO2 on pulsatility may result in inaccurate
estimates of SaO2 when pulsatility is reduced or absent.
A pulse oximeter probe is composed of a light emitter and
a photodetector. Transmission pulse oximetry involves the
placement of the emitter and detector on opposite sides of the
tissue being measured, usually of a finger. Reflectance pulse
oximetry probes have the emitters and detector arranged
on the same side. They are typically placed on the forehead.
In a typical pulse oximeter, two light-emitting diodes (LEDs)
are used to emit light at the two wavelengths. During operation, each LED is turned on and off in sequence. The photodetector measures transmission of light from each LED.
When both LEDs are turned off, the photodetector measures
ambient light and subtracts it from the signals obtained
throughout the remainder of the cycle.16
Pulse oximetry has been an integral component of intraoperative anesthetic management since the first anesthetic
monitoring standards were introduced in 1986.3 It was
adopted as a minimum monitoring standard by the ASA
the same year and has subsequently been defined as a minimum standard for intraoperative monitoring by the World
Federation of Societies of Anaesthesiologists and the World
Health Organization (WHO).17 The use of pulse oximetry is
a part of the WHO safe surgery checklist.18
Multiwavelength pulse oximeters—that is, pulse oximeters with additional wavelengths of light to allow for the
continuous noninvasive measurement of total hemoglobin concentration (SpHb)19—as well as concentrations of
MetHb and COHb utilizing up to 12 wavelengths have been
developed.20,21 SpHb in the surgical and intensive care unit
(ICU) settings has shown reasonable bias and precision
when compared with laboratory measurements.22-24 However, few of the measurements were obtained in patients
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with Hb concentrations within the clinically relevant range
of 6 to 10 mg/dL.25 Another limitation of SpHb may be its
absent or unreliable signal under conditions of low peripheral perfusion.26 To date, noninvasive COHb measurements
have not shown enough precision to replace laboratory
measurements.26,27 Accuracy has improved at hypoxic O2
levels, but detecting COHb for SaO2 less than 87% is still
unreliable.28,29 Pulse oximetry-based MetHb measurements with a newer device are accurate, even under conditions of hypoxia.30
Universal pulse oximetry has been recommended by
the US Secretary of Health and Human Services to screen
newborns for critical congenital heart disease.31,32 Use of
a clinical algorithm based on detection of SpO2 lower than
95% in either right upper or lower limbs, or more than a 2%
difference led to a sensitivity of 75% in suspected cases and
58% in cases that were not suspected. When this modality is combined with a routine anomaly scan and newborn
physical examination screening, 92% of critical congenital
heart disease lesions can be identified.33,34
Photoplethysmography. Along with measuring O2 saturation, the pulse oximeter can also be used as a photoplethysmograph. Because the absorption of light is
proportional to the amount of blood between the transmitter and photodetector, changes in the blood volume
are reflected in the pulse oximeter trace (Fig. 41.6).35
During anesthesia, the plethysmographic trace is affected
by changes in blood volume pulsations, which depends
on the distensibility of the vessel wall, as well as on the
intravascular pulse pressure.35 Variations in the amplitude of the pulse oximetry plethysmographic waveform
(∆POP) have been shown to predict fluid responsiveness
in mechanically ventilated patients.36 An index derived
from the percent difference between the maximum and
minimum amplitudes of the plethysmographic waveform
during a respiratory cycle (PVI, Pleth Variability Index)
has been incorporated into a commercially available pulse
oximeter and used to quantify ∆POP and predict fluid
responsiveness.37,38 A number of studies have shown it
to be a reasonably reliable indicator of fluid responsiveness perioperatively and in critically ill patients.39,40 The
technique does have greater reliability in mechanically
ventilated patients compared with spontaneously breathing patients, but its accuracy may be compromised by the
presence of cardiac arrhythmias.39 Its accuracy has also
been shown to be better for 500 mL fluid challenges compared with 250 mL.41 Goal-directed fluid management
based on PVI has been shown to improve outcomes in
major abdominal surgery.42!
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Fig. 41.5 Typical Pulse Oximeter Calibration Curve Relating Oxygen Saturation to the R Value. These curves are developed using
healthy volunteers and incorporated into the pulse oximeter. R, Ratio of
AC and DC light absorption; SpO2, peripheral oxygen saturation. [Tremper KK and Barker SJ. Pulse Oximetry. Anesthesiology. 1989;70:90-108.]
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Fig. 41.6 Photoplethysmograph Recorded at Two Speeds Demonstrating Respiratory Variation. At time point (B) ventilation has been
stopped, and no variation is observed. The plot illustrates the effect of
intrathoracic blood volume in the pulse oximeter trace. The variation
in the trace with respiration is associated with the fluid responsiveness
of the patient. (Redrawn from Dorlas JC, Nijboer JA. Photo-electric plethysmography as a monitoring device in anaesthesia. Application and interpretation. Br J Anaesth. 1985;57:524–530.)
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LIMITATIONS AND SOURCES OF ERROR
SpO2 is an estimate of SaO2 of circulating hemoglobin. As a
consequence, it does not provide information about tissue
oxygenation. Because SpO2 is a measurement of functional
and not fractional SaO2, the presence of other Hb variants
can significantly affect its accuracy. The nonlinearity of the
Hb dissociation curve prevents the detection of hyperoxia
with SpO2 for high SaO2, whereas for low saturations such as
at altitude, small changes in PaO2 can produce large changes
in SpO2. There is significant variability in the actual in vivo
Hb dissociation curve.43 Thus changes in SpO2 are not necessarily well correlated with changes in SaO2.44,45 These
measurements illustrate that knowledge of the individual Hb
dissociation curve is important for correct interpretation of
SaO2 and PaO2. More importantly, pulse oximetry does not
provide information about ventilation or acid-base status.
A number of conditions can lead to inaccuracies in pulse
oximeter readings (Table 41.1). These conditions include
decreased perfusion, motion artifact, venous pulsation, low
SaO2, variant Hb species, the presence of intravascular dyes,
and the presence of nail polish.
Despite the recommendations of numerous boards and
guidelines, there is no evidence that the use of pulse oximetry improves patient outcomes, not during transfers to
ICUs nor in terms of improving patient mortality.45a,b There
is evidence that pulse oximetry reduces the incidence of
hypoxemia,45a and the duration and cost of ICU stay, suggesting it allows for early intervention.45c
The calibration of pulse oximeters is based on curves
obtained in normal individuals under experimental conditions
with SaO2 as low as 70%. As such, pulse oximeters have limited
accuracy for SaO2 values less than 70%. Moreover, systematic
errors in SpO2 tend to increase as SaO2 falls below 90%.46 At
SaO2 levels under 70%, a positive or negative bias of the SpO2
value can be observed, depending on the manufacturer of the
pulse oximeter.47 Manufacturers have developed pulse oximeters with increased accuracy at saturations as low as 60%.
Preliminary data suggest that these probes may be useful in
neonates with cyanotic congenital heart disease.48
Hypoperfusion leads to a reduction in the amplitude of the
pulsatile component of the light absorbance waveform, the
essential signal for pulse oximetry, consequently giving rise to
absent or inaccurate readings. Significantly erroneous reductions in SpO2 may be observed for systolic blood pressures
lower than 80 mm Hg.49 Motion artifact can produce considerable error in the pulse oximeter reading. Manufacturers
have developed advanced proprietary signal processing algorithms that effectively filter out noise caused by motion.50,51
With continued clinical use, the performance of the LEDs
in the probe may be degraded, leading to inaccuracy in
the SpO2 value outside of the range specified by the manufacturer. These inaccuracies are expected to be more pronounced at lower saturations (i.e., <90%).15
Venous pulsations may result in the detection of venous
O2Hb saturation by the pulse oximeter, resulting in artifactual reduction of the presumed arterial SpO2 being
measured. Venous pulsations can be due to excessively
tight placement of adhesive finger probes, severe tricuspid
regurgitation, probe placement in dependent positions (e.g.,
forehead during Trendelenburg position), and possibly in
distributive shock when vasodilation may result in physiologic arteriovenous shunting.18,19,52

TABLE 41.1 Potential Sources of Artifacts in Pulse
Oximetry and Their Effects on Measurements
Source of Error

Effect on SpO2 Relative to SaO2

Hypotension

↓

Anemia

↓

Polycythemia

No significant effect

Motion

↓

Low SaO2

variable

Methemoglobinemia

↓/↑ (SpO2 approaches 85%)

Carboxyhemoglobinemia

↑

Cyanmethemoglobin

No significant effect

Sulfhemoglobin

No significant effect

Hemoglobin F

No significant effect

Hemoglobin H

No significant effect

Hemoglobin K

↓

Hemoglobin S

No significant effect

Methylene blue

↓

Indigo carmine

↓

Indocyanine green

↓

Isosulfan blue

No significant effect/↓

Fluorescein

No significant effect

Nail polish

Black, dark blue, purple ↓

Acrylic fingernails

No significant effect

Henna

Red—No significant effect
↓

Skin pigmentation

At SaO2 >80%, no significant
effect
At SaO2 <80%, ↑

Jaundice

No significant effect

Ambient light

No significant effect

Sensor contact

↓

IABP

↑

IABP, Intraaortic balloon pump; SaO2, arterial oxygen saturation; SpO2, peripheral oxygen saturation.

The presence of additional species of Hb can also generate
erroneous pulse oximeter readings. As outlined earlier, the
function of the pulse oximeter is predicated on the assumption that the only components present in the blood capable
of absorbing light at the two wavelengths used are O2Hb
and deO2Hb. Under normal circumstances, this assumption
is valid, and the SpO2 readings accurately reflect the SaO2.
However, the presence of significant concentrations of other
Hb species or substances absorbing light at the used wavelengths will lead to erroneous SpO2 readings. As illustrated in
Fig. 41.3, both COHb and MetHb absorb light at one or both
of the wavelengths used by the pulse oximeter. Accordingly,
the presence of these Hb species will produce errors in SpO2.
The absorption of light at 660 nm by COHb is similar to that
of O2Hb. At 940 nm, COHb absorbs virtually no light. Thus,
in a patient with carbon monoxide poisoning, the SpO2 will
be falsely elevated.53 MetHb absorbs a significant amount of
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light at both 660 nm and 940 nm. As a result, in its presence,
the ratio of light absorption R (Eq. 41.5) approaches unity.
An R-value of 1 represents the presence of equal concentrations of O2Hb and deO2Hb and corresponds to an SpO2 of 85%.
Thus, in a patient with methemoglobinemia, the SpO2 will be
80% to 85%, irrespective of the SaO2.54 SHb absorbs red light
(660 nm) more than deoxyhemoglobin (HHb) or MetHb, and
likely as much near the infrared spectrum.52 This results in
SpO2 values close to 85% in severe cases of sulfhemoglobinemia. Although newer generations of co-oximeters can detect
SHb, most existing co-oximeters cannot; consequently, additional clinical laboratory testing may be required if sulfhemoglobinemia is suspected.52
With normal SaO2, anemia has little effect on SpO2.55 However, in the presence of hypoxia, SpO2 readings underestimate
SaO2 in anemic patients with true hypoxemia.56 Pulse oximeters are sufficiently accurate in adult patients with sickle cell
disease,57 as well as in the presence of fetal Hb.58 However
caution is warranted when using pulse oximetry in patients
with sickle cell disease, because heme metabolism may result
in elevated COHb.52 Some studies also suggest that SpO2 may
overestimate SaO2 during vaso-occlusive crises.59,60 Another
relevant point is that in patients with sickle cell disease, the
affinity of O2 for Hb is normal under normoxic conditions but
becomes low during hypoxia.
A relatively uncommon cause for reduced SpO2 readings
is the presence of congenital variants of Hb. Some variants,
such as Hb Bassett, Hb Rothschild, and Hb Canabiere, have
a reduced affinity for O2, and changes in SpO2 appropriately
reflect changes in SaO2.61 Other variants, such as Hb Lansing, Hb Bonn, Hb Koln, Hb Cheverly, and Hb Hammersmith, have altered absorption spectra (closer to HHb) that
result in low SpO2 readings in the setting of normal SaO2.61
The administration of intravenous dyes can result in inaccurate SpO2 readings. Methylene blue leads to a transient, marked
decrease in SpO2 down to 65% due to its peak light absorption
at 668 nm, which is very close to that of HHb. Indigo carmine
and indocyanine green also artificially decrease SpO2 measurements, although to a lesser extent than methylene blue,
because they do not substantially absorb red light.62 Isosulfan
blue can produce a prolonged reduction at higher doses.62
Although all colors of nail polish can reduce the calculated value of SpO2, black, purple, and dark blue colors have
the greatest effect. Nonetheless, the error generally remains
within 2%.63 Depending on the brand of pulse oximeter,
artificial acrylic nails may impair SpO2 readings, although
generally not to a clinically significant extent.64 Under conditions of normal SaO2, skin pigmentation has no effect on
SpO2 estimates.65 However, increased skin pigmentation is
associated with SpO2 values that overestimate SaO2 by as
much as 8% for SaO2 less than 80%.47,66
In the presence of severe hyperbilirubinemia (30 mg/dL or
greater) caused by increased hemolysis or liver disease, the
fraction of oxygenated hemoglobin (FO2Hb) may be falsely low
by artifactual increase in MetHb and COHb, resulting in more
accurate SpO2 than FO2Hb measurements.52 Although earlier
case reports and small studies have suggested that ambient
light may interfere with the accuracy of SpO2 readings,67,68
a large prospective study found no significant effect on SpO2
accuracy with exposure to five types of light sources: quartzhalogen, incandescent, fluorescent, infant bilirubin lamp, and
infrared.69 Infrared light pulses from image guidance systems
used for navigational neurosurgery can interfere with pulse
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oximetry readings by causing decreased readings or disruptions in SpO2 waveform detection.70 Different pulse oximeters
show variable susceptibility to such interference.71 Shielding
the probe with a single layer of aluminum foil can protect from
this effect.70,71 Misplacement of the probe can allow for direct
detection of LED light by the photodetector. This optical shunt
gives rise to an SpO2 reading of 85%.72
In patients with intraaortic balloon pump support, SpO2
accuracy depends on the brand of pulse oximeter used as well
as the support ratio. Accuracy is generally reduced in the setting of higher support ratios.73 In patients with continuous
flow ventricular assist devices, pulse oximetry may not be possible because of the absence of pulsatile flow. In these cases, the
use of cerebral oximetry as an adjunct is advocated.74

Pulse Oximeter Probes
Probes are usually applied to accessible body areas with
high vascularity, such as the finger, nose, ear lobe, or
forehead. The probes may be reusable or disposable. The
advantages of reusable clip probes are that they are more
cost-effective compared with disposable adhesive probes,
can be rapidly applied, and are amenable to multiple applications in cases of low signal-to-noise ratio at the specified wavelengths. However, disposable probes allow for
more secure placement (in case of patient movement) and
provide the capability of monitor sites other than acral
areas. Although reduced infectious transmission is a purported benefit of disposable probes, evidence is limited, and
one must consider that pulse oximetry probes represent a
small fraction of anesthetic equipment requiring decontamination.75 Accordingly, different probe models may be
advantageous in specific conditions. For instance, ear and
forehead probes may be more reliable during vasoconstriction compared with finger probes, given that the arterial
vessels of such regions are less responsive to circulating catecholamines. As an example, in hypotensive patients that
require vasopressors, ear and forehead probes may provide
more accurate value of SpO2, because these areas are less
likely to vasoconstrict with endogenous and exogenous catecholamines compared to fingers or toes.76,77 During hypothermia with secondary vasoconstriction, the forehead
probe is more reliable compared with the finger probe.78,79
Emerging Techniques: Pulse spectroscopy is a new technique that utilizes hundreds of wavelengths to assess normal
and dysfunctional hemoglobins. Initial results are promising with accurate SpO2 determinations, as well as COHb and
MetHb assessment during normoxia and hypoxia.80!

Mixed Venous Oxygen Saturation
PHYSIOLOGIC FUNDAMENTALS
Mixed venous oxygen saturation (SvO2) is the O2 saturation
of blood at the proximal pulmonary artery. It has been a frequently monitored variable in critically ill patients, since
it reflects the average O2 saturation of the blood returning
from the body to the right heart, weighted by the respective
regional blood flows. As such, it is a measure of the balance
between .global oxygen delivery (DO2) and global oxygen
uptake (VO 2), and a useful resuscitation target.81 Factors
that influence the SvO2 can be illustrated through a derivation of the mixed venous O2 content equation.
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.
VO2 (mL/min) is defined as

↓ Sv- O2 or ScvO2

V̇O2 = 10 × Q̇T × (Ca O2 − CvO2 )

(41.6)

↑ VO2

↓ DO2

where ˙ is the cardiac output (L/min), and CvO2 is the O2
content of the mixed venous blood (mL/100 mL).
Rearranging Eq. (41.6) to solve for CvO2 yields
CvO2 = Ca O2 − V̇O2 /Q̇T

(41.7)

The contribution of dissolved O2 to the blood O2 content
is small. By expanding the definition of O2 content (Eq.
41.1) and ignoring the term for dissolved O2, Eq. (41.7) can
be rewritten as
SvO2 = Sa O2 – V̇O2 / (1.34 ⋅ Hb ⋅ QT )

(41.8)

Normal values of SvO2 range between 65% and 80%.82,83
Values close to 40% are associated with tissue hypoxia,
anaerobic metabolism, and lactate production. PvO2 can be
derived from SvO2 values by utilizing the O2Hb dissociation
curve adjusted to mixed-venous pH, PCO2, and temperature
(see Fig. 41.2). The normal value of PvO2 is 40 mm Hg.
DO2 is defined as
(41.9)
As is evident from Eq. (41.8), a low SvO2 indicates either a
reduction in DO2 secondary
to low SaO2, low Hb, or low ˙ ,
.
or an. increase in VO2. The association among SvO2, DO2,
and VO2 can be illustrated by expressing SvO2 as a function
of the O2 extraction ratio, ERO2.
˙

(41.10)

Expanding the terms yields
(41.11)
ERO2 = 1 − CvO2 /CaO2
Assuming that the O2 dissolved in plasma is a negligible
component to total O2 content dissolved in the arterial or
mixed venous blood, Eq. (41.11) can be rewritten as
ERO2 = 1 − SvO2 /SaO2

(41.12)

For conditions in which the arterial blood is fully saturated, Eq. (41.12) may be further simplified:
ERO2 = 1 – SvO2
Solving for SvO2 yields

(41.13)

SvO2 = 1 – ERO2

(41.14)

Thus a reduction in SvO2 results
from an increase in
.
ERO2, from either an increased VO2 or a decreased DO2 (Fig.
41.7). A decrease in DO2 occurs in conditions such .as hemorrhagic or hypovolemic shock. An increase in VO2 may
occur in conditions such as stress, pain, shivering, sepsis,
and thyrotoxicosis. Conversely, an increase in SvO2 indicates either an increase
. in O2 supply (elevated SaO2, Hb, or
˙ ) or a reduction in VO2, as occurs during hypothermia.
There are some subtle considerations in the interpretation of changes in SvO2. At PO2 values typical of venous

↑ Sv- O2 or ScvO2
↓ VO2

↑ DO2

O2
Fig. 41.7 Mixed venous saturation is a measure of the balance between
.
global oxygen delivery and uptake. Conditions which increase VO2 or
decrease DO2 will. lead to a reduction in SvO2. Conversely, conditions
which decrease VO2 or improve DO2 will lead to an increase in the
SvO2. (Modified from Shepherd SJ, Pearse RM. Role of central and mixed
venous oxygen saturation measurement in perioperative care. Anesthesiology. 2009;111:649–656.)

blood, small increases in the fraction of inspired oxygen
(FIO2) can cause significant increases in SvO2 because of
the shape of the O2Hb dissociation curve (Fig. 41.2). Therefore, when SvO2 is tracked as a measure of cardiac function,
changes in FIO2 must be taken into account during its interpretation.84 In the setting of septic shock, impairment in O2
extraction may yield normal SvO2 values, despite the presence of tissue hypoxia.
Direct measurement of SvO2 requires the insertion of a
pulmonary artery catheter, a procedure associated with
some morbidity. However, in most clinical situations,
the O2 saturation of a blood sample drawn from a central
venous catheter will suffice. Thus the use of central venous
saturation can be a surrogate for SvO2. The saturation of
blood at the level of a central venous catheter placed in the
superior vena cava (ScvO2) reflects the balance between
O2 supply and demand in the brain and upper extremities.
Under normal physiologic conditions, SCVO2 is typically 2%
to 5% less than SvO2, primarily because of the higher O2
content of splanchnic and renal venous blood.85 However,
during hemodynamic instability, as circulation is redistributed to the upper body, the relationship between SvO2
and SCVO2 may reverse, and the difference between the two
may increase significantly.86-88 Although trends in SCVO2
may reflect those in SvO2, the two measures cannot be used
interchangeably.88-96
Mixed venous CO2 has been used to compute the arteriovenous CO2 difference (∆PCO2 = PSvO
CO
2 2−PaCO2). In
conditions of steady-state CO2 production, ∆PCO2 changes
inversely and nonlinearly with cardiac output as a result of
the Fick equation.97 Accordingly, ∆PCO2 is an indicator of
the adequacy of cardiac output to provide adequate clearance of tissue CO2. However, because of several limitations,
the parameter has not yet found widespread clinical use.97!

MEASUREMENT PRINCIPLES
The measurement of venous O2 saturation can be performed intermittently by co-oximetry of blood sampled
from the distal tip of a pulmonary artery catheter (SvO2)
or a central venous catheter (SCVO2). Falsely increased
values can occur in the presence of a wedged pulmonary
artery tip, mitral regurgitation, or left-to-right shunts.98
Venous saturations can also be measured continuously by
spectrophotometry using specialized fiberoptic catheters,
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which transmit infrared light and detect the amount of
light reflected from red blood cells.99,100 Specialized venous
oximetry catheters are available for both pulmonary artery
and central venous monitoring and have the advantage
of providing continuous measurements of O2 saturation. Their disadvantage is the cost. Although continuous
venous oximetry catheters trend changes, their reported
absolute values are not equivalent to concurrently obtained
co-oximetry measurements.101-103!

APPLICATIONS AND INTERPRETATION
In patients undergoing major abdominal or cardiac surgery,
intraoperative reductions in SvO2 and SCVO2 have been
associated with postoperative complications.104-108 Protocol-based interventions that target specific values of SvO2 or
SCVO2 have been shown to reduce the length of stay, organ
dysfunction, and mortality in patients undergoing major
surgery and patients presenting with sepsis.109-111 Goaldirected therapy based on ScvO2 has been advocated for the
management of sepsis, and the implementation of such protocols is associated with improvements in mortality.112,113
The use of SCVO2 as a therapeutic endpoint remains controversial for several reasons: SCVO2 may be increased in sepsis
because of impaired tissue O2 extraction114; the increased
cost associated with the use of SCVO2-measuring catheters115; and other measures, such as lactate clearance, are
less costly while leading to similar outcomes.116 Furthermore, the management of sepsis without an SCVO2 endpoint can yield equally favorable results.115 The difference
between SvO2 and SCVO2 has been proposed as a marker of
complications after cardiac surgery.117!

Tissue Oxygenation
Arterial and venous O2 saturations are measures of DO2
and uptake by the whole body. Although useful, these
global measures do not provide information regarding
organ or tissue oxygenation, which reflects the important
local balance between O2 supply and demand. Regional
O2 balance can differ both among organs as well as within
regions of the same organ.118 Current noninvasive methods for the assessment of microcirculatory oxygenation
make use of reflectance spectroscopy using light either in
the visible spectrum (VLS) or in the near-infrared spectrum
(NIRS). A recent technique based on the protoporphyrin IX
triplet state lifetime aims at the assessment of mitochondrial
O2 tension in vivo, and opens the prospect of future clinical
monitoring (see Fig. 41.1).119
Reflectance spectroscopy probes have light emitters
and receivers positioned in line (Fig. 41.8). When they
are placed on a tissue surface, light transmission through
the tissue is affected by reflection, absorption, and scatter.
Reflection depends on the angle of incidence of the light
beam and the wavelength of light, whereas scatter depends
on the number and type of tissue interfaces. As previously
outlined, the Beer-Lambert law relates the absorption of
light by the tissue to the concentration of tissue chromophores, the extinction coefficient of each, and the pathlength of the light through the tissue.120 The predominant
tissue chromophore is hemoglobin. The pathlength of the
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Fig. 41.8 Near Infrared Spectroscopy Applied to Cerebral Oximetry. In this case, a reflectance oximeter is placed on the forehead. Near
infrared wavelength light is emitted from the light source and enters
the underlying tissue. Light is scattered, reflected, and absorbed. Light
that reaches the photodetector travels an arc-shaped path. The depth
of the path is a function of the distance between the emitter and the
detector. The measured value is the oxygen saturation of the tissue
through which the light travels on its way to the detector. It is a primarily venous-weighted value. NIRS, Near infrared spectroscopy. (Redrawn
from Casati A, Spreafico E, Putzu M, et al. New technology for noninvasive brain monitoring: continuous cerebral oximetry. Minerva Anestesiol.
2006;72:605–625.)

light is affected by both reflection and scatter, so it cannot
be measured directly, but rather must be estimated. Most of
the detected photons travel in an arc between the two detectors (see Fig. 41.8). The depth of penetration of the arc into
the tissue is proportional to the wavelength of light and the
distance between the transmitter and detector.120,121
VLS makes use of white light with wavelengths of 500 to
800 nm, whereas NIRS employs light in the 700 to 1100
nm range.122 In general, the depth of penetration of VLS is
less than that of NIRS, thus allowing superficial measurements of up to 16 mm and making it suitable for measurements of small subsurface volumes. NIRS can penetrate
tissue to a depth of several centimeters and allows sampling
of a larger volume of tissue.123 The O2 saturation displayed
is that of a volume of tissue. This volume includes arteries, capillaries, and veins, and has a predominantly venous
weighting.124

CLINICAL APPLICATIONS
A number of applications have been described for VLS. Buccal microvascular Hb saturation has been associated with
survival in patients with sepsis.125 VLS has also been used
for monitoring flap viability following reconstructive surgery.126 During gastrointestinal and esophageal surgery,
reductions in gastrointestinal tissue saturation, measured
by VLS, have been associated with postoperative anastomotic complications.127,128 Endoscopic VLS differentiates
between normal and ischemic areas of colon,129 and it may
be useful for the diagnosis of mesenteric ischemia.130 In
addition, mucosal O2 saturation of the gastric conduit following esophagectomy is useful and explores the benefits of
ischemic preconditioning.131
The most widespread application of NIRS has been
in cerebral oximetry,118 with probes placed on the forehead to measure frontal cortical oxygenation (rSO2). Several NIRS systems are commercially available, with each
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manufacturer offering a different specific technology. As
there is no gold standard for cerebral oximetry, it is difficult
to compare the accuracy of the devices. Furthermore, each
device has its own set of “normal” values. For this reason,
acquisition of baseline values for each patient at the start
of the procedure has been recommended.132 Typical values
of rSO2 range from 51% to 82% with a mean baseline of
66%.133 A reduction of rSO2 below 20% to 25% of the baseline, or lower than an absolute value of 50%, is a suggested
threshold for intervention.134,135
The utility of cerebral oximetry has been explored in cardiovascular, abdominal, thoracic, and orthopedic surgery.
In the cardiac surgical setting, intraoperative reductions in
rSO2 have been associated with early postoperative cognitive dysfunction and prolonged ICU and hospital lengths of
stay.135-138 Baseline rSO2 measurements have been associated with 30-day mortality after left ventricular assist
device surgery.139 As a guide to therapy, interventions
for rSO2 reductions less than 75% of baseline in patients
undergoing coronary artery bypass graft surgery have been
shown to significantly reduce the incidence of major organ
morbidity and mortality, as well as ICU length of stay.134
During carotid endarterectomy, intraoperative reductions in rSO2 correlate well with changes in transcranial
Doppler measurements,140-144 electroencephalographic
waveforms,145-147 and stump pressure144,148,149, which are
consistent with ischemia. Although some studies indicate
that reductions in rSO2 that are less than 20% of baseline
are well tolerated, data are lacking for a clear rSO2 threshold for carotid shunt placement.150,151 NIRS has also been
preliminarily used during and following ICU open thoracoabdominal aortic aneurysm repair for continuous monitoring of spinal cord oxygenation152.
In elderly patients undergoing major abdominal surgery,
protocol-based intraoperative treatment of reductions in
rSO2 results in decreases in postoperative cognitive decline
and hospital length of stay.153 In patients undergoing thoracic surgical procedures with single-lung ventilation,
early postoperative cognitive dysfunction is directly related
to intraoperative exposure time to rSO2 less than 65%.154
Patients undergoing shoulder surgery in the beach chair
position have a lower baseline rSO2 and a larger number
of episodes of cerebral desaturation, although the clinical
implications of these findings are unclear.155-157
Shock is a condition in which patients may have inadequate regional perfusion in the setting of normal global perfusion parameters. In such circumstances, the use of NIRS
to monitor tissue perfusion holds some promise. Values
obtained by the application of an NIRS probe to the thenar
eminence (StO2) discriminate between healthy volunteers
and patients with shock.158 Furthermore, in patients with
major trauma who present with shock, StO2 values can
identify patients who proceed to develop multiorgan dysfunction or actually die.159,160
Overall, available information is still limited to warrant
clinical decision making exclusively based on NIRS measurements. Currently there is insufficient evidence to support the use of perioperative NIRS monitoring in adults to
reduce short-term or mild postoperative cognitive dysfunction, postoperative stroke, delirium, or death.161 Of note,
in a 2015 retrospective study, patients who self-identified
as African American had lower rSO2 compared with those

who self-identified as Caucasian, a finding attributed to
light attenuation by skin pigmentation.162 Further investigations are necessary to improve our understanding of
NIRS and its relevance for clinical management.!

Capnometry and Capnography
GENERAL CONCEPTS
The presence CO2 in exhaled breath reflects the fundamental physiologic processes of ventilation, pulmonary blood
flow, and aerobic metabolism. Its continued monitoring
ensures the anesthesiologist of correct placement of an
endotracheal tube (ETT) or laryngeal mask airway (LMA),
as well as the integrity of a breathing circuit. Exhaled CO2
provides information primarily on ventilation. It is also used
to estimate the adequacy of cardiac output. In combination
with PaCO2, exhaled CO2 can be used to estimate the ratio
of physiologic dead space (VD) to tidal volume (VT) by using
the Bohr equation163:
PaCO2 − PE CO2
VD
=
(41.15)
VT
PaCO2
where PE CO2 is the mixed expired CO2 partial pressure, such
as measured in exhaled air collected in a mixing bag chamber, or computed from a volumetric capnogram. The ability
to detect and quantify CO2 is a crucial component of respiratory monitoring in anesthesia and critical care medicine.
Considerable confusion arises from inconsistent and
interchangeable terminology as applied to medical CO2 gas
analysis.163-165 In a very general sense, capnometry refers to
the measurement and quantification of inhaled or exhaled
CO2 concentrations at the airway opening. Capnography,
however, refers not only to the method of CO2 measurement, but also to its graphic display as a function of time
or volume. A capnometer is simply a device that measures
CO2 concentrations. A capnometer may display a numeric
value for inspired or exhaled CO2. A capnograph, however, is
a device that records and displays CO2 concentrations, usually as a function of time. A capnogram refers to the graphic
display that the capnograph generates. Fig. 41.9 illustrates
a typical CO2 concentration profile for three breaths as a
function of time.!

MEASUREMENT PRINCIPLES
Various methods exist for detecting and quantifying CO2
concentrations in respiratory gases, such as mass spectrometry, Raman spectrometry, or gas chromatography.166,167
The most commonly used method in clinical environments
relies on nondispersive infrared absorption.168 With this
technique, a beam of infrared light is passed through a gas
sample, and the resulting intensity of the transmitted light
is measured by a photodetector.164 Gaseous CO2 absorbs
light over a very narrow bandwidth centered around 4.26
µm. Its presence in the sample cell decreases the amount
of infrared light at this wavelength that reaches the detector in proportion to its concentration. Because the absorption spectrum for CO2 partially overlaps with the spectra of
other gaseous species commonly encountered in anesthesia (i.e., water and nitrous oxide169), infrared filters and
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Fig. 41.9 Representative Time Capnogram for Three Breaths. The expiratory segment is divided into phases I, II, III, and IV. The inspiratory segment
is referred to as phase 0 in this figure. α denotes the angle between phases II and III, whereas β denotes the angle between phase III and the descending
limb of phase 0. Phase IV (dashed line in third breath) denotes the upstroke observed at the end of phase III in some patients. PETCO2, Partial pressure of
end-tidal carbon dioxide. (Courtesy Respironics, Inc., Murraysville, PA, with permission.)

compensation algorithms are used to minimize this interference and improve accuracy.170
Most capnometers rely on infrared-light source that is
focused on a chopper disk that rotates at approximately 60
revolutions per second. The chopper allows the beam to be
alternately directed through (1) the sample cell with the gas
to be analyzed and (2) a reference cell with no detectable
CO2. In addition, the light source is completely blocked at
various points during the revolution of the chopper disk.
The photodetector and associated circuitry process these
three signals to estimate the changes in CO2 concentration
continuously in the sample cell. Alternatively, CO2 concentration may be estimated with solid-state technology,
using a beam splitter instead of a chopper wheel. The splitter allows for the measurement of infrared energy at wavelengths within and outside the absorption spectrum of CO2.
Capnometers fall into two general categories: sidestream
(diverting) and mainstream (nondiverting). Sidestream
analyzers are more frequently used in clinical environments. Their CO2 sensors are physically located away from
the airway gases to be measured. Sidestream analyzers
incorporate a pump or compressor that aspirates gases into
a sample cell located at the unit’s console (Fig. 41.10A).
Typical tubing length for this aspiration may be 6 feet, and
gas withdrawal rates may vary from 30 to 500 mL/min.
This lost gas volume may need to be considered during
closed-circuit anesthesia or during ventilation of neonates
and infants. The volume can be returned to the circuit, or
it can be routed to a scavenger to prevent contamination
of the environment with anesthetic or waste gases. Gases
must also pass through various filters and water traps
before they are presented to the sample cell.164 Sidestream
capnometers have a transport delay time corresponding
to the rate at which gas is sampled and the washout of the
analyzing chamber (see Fig. 41.10B). The capnograms
generated by sidestream analyzers also have an associated
rise time, defined as the time required for the analyzer to
respond to a sudden change in CO2 concentration.171 By
convention, this is usually the time interval required for the
for the analyzer output to change from 10% to 70% of its
final value.*,171 Typical rise times for commercially available capnometers range from 10 to 400 ms, and they can
depend on the rotation of the chopper wheel, the rate of gas
aspiration, the volume of aspiration tubing and water traps,
* Rise time may also be defined as the time required for the analyzer output
to change from 10% to 90% of its final value.

and the dynamic response of the infrared filters and other
electronics.
With mainstream analyzers, the sample cell is placed
directly into the patient’s breathing circuit. Thus the inspiratory or expiratory gases pass directly through the infrared
light path (see Fig. 41.10C). An advantage of mainstream
analyzers is that they have no delay time (see Fig. 41.10D).
Moreover, their rise time is generally faster than that of
sidestream analyzers.171 A disadvantage is the potential
increase in dead space, although recent developments
in solid-state electronics have made this much less of an
issue.172 In addition, the sample cell is usually heated to
40°C to minimize the condensation of water vapor, which
can bias the measurement. This increase in temperature,
combined with the proximity of the sensor to the patient’s
airway, can potentially increase the risk of facial burns.!

TIME CAPNOGRAM
The simplest and most widely used form of display for
exhaled CO2 is the time capnogram. The time capnogram
displays both inspiratory and expiratory phases. Fig. 41.9
shows a typical time capnogram for three breaths. The
expiratory phase is divided into three distinct components.
Phase I corresponds to the exhalation of dead space gas from
the central conducting airways or any equipment distal to
the sampling site, which ideally should have no detectable
CO2 (i.e., partial pressure of CO2, PCO2 ∼ 0). During phase
II, a sharp rise in PCO2 to a plateau indicates the sampling
of transitional gas between the airways and alveoli. The
plateau region of the capnogram, phase III, corresponds to
the PCO2 in the alveolar compartment. For a lung with relatively homogeneous ventilation, phase III is approximately
flat throughout expiration. In fact, various mechanisms
contribute to the slight upsloping of CO2 concentration versus time during phase III. Most of these mechanisms reflect
a heterogeneous distribution of ventilation-perfusion ( ˙ ˙ )
or alveolar CO2 partial pressure (PACO2) throughout the
lung. Well-ventilated and well-matched ˙ ˙ regions tend
to have lower PCO2 and shorter time constants, and they
empty earlier during the expiratory phase. Less well-ventilated and poorly matched ˙ ˙ regions have higher CO2
levels, and they empty later in the expiratory cycle. Respiratory pathologies associated with an increase in ventilation
heterogeneity, such as asthma, chronic obstructive pulmonary disease (COPD), or acute lung injury,173 yield a steeper
upslope of phase III. Interventions that improve ventilation
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Fig. 41.10 Schematics of sidestream (A) and mainstream (C) capnometry sampling methods, along with corresponding representative time capnograms (curves in B and D) following a step increase in CO2 concentration (blue lines). Rise time (T70) corresponds to the time required for either sensor
to change from 10% to 70% of its final value. A delay time is observed for the sidestream analyzer, corresponding to the aspiration rate of the sampled
gas and the washout of the analyzing chamber. IR, Infrared. (Modified from Jaffe MB. Mainstream or sidestream capnography? Technical considerations.
Wallingford, CT: Respironics Novametric, Inc; 2002;; and Brunner JX, Westenskow DR. How the rise time of carbon dioxide analysers influences the accuracy of
carbon dioxide measurements. Br J Anaesth. 1988;61:628–638.)

homogeneity, such as positive end-expiratory pressure
(PEEP) or bronchodilators, flatten phase III. Mechanical
disturbances may also be present during phase III, reflecting processes such as spontaneous breathing efforts, cardiogenic oscillations, or surgical manipulation (Fig. 41.11).
Following phase III, a sharp downstroke of PCO2 occurs as
fresh inspired gas moves past the sampling site and washes
out the remaining CO2. This is referred to as the beginning
of phase 0 by some authors,165,174 or phase IV by others.166 Occasionally, a sharp upstroke in PCO2 is observed
at the very end of phase III, which is termed phase IV or IV′,
depending on the author.175 This upstroke probably results
from the closure of lung units with relatively low PCO2 and
allows for regions of higher CO2 to contribute a greater
proportion of the exhaled gas to be sampled.165 Additional
insights into various abnormalities in ventilation or perfusion are also obtained by trending time capnograms over
many breaths for long periods (Fig. 41.12).
The term “end-tidal” CO2 (PETCO2) generally refers to the
final value of the exhaled PCO2 curve, at the very end of the
expiratory phase. The method used to determine this number
is not universal, and varies according to the manufacturer of

the particular capnograph in use. For example, PETCO2 may
simply be (1) the PCO2 value just before inspiration, (2) the
largest PCO2 value during a single exhalation cycle, or (3)
the PCO2 value at a specified time in the capnogram averaged
across several breaths. If PETCO2 is measured during a reasonably flat and undistorted phase III, it may be well correlated with PaCO2.170 This may not be the case if the duration
of phase III is truncated, or if CO2 is measured from gas that
is contaminated with room or O2-enriched air (i.e., during
spontaneous breathing with a nasal cannula or facemask).
Potential causes of increased or decreased PETCO2 are listed
in Table 41.2. In healthy individuals with homogeneous
ventilation, the difference between PaCO2 and PETCO2 is usually less than 5 mm Hg, thereby expressing the equilibration
between alveolar and pulmonary capillary blood. Several
disease states compromise this equilibration and produce
increased PaCO2 − PETCO2 difference (Box 41.2). There are
situations in which PETCO2 can be greater than PaCO2, especially in the presence of severe ventilation heterogeneity and
lung units with very low ˙ ˙ . For steady-state conditions,
the PETCO2 usually reflects the relative balance between CO2
production and alveolar ventilation.!
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Fig. 41.11 Representative Time Capnograms under Normal and Abnormal Conditions. (A) Normal capnogram during controlled mechanical ventilation; (B) normal capnogram during spontaneous breathing; (C) increased upslope of phase III, as may occur during bronchospasm (asthma, chronic
obstructive pulmonary disease), or partially obstructed endotracheal tube/breathing circuit; (D) cardiogenic oscillations at the end of exhalation as flow
decreases to zero and the beating heart causes emptying of different lung regions and back-and-forth motion between exhaled and fresh gas; (E) clefts
during phase III indicating spontaneous breathing efforts during controlled mechanical ventilation; (F) esophageal intubation; (G) rebreathing of CO2,
as may occur with faulty expiratory valve or exhausted absorber system. Inspiratory CO2 is consistently above 0; (H) faulty inspiratory valve, resulting in
a slower downslope, which extends into the inhalation phase (phase 0) as CO2 in the inspiratory limb is rebreathed; (I) two peaks in phase III suggestive
of sequential emptying of two heterogeneous compartments, as may be seen in a patient with a single lung transplant; (J) faulty inspiratory valve; (K)
sudden shortening of the duration of phase III during controlled mechanical ventilation, suggesting the abrupt onset of a ruptured or leaking endotracheal tube cuff; (L) dual plateau in phase III, suggesting the presence of a leak in a sidestream sample line. Early portion of phase III abnormally low due
to dilution of exhaled gas with ambient air. The sharp increase in CO2 at the end of phase III reflects a diminished leak resulting from the increased circuit
pressure at the onset of inspiration. PCO2, Partial pressure of carbon dioxide. (Modified from Hess D. Capnometry and capnography: technical aspects,
physiologic aspects, and clinical applications. Respir Care. 1990;35:557–576; Roberts WA, Maniscalco WM, Cohen AR, et al. The use of capnography for recognition of esophageal intubation in the neonatal intensive care unit. Pediatr Pulmonol. 1995;19:262–268; and Eskaros SM, Papadakos PJ, Lachmann B. Respiratory
monitoring. In: Miller RD, Eriksson LI, Fleisher LA, eds. Miller’s Anesthesia. 7th ed. New York, NY: Churchill Livingstone; 2010:1427.)

VOLUME CAPNOGRAM
Although time capnography is relatively straightforward
to monitor in clinical environments, a major limitation of
the technique is its lack of information regarding respiratory flows or volumes.174 The volume capnogram is a graphic
display of CO2 concentration or partial pressure versus
exhaled volume.166 The inspiratory phase is not defined in
a volume capnogram. Similar to its temporal counterpart,
it is also partitioned into three distinct phases (I, II, and III)

corresponding to anatomic dead space, transitional, and
alveolar gas samples (Fig. 41.13). However, it possesses
several advantages over the time capnogram. First, it allows
for estimation of the relative contributions of anatomic and
alveolar components of physiologic dead space.175a,176
Second, it is more sensitive than the time capnogram in
detecting subtle changes in dead space that are caused by
alterations in PEEP, pulmonary blood flow, or ventilation
heterogeneity (Fig. 41.14). Finally, the numeric integral of
PCO2 as a function of volume allows for determination of
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Fig. 41.12 Representative time capnograms trended over many breaths, illustrating various abnormalities in ventilation and/or perfusion. (A) sudden
drop in CO2 due to catastrophic loss of ventilation; (B) leak or partial obstruction in breathing circuit; (C) sudden interruption in pulmonary perfusion,
as may occur during cardiac arrest; (D) gradual decrease in CO2 due to hyperventilation, decreased metabolism, or decreased pulmonary perfusion; (E)
gradual increase in CO2 as may occur during hypoventilation, laparoscopic insufflation, increased metabolism, or increased pulmonary perfusion; (F)
transient rise in CO2 indicated acute increase in CO2 delivery to the lungs, as may occur during release of a tourniquet or administration of a bicarbonate
bolus; (G) rise in both the baseline and end-tidal CO2, consistent with a contaminated sample cell; (H) gradual rise in baseline and end-tidal CO2, consistent with rebreathing. PCO2, Partial pressure of CO2. (Modified from Swedlow DB. Capnometry and capnography: the anesthesia disaster early warning
system. Semin Anesth. 1986;5:194–205.)

the total mass of CO2 exhaled during a breath and provides
for the estimation of ˙ .!

Blood Gas Analysis
PHYSIOLOGIC FUNDAMENTALS
Arterial blood gas analysis is used to assess oxygenation,
ventilation, and acid-base status. This section focuses on the
use of arterial blood gases to assess oxygenation and ventilation. For a discussion of acid-base status, see Chapter 48,
“Perioperative Acid-Base Balance.”
Oxygenation is reflected in the PaO2, which is a function of the alveolar partial pressure of O2 (PAO2) and the
efficiency of O2 transfer from alveoli to the pulmonary
capillary blood. In healthy adults breathing room air
at sea level, PaO2 ranges between 80 and 100 mm Hg.
The normal value of PaO2 decreases with increasing age
and increasing altitude. Hypoxemia is defined as a PaO2

less than 80 mm Hg. There are five physiologic causes of
hypoxemia: (1) hypoventilation, (2) ˙ ˙ mismatching, (3)
right-to-left shunt, (4) diffusion limitation, and (5) diffusion-perfusion mismatch. The first three causes explain
the majority of hypoxemia in the perioperative setting.
Reduced inspired PO2 (e.g., in faulty closed or partially
closed anesthesia breathing circuits or at high altitude) is
an additional cause of hypoxemia.
These factors produce hypoxemia by affecting different
steps of O2 transport from the environment to the arterial blood. A low inspired PO2, as well as hypoventilation, reduces the PAO2. ˙ ˙ mismatch, right-to-left shunt,
and alveolar diffusion limitation affect the efficiency of O2
exchange. Diffusion limitation plays a role in conditions
that thicken the alveolar-capillary barrier, such as interstitial lung diseases, and in hypoxemia induced by exercise or
altitude.177,178 In the clinical setting, impairment of diffusion of O2 or CO2 rarely occurs to a significant extent. The
remainder of this section focuses on ˙ ˙ mismatch and
right-to-left shunt.
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TABLE 41.2 Causes of Changes in Partial Pressure of
End-Tidal Carbon Dioxide
↓PETCO2

↑CO2 Production and Delivery to
the Lungs
Increased metabolic rate
Fever
Sepsis
Seizures
Malignant hyperthermia
Thyrotoxicosis
Increased cardiac output (e.g.,
during CPR)
Bicarbonate administration

↓CO2 Production and Delivery to
the Lungs
Hypothermia
Pulmonary hypoperfusion
Cardiac arrest
Pulmonary embolism
Hemorrhage
Hypotension

↓Alveolar Ventilation
Hypoventilation
Respiratory center depression
Partial muscular paralysis
Neuromuscular disease
High spinal anesthesia
COPD

↑Alveolar Ventilation
Hyperventilation

Equipment Malfunction
Rebreathing
Exhausted CO2 absorber
Leak in ventilator circuit
Faulty inspiratory/expiratory
valve

Equipment Malfunction
Ventilator disconnect
Esophageal intubation
Complete airway obstruction
Poor sampling
Leak around endotracheal tube
cuff

Y
q
FCO2

↑PETCO2

1313

Z

FETCO2
X

p
Expired volume
VDaw

VTalv
VT

CO2, Carbon dioxide; COPD, chronic obstructive pulmonary disease; CPR,
cardiopulmonary resuscitation; PETCO2, partial pressure of end-tidal
carbon dioxide. Modified from Hess D. Capnometry and capnography:
technical aspects, physiologic aspects, and clinical applications. Respir
Care. 1990;35:557–576.

BOX 41.2 Causes of Increased Arterialto-End-Tidal Carbon Dioxide Pressure
Difference P(a-ET)CO2
Increased ventilation-perfusion heterogeneity, particularly with
high V/Q regions
Pulmonary hypoperfusion
Pulmonary embolism
Cardiac arrest
Positive pressure ventilation (especially with PEEP)
High-rate low-tidal-volume ventilation
PEEP, Positive end-expiratory pressure. Modified from Hess D. Capnometry and capnography: technical aspects, physiologic aspects, and
clinical applications. Respir Care. 1990;35:557–576.

˙ ˙ mismatch is the most common cause of hypoxemia
in the clinical setting. Ventilation and perfusion are nonuniformly distributed throughout the normal lung, with
worsening mismatch in the setting of lung disease, general
anesthesia, and mechanical ventilation. Areas with low or
zero ˙ ˙ yield low end-capillary PO2, whereas areas with
normal or high ˙ ˙ produce higher end-capillary PO2.
However, because of the plateau of the O2Hb dissociation
curve (see Fig. 41.2), the normal and high ˙ ˙ regions are
limited in the extent to which they increase the O2 content
and compensate for the low ˙ ˙ regions (Fig. 41.15). Consequently, ˙ ˙ mismatch results in hypoxemia.

Fig. 41.13 The volume capnogram is a plot of the fraction of CO2
(FCO2) in exhaled gas versus exhaled volume. It is divided into three
phases, which reflect the same sources of expired gas as present in
the time capnograph: anatomic dead space (phase I, red), transitional
(phase II, blue), and alveolar gas (phase III, green). The volume capnogram allows for the partition of total tidal volume (VT) into airway dead
space volume (VDaw) and an effective alveolar tidal volume (VTalv) by
a vertical line through Phase II, positioned such that the approximately
triangular areas p and q are equal. It also provides the slope of phase
III as a quantitative measure of the heterogeneity of alveolar ventilation. The total area below the horizontal line (denoting the FCO2 of a
gas in equilibrium with arterial blood) can be divided into three distinct areas: X, Y, and Z. Area X corresponds to the total volume of CO2
exhaled over a tidal breath. This value can be used to compute the CO2
production (VCO2), and the mixed expired CO2 fraction or partial pressure to be used in the Bohr equation (Eq. [41.15]) based on the division of the exhaled CO2 volume by the exhaled tidal volume. Area Y
represents wasted ventilation due to alveolar dead space, while area Z
corresponds to wasted ventilation due to anatomic deadspace (VDaw).
Thus areas Y + Z represent the total physiologic dead space. The volume capnogram can also be plotted as a PCO2 versus exhaled volume
curve. FET CO2, Fraction of end-tidal carbon dioxide. (Modified from
Fletcher R, Jonson B, Cumming G, et al. The concept of deadspace with
special reference to the single breath test for carbon dioxide. Br J Anaesth.
1981;53:77–88.)

Right-to left shunt is the amount of blood that flows from
the pulmonary artery to the systemic arterial circulation
without undergoing pulmonary gas exchange. It represents
an extreme case of ˙ ˙ mismatch in which the ratio equals
zero and the end-capillary gas partial pressures are equal to
the values found in mixed venous blood. In healthy awake
spontaneously breathing subjects, intrapulmonary shunt is
negligible,179 and a small (<1% of cardiac output) extrapulmonary shunt results from drainage of the bronchial and
Thebesian veins into the arterial side of the circulation.180
During general anesthesia, a right-to-left shunt can develop
as a result of atelectasis.181,182 Right-to-left shunt can also
be seen in pathologic conditions such as pneumonia and
acute lung injury. The effect of the shunt on PaO2 is a function of the magnitude of the shunt, FIO2, and the cardiac
output (Fig. 41.16). Importantly, increases in FIO2 have a
small effect on PaO2 in the presence of large true right-to-left
shunt (see Fig. 41.16).
The traditional method to estimate flow through shunting regions ( ˙ ) as a fraction of the total cardiac output ( ˙ )
is based on the modeling of the lung as a three-compartment
system (Fig. 41.17).183 The three compartments represent
(1) lung regions receiving both ventilation and perfusion,
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where ˙ is the shunted blood flow, and Cc′O2 is the endcapillary O2 content. Cc′O2 is calculated using Eq. (41.1),
assuming equilibration between the end-capillary blood
and alveolar gas. The PAO2 is calculated using the ideal
alveolar gas equation:
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PA O2 = FI O2 ⋅ (Patm − PH2 O ) – PaCO2 /R (41.17)
where FIO2 is the inspired O2 fraction, Patm is barometric
pressure (typically assumed to be the pressure of one standard atmosphere at sea level, 760 mm Hg), and
is
partial pressure of water vapor (47 mm Hg at 37°C). R, the
respiratory quotient, is the ratio of pulmonary CO2 elimina˙
˙ ), which equals the value of
tion to O2 uptake (
0.8 under normal diet and metabolic conditions.
The three-compartment model is a simplification of the
real lung. As a result, under conditions of FIO2 less than
100%, Q̇S /Q̇T computed with Eq. (41.16) represents a
combination of all factors producing hypoxemia, predominantly true right-to-left shunt and ˙ ˙ mismatch. Under
such conditions, Q̇S /Q̇T is referred to as venous admixture.
When FIO2 is 100%, the effects of ˙ ˙ heterogeneity on O2
exchange are eliminated and the equation exclusively yields
the right-to-left shunt fraction.184 The administration of
100% O2 (i.e., FIO2 of 1.0) can lead to the development of
absorption atelectasis in compartments with very low ˙ ˙ ,
thus leading to an increase in true right-to-left shunt.184
If the assumptions are made that end-capillary blood has
an O2 saturation of 100% and the O2 content of blood is predominantly determined by Hb saturation, the shunt fraction equation can be simplified to
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Fig. 41.14 Representative Single-breath Volume Capnograms,
Illustrating Various Abnormalities in Ventilation or Perfusion. (A)
alterations in phases II and III with corresponding changes in positive
end-expiratory pressure (0, 3, 6, 9, and 12 cm H2O) during positive pressure ventilation; (B) alterations in phases II and III with corresponding
changes in pulmonary perfusion (increasing numbers correspond to
decreasing pulmonary blood flow); (C) pronounced positive slope of
phase III during acute bronchospasm (Day 1). Following resolution (Day
5), there is a noticeable reduction in the slope phase III. CO2, Carbon
dioxide. (Modified from Thompson JE, Jaffe MB. Capnographic waveforms
in the mechanically ventilated patient. Respir Care. 2005;50:100–108.)

(2) a shunt compartment ( ˙ ˙ = 0), and (3) a dead space
compartment with ventilation but no perfusion ( ˙ ˙ =
infinity). The application of the concept of mass balance to
this model yields the shunt fraction ( Q̇s /Q̇T) expression
Q̇S /Q̇T =

(Cc'O2 − Ca O2 )
(Cc'O2 − Cv O2 )

(41.16)

(1 − SaO2 )
(1 − SvO2 )

(41.18)

where SaO2 is arterial saturation, and SvO2 is mixed venous
saturation.
Other indices of oxygenation: The calculation of the shunt
fraction is a fundamental measure of O2 exchange impairment. However, a pulmonary artery catheter is required
for the measurement of SvO2. For this reason, indices of
oxygenation that rely on less invasive measures have
been developed. An ideal index should reflect the efficiency
of oxygenation, change with changes in lung function,
remain constant with changes in extrapulmonary conditions (such as FIO2), and provide clinically useful diagnostic
and prognostic information.185 Although PaO2 certainly
reflects arterial blood oxygenation, it is limited in providing
a measure of the magnitude of the O2 exchange deficiency
because of its dependence on the FIO2 and to the nonlinear relationship between PaO2 and blood O2 content.185
As a consequence, several indices based on the PaO2 that
account for the FIO2 or the PAO2 have been developed: the
alveolar-arterial partial pressure gradient of O2 ([A−a]PO2),
the respiratory index ([A−a]PO2/PaO2), the arterial-alveolar ratio of O2 partial pressures (PaO2/PAO2), and the ratio
between PaO2 and FIO2 (PaO2/FIO2 ).185
The advantages of indices based on PaO2 are that their
calculations are fairly simple and require only arterial blood
sampling. However, an important limitation is that these
indices
vary with the FIO2, PaCO2, Hb, and O2 consumption
.
(VO2).186,187 Consequently, changes in those variables can
lead to changes in the values of the indices in the absence of
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Fig. 41.15 Effect of Different Ventilation-Perfusion ( V̇/Q̇) Regions on Partial Pressure of Arterial Oxygen (PaO2). Because of the shape of the
oxyhemoglobin dissociation curve, regions of lung with low ˙ ˙ have a disproportionately greater effect on lowering the arterial saturation than do
regions of lung with normal or higher ˙ ˙ to increase PaO2. Assuming equal blood flow, the average partial pressure of alveolar oxygen (PAO2) of the
V/Q regions represented in the illustration is 10.7 kPa (80 mm Hg). Based on the oxyhemoglobin dissociation curve, however, the average saturation of
the arterial blood is 89%, producing an average PaO2 equal to 7.6 kPa (57 mm Hg). PO2, Partial pressure of oxygen. (Modified from Lumb AB. Nunn’s Applied
Respiratory Physiology. 6th ed. Philadelphia: Elsevier/Butterworth Heinemann; 2005.)

any change in lung gas exchange function. Another limitation is the failure of these indices to account for changes in
˙ ˙ matching resulting from changes in the FIO2. In addition, indices that use PAO2 rely on the assumptions of the
alveolar gas equation, including PACO2 = PaCO2, which
may not hold true in pathologic conditions.
An early index developed to assess oxygenation that
used only peripheral blood sampling was the (A-a)PO2.188
The (A-a)PO2 can help to differentiate ˙ ˙ mismatch,
shunt, and diffusion limitation from hypoventilation and
low FIO2 as causes of hypoxemia. This is because the (A-a)
PO2 is unchanged under conditions of decreased FIO2 and
hypoventilation but increased with ˙ ˙ mismatch, shunt,
and diffusion limitation.
The A-a gradient of O2 is calculated as
(A‐a) PO2 = PA O2 – Pa O2
(41.19)
The normal value of the (A-a)PO2 is less than 10 mm Hg
in young adults breathing room air, and it increases with
age and the administration of supplemental O2. The change
in (A-a)PO2 with age can be estimated by189
(A‐a) PO2 = 0.21 ⋅ (age + 2.5)
(41.20)
The (A-a)PO2 varies significantly with the FIO2 such that
the application of supplemental O2 can lead to an increase
in the (A-a)PO2 independent of pulmonary disease.186 Like
the (A-a)PO2, the respiratory index (A-a)PO2/PaO2 and the
PaO2/PAO2 are sensitive to FIO2, especially in the presence of
a high degree of ˙ ˙ mismatch, such as during acute respiratory distress syndrome (ARDS), and less so in the absence

of true shunt or when low ˙ ˙ regions are minimal (e.g., in
healthy lung or pulmonary embolus).190
Unlike the other indices based on partial pressures, the
PaO2/FIO2 ratio does not use the PAO2 and its associated
assumptions. This index is more stable, particularly under
conditions relevant to ARDS such as PaO2 lower than 100
mm Hg in the setting of an FIO2 greater than 0.5.186,187
PaO2/FIO2 values are part of the diagnostic criteria for
ARDS and have been correlated with outcomes in these
patients.191 When repeated arterial blood sampling is not
possible, the SpO2/FIO2 (also referred to as SF) ratio may be
useful. SF ratio values have shown good correlation with
PaO2/FIO2 values in both adults and children with respiratory failure who have SpO2 values in the range of 80% to
97%.192,193
The PaO2/FIO2 ratio does not characterize factors associated with the severity of respiratory failure such as ventilator settings or respiratory system mechanics.194-196
Another drawback of the PaO2/FIO2 ratio is its dependence
on PEEP or mean airway pressure, because increases in
these variables result in lung recruitment and improved
oxygenation. As a consequence, the oxygenation index (OI)
was proposed as a more robust alternative to the PaO2/FIO2
ratio197:
OI = 100 % ×

FI O2 Pao
Pa O2

(41.21)

where Pao denotes the mean airway pressure. The OI has
been used as a prognostic indicator in pediatric patients
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Fig. 41.16 Relationship between partial pressure of arterial oxygen
(PaO2) and fraction of inspired oxygen (FIO2) for different values of
shunt fraction computed for normal values of barometric pressure,
pH, partial pressure of carbon dioxide (PCO2), base excess, hemoglobin
(Hb) concentration, and arterial-mixed venous oxygen content difference (CaO2 – CgO2). Note the small increase in PaO2 with FIO2 in the
presence of large shunt. This graph corresponds to the so-called isoshunt diagram presented by Lawler and Nunn. (From Welsby PD, Earis
JE. Some high pitched thoughts on chest examination. Postgrad Med J.
2001;77:617–620.)

with acute hypoxemic respiratory failure,198 as a predictor of mortality in adult ARDS,196,199 and as an index of
enhanced lung recruitment during oscillatory ventilation.200 An alternative “oxygenation saturation index”
(OSI) has also been recently proposed:
OSI = 100 % ×

FI O2 Pao
Sp O2

(41.22)

Similar to the pulse oximetric saturation SpO2/FIO2 (SF)
ratio, the OSI eliminates the need for invasive arterial blood gas
sampling by using pulse oximetry. When computed on the day
of ARDS diagnosis, it correlates well with the OI and is associated with increased mortality and fewer ventilator free days.194
Unlike PaO2, PaCO2 can be maintained in the normal
range in the presence of significant ˙ ˙ mismatching.
The reason is that the CO2 content curve has no plateau.
In this way, compensatory hyperventilation can be used to
reduce elevations in PaCO2.201 The dependence of PaCO2 on
CO2 elimination ( ˙ ) and alveolar ventilation ( ˙ ), with
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Fig. 41.17 Three-Compartment Model of Gas Exchange. The lung
is represented as three functional units: alveolar dead space, “ideal”
alveoli, and venous admixture (shunt). Note that the model doesn’t differentiate between true shunt or true dead space and components of
shunt and dead space that are caused by ventilation-perfusion ( ˙ ˙ )
mismatch. CaO2, Arterial oxygen content; Cc′O2, oxygen content of
end pulmonary capillary blood; CvO2, mixed venous oxygen content;
QS , shunted blood flow; ˙ , total blood flow. (From Lumb AB. Nunn’s
Applied Respiratory Physiology. 6th ed. Philadelphia: Elsevier/Butterworth
Heinemann; 2005.)

k in the equation as a conversion factor equal to 0.863, is
expressed by
!
"
˙
˙
(41.23)

In steady-state conditions (constant ˙ ), PaCO2 changes
inversely with the alveolar ventilation. The traditional
measure of ventilation inefficiency has been the fraction
of dead space to tidal volume (VD/VT) as calculated using
the Bohr equation (Eq. 41.15) and the assumption that the
arterial and alveolar partial pressures of CO2 are equivalent
(i.e., PACO2 = PaCO2). The dead space fraction determined
in this manner includes alveolar (i.e., nonperfused alveoli)
and anatomic dead space, as well as regions of high ˙ ˙
ratio. As with the discussion on shunt, the dead space fraction characterizes not only real anatomic dead space, but
also areas of inefficient ventilation (see Fig. 41.17).!

MEASUREMENT PRINCIPLES
PaO2 is measured using a Clark electrode. The electrode
consists of a cathode (either platinum or gold) and an anode
in an electrolytic bath, surrounded by a thin O2 permeable
membrane. The electrode is inserted into the sample, and
O2 diffuses through the membrane and is reduced by the
cathode, generating a current. The current is proportional
to the PO2 in the sample.202 The PCO2 electrode measures
the change in pH brought about by the equilibration of
blood with a bicarbonate solution.203

Effect of Temperature
The solubility of CO2 and O2 in blood is affected by temperature. At lower temperatures, solubility is increased, leading
to a reduction in partial pressure. Blood gas analyzers measure gas partial pressures at 37°C. As blood from a hypothermic patient is warmed to 37°C by the analyzer, CO2
and O2 will come out of solution, leading to PaCO2 and PaO2
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higher than those present in the patient. Blood gas analyzers make use of algorithms to correct the reported values
to the patient’s actual temperature.204 The temperature
effects on blood gas analysis are most relevant during management of hypothermic patients, such as during hypothermic cardiopulmonary bypass (HCPB) or deep hypothermic
circulatory arrest (DHCA).
Two strategies have been developed for the management
of arterial gas partial pressures under these conditions:
alpha-stat and pH-stat. During alpha-stat management,
blood gas measurements obtained after the analyzer warms
the sample to 37°C are used for acid-base and gas exchange
management. Potential benefits of alpha-stat management
include the preservation of cerebral autoregulation and
the maintenance of protein function.205 During pH-stat
management, measurements are corrected to the patient’s
temperature before they are used for acid-base and gas
exchange management. Because patients are hypothermic,
the PaO2 and PaCO2 at the patient’s temperature are lower
and the pH higher than those measured in the analyzer at
37°C. CO2 is usually added to the oxygenator to maintain
the temperature-corrected PaCO2 and pH at normothermic
values. The theoretical benefits of pH-stat management are
increased cerebral vasodilation leading to more homogenous cerebral cooling.206
Studies have compared the two strategies with respect
to outcomes with varying results.207-214 In general, clinical studies support the use of pH-stat management in
pediatric cardiac surgical procedures during HCPB or
DHCA.209,213,215 In adult patients, the use of alpha-stat
management is supported for HCPB.216 For procedures
involving DHCA in adults, the use of pH-stat management
has been suggested to increase the rate and uniformity of
cooling and alpha-stat management during rewarming.217!

LIMITATIONS AND SOURCES OF ERRORS
Proper handling of arterial blood gas samples is important
to prevent errors. Two common sources of error are delays
in sample analysis and the presence of air in the sampling
syringe.218 A delay in sample analysis by 20 minutes at
room temperature or at 4°C can lead to a decline in PaO2.218
The decline is attributed to the metabolic activity of leukocytes and is not observed in samples placed on ice. The presence of an air bubble in the syringe can lead to a change
in the measured PaO2 toward the PO2 of the bubble and
decline in PaCO2.218!

Monitoring Lung Flows, Volumes,
and Pressures:
As an organ of gas exchange, the human respiratory system relies on convective and diffusive gas transport processes for VO2 and elimination of CO2. The transport of air
to the alveoli and alveolar gas to the environment requires
the creation of a pressure gradient, which results in volume
changes in the elastic components of the respiratory system,
flow in the airways, velocity of moving tissues, and acceleration of air and tissues. The lung consists of a complex
branching network of airway segments and viscoelastic tissues that, during the processes of spontaneous breathing or
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mechanical ventilation, gives rise to tremendous variations
in gas velocities and flow regimens. The movement of gas
flow ( ˙ ) into and out of the lungs requires pressure (P) to
overcome the resistive (PR), elastic (PE), and at times inertial
(PI) forces offered by the airway tree, parenchymal tissues,
and chest wall:
(41.24)
Eq. (41.24) can be used to describe the mechanical
behavior of the total respiratory system, the lungs alone,
or the chest wall, depending on whether P refers to airway
pressure relative to atmosphere (transrespiratory pressure),
airway pressure relative to pleural pressure (transpulmonary pressure), or pleural pressure alone.219-221

DYNAMIC RESPIRATORY MECHANICS
As a first approximation to Eq. (41.24), the mechanical
behavior of the respiratory system during breathing or ventilation can be described according to the simple equation
of motion that encompasses its resistive (R), elastic (E), and
inertial (I) properties219,222:
˙ EV + IV+
˙˙ Po
(41.25)
P = RV+
where V is volume, V̇˙ denotes volume acceleration (i.e., the
first time-derivative of flow or the second time-derivative of
volume), and Po is the distending pressure at end expiration. The coefficients R, E, and I in Eq. (41.25) may refer
to the mechanical properties of the total respiratory system
(rs), the lungs alone (L), or the chest wall (cw), depending
on whether P refers to transrespiratory pressure, transpulmonary pressure, or intrapleural pressure, respectively.221
The resistive properties of the respiratory system (Rrs) are
generally assumed to arise from viscous and turbulent
losses associated with gas flowing through the airway tree
and the deformation of parenchymal and chest wall tissues.
Hence, airway resistance may reflect airway caliber.223
Provided that variations in flow are small, resistive pressure
losses are assumed to be linearly related to flow according to
the first term of Eq. (41.25). With more rapid flow rates, as
may be seen during exercise or forced vital capacity maneuvers, resistive losses vary nonlinearly with flow, which may
more accurately be described according to224
˙

˙

(41.26)

where K1 and K2 are empirically determined constants.
Additional energy losses arise from the tension within the
alveolar surface film,225 friction within the pleural space,
and various tissue components of the parenchyma and chest
wall,220 as well as cross-bridge cycling of contractile elements within the airway walls and lung tissues.226,227 Such
losses are collectively termed “tissue resistance.”228,229 If
these tissue resistive losses are assumed to be proportional
to flow according to Eq. (41.25), one will observe that they
vary inversely with breathing frequency,226,230 a phenomenon commonly associated with viscoelastic materials.220
In adult patients, lung tissue resistance comprises about
60% of subglottal total lung resistance at typical breathing
rates.231 During volume-cycled ventilation with an endinspiratory pause, resistance can quickly be estimated from
the difference between the peak (Ppeak) and plateau (Pplat)
airway pressures (i.e., the resistive pressure loss PR) divided
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Fig. 41.18 Example elastic pressure (PE) versus volume (V) curves and corresponding percentage of volume-dependent respiratory system elastance
(%E2) values. (Modified from D’Antini D, Huhle R, Herrmann J, et al. Respiratory system mechanics during low versus high positive end-expiratory pressure in
open abdominal surgery: a substudy of PROVHILO randomized controlled trial. Anesth Analg. 2018;126:143–149.)

by the inspiratory flow ( ˙ ) immediately before the endinspiratory pause:
˙

˙

(41.27)

Thus, for a specified flow rate, alterations in PR may
reflect changes in airway caliber, as may occur during an
intraoperative asthma exacerbation (Fig. 41.18, center
panel), or obstruction within the ETT or breathing circuit.
Elastic pressures arise from the recoil of the lungs and
chest wall when their normal anatomic configurations
are deformed, either by contraction of the diaphragm and
intercostal muscles, or by some external force such as a
ventilator.232 Elastance is defined as the change in distending pressure (transrespiratory, transpulmonary, or intrapleural) for a given change in volume. Dynamic elastance
refers to the change in elastic (i.e., nonresistive) distending
pressure per unit volume during the process of breathing
or ventilation.†Elastance of the total respiratory system (Ers)
comprises both lung (EL) and chest wall (Ecw) elastances:
(41.28)
In clinical settings, elastance is usually expressed as its
reciprocal, compliance (i.e., change in volume per unit
change in pressure). This leads to an alternate form of Eq.
(41.28), expressing the relationships of the compliant components of the total respiratory system (Crs), lungs (CL), and
chest wall (Ccw):
(41.29)
Factors that increase total respiratory or lung elastance
(or likewise reduce the corresponding total respiratory or
lung compliance) include consolidation, pulmonary edema,
pneumothorax, atelectasis, interstitial disease, pneumonectomy or surgical resection, lung overdistension, and mainstem intubation. Lung compliance generally increases in
emphysema. Factors that reduce chest wall compliance are
abdominal distension, abdominal compartment syndrome,
† Certain conventions of nomenclature incorrectly define dynamic
elastance as the peak airway pressure divided by tidal volume. However,
such a definition of dynamic elastance includes both resistive and elastic
pressures, and thus is not an index of purely elastic processes.

chest wall edema, thoracic deformity, muscle tone, and
extensive thoracic or abdominal scar (e.g., from burns); Ccw
is reduced with muscle relaxation and flail chest.
In some situations, the magnitude of VT, relative to the
functional lung size, may be such that the linear dependence of PE on V (Eq. [41.24] and [41.25]) is no longer an
accurate description of the pressure-volume (PV) relationship of the lungs and/or chest wall. In these cases, elastic
pressure may be more accurately described by a quadratic
relationship with volume232a,232b:
(41.30)
in which E1 and E2 denote the so-called volume-independent and volume-dependent components of elastance,
respectively, since PE will be reduced to E1V when E2 is negligible (Eq. [41.23]). An advantage of using Equation 41.30
is that it readily allows for the determination of the percentage of volume-dependent elastance contributing to PE232c:
(41.31)
Since the %E2 index quantifies the deviation of linearity
between PE and V, it may provide quantitative information
on the degree of intratidal recruitment or overdistention
occurring during a mechanical breath.232d For example,
positive values of %E2 (see Fig. 41.18A) indicate a convex
PE-V relationship, with probable overdistention occurring
for %E2 greater than 30%.232c By contrast, negative values
of %E2 (see Fig. 41.18C) indicate concave PE-V relationship,
with likely intratidal recruitment occurring during the
breath.232e
For the special case of constant inspiratory flow during
volume-cycled ventilation, the curvature of the inspiratory
pressure-time profile can also be used to infer the processes
of intratidal recruitment and overdistention. Raneiri and
associates232f described this relationship using a simple
power law expression:
(41.32)
where, similar to Eq. (41.24), P may refer to either transrespiratory or transpulmonary pressure, and t is time. The
constants a, b, and c can be estimated from the inspiratory pressure profile using various nonlinear regression
techniques.232g The exponent b is referred to as the “stress
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Fig. 41.19 Conceptual example of the stress index during constant inspiratory flow levels of ˙ over durations of TI and 2TI, assuming that the power
law
can describe the pressure-time (P-t) curve. (A) b <1.0, yielding a convex P-t curve, suggesting the dominance of intratidal recruitment;
(B) b ∼ 1.0, yielding a straight P-t line, suggesting minimal recruitment or overdistension; and (C) b >1.0, yielding a concave P-t curve, suggesting the
dominance of parenchymal overdistension. (Modified from Ranieri VM, Zhang H, Mascia L, et al. Pressure-time curve predicts minimally injurious ventilatory
strategy in an isolated rat lung model. Anesthesiology. 2000:93:1320–1328.)

index,” and its estimated value characterizes the convexity
(b <1.0), concavity (b >1.0), or linearity (b = 1.0) of the
inspiratory pressure with time (Fig. 41.19). Similar to %E2,
b may also provide some insight into the relative contributions of intratidal recruitment (b <1.0) and parenchymal
overdistention (b >1.0) to inspiratory pressure, or when
these processes may be appropriately balanced (b ∼ 1).
However, as noted, the stress index is only interpretable
during volume-cycled with constant inspiratory flows, in
contrast to the %E2 index, which can be used during other
ventilatory modalities.232h Moreover, the interpretation of
the stress index may be obscured during certain clinical
situations, such as abdominal insufflation, abdominal compartment syndrome, or pleural effusion.232i,j,k
Similar to Eq. (41.27) to estimate Rrs, linear approximations to respiratory system elastance (Ers) can be easily
determined during volume-cycled ventilation for periods of
zero-flow (i.e., during an end-inspiratory pause, when resistive pressures are zero) as the difference between Pplat and
PEEP (i.e., the elastic pressure PE) divided by the VT:
(41.33)
Since the value of Ers in Eq. (41.33) is obtained during
zero-flow, it is often referred to as “static elastance.” The
corresponding static Crs is usually between 50 and 100 mL/
cm H2O in normal mechanically ventilated lungs. Alterations in PE for a specified VT may be observed during processes that alter lung or chest wall elastance, such as a
pneumothorax during thoracotomy or abdominal insufflation during laparoscopic surgical procedures (Fig. 41.20,
right panel). In contrast to static Ers, dynamic Ers is estimated
during periods of nonzero-flow by using multiple linear
regression techniques (see later), and is higher than static
elastance because of viscoelasticity222 and gas redistribution.233 Both the apparent static or dynamic Ers will decrease

following a recruitment maneuver because of an increase in
aerated or functional lung volume. However, Ers may also
be increased due to strain stiffening of the lung tissues,233a
in which collagen fibers within the extracellular matrix
of the parenchyma become progressively recruited with
increasing strain. Recruitment of stiff collagen fibers results
in their dominance of load-bearing within the lung, in contrast to the more stretchable elastin fibers that are the main
load-bearing elements during low levels of tissue strain.233b
Such behavior may allow for titration of PEEP to achieve an
optimal balance between intratidal recruitment and parenchymal overdistention—that is, the PEEP for which Ers is
minimized or, equivalently, Crs is maximized.232b,c,233c-f The
clinical utility of such PEEP titration in patients with ARDS
is still not entirely established.233e,233g
Finally, inertial pressures are associated with the kinetic
energy of accelerating the gas column in the central airways, as well as the motion of the respiratory tissues.234
Inertial pressures are typically expressed as the product
of a lumped “inertia” parameter and volume acceleration
(Eq. [41.25]). Inertia is usually not a significant contributor to the apparent airway pressure or the work of breathing, except during sudden changes in air flow, as may occur
during inspiratory step profiles or various modalities of
high-frequency ventilation (HFV).235,235a,b
Eqs. (41.27) and (41.33) cannot be used to estimate Rrs
and Ers if an end-inspiratory pause is not present in the ventilator waveform. This is because one cannot easily separate the resistive and elastic pressures by visual inspection
alone. For example, during pressure-controlled ventilation
(PCV), the airway opening is exposed to a constant inflation
pressure during inspiration (Fig. 41.21). Airway flow and
VT during PCV are determined not by the ventilator, but
rather by the gradient between airway and alveolar pressures. Thus a more robust method of estimating respiratory
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Fig. 41.20 Airway pressure, flow, and volume waveforms during constant-flow volume-cycled ventilation with an end-inspiratory pause. The components of the peak inspiratory pressure (Ppeak) and the plateau pressure (Pplat) are presented: PR, resistive pressure; PE, elastic pressure; and PEEP, positive end-expiratory pressure. The same peak flow ( ˙ ) and tidal volume (VT) are delivered by the mechanical ventilator in each case. Leftmost panels
represent waveforms in a healthy patient. There is a small resistive pressure component, with most of the peak pressure comprised of elastic pressure.
Expiratory flow decreases to zero before the start of the next inspiration, indicating appropriate I:E ratio and the absence of slowly emptying lung
regions. Volume, as the integral of flow, also returns to zero before the initiation of the next breath. Middle panels represent waveforms in a patient
with an increase in airways resistance. There is a significant increase in the resistive component PR, and consequently Ppeak. The elastic component is
unchanged, as reflected in identical Pplat as compared with the healthy condition. Because increased resistance slows the process of lung emptying, the
expiratory phase of the flow and volume curves now take longer to reach the zero. In several cases, the zero will not be reached, and a change in the I:E
ratio will be necessary to avoid volume trapping and auto-PEEP. Rightmost panels represent a subject with increased PE, as may occur during laparoscopic insufflation or pneumothorax. There is an increase in Pplat consistent with the increased elastance of the respiratory system, and a fast emptying
of the lungs during exhalation.

Rrs and Ers involves multiple linear regression of the coefficients in Eq. (41.25) on sampled flow and pressure data.236-238
Such numerical approaches are present in commercially
available respiratory mechanics monitors, and they can be
used on almost all ventilator waveforms. Moreover, estimates of mechanical properties based on linear regression
are not restricted to volume- or time-cycled waveforms with
an end-inspiratory pause. One can separately estimate Rrs
and Ers during the inspiratory and expiratory phases, which
may be different in some patients because of dynamic airway compression or derecruitment.239,240
Dynamic estimates of total respiratory Rrs and Ers based
on positive airway opening pressures are valid only during controlled modes of ventilation when the chest wall is

relaxed. Although this is certainly the case during general
anesthesia with neuromuscular blockade, the situation is
more complicated during spontaneous breathing or assisted
modes of ventilation. In such situations, the mechanics
of the chest wall can be accounted for, if transpulmonary
pressure is estimated using esophageal manometry, as
described later.!

STATIC RESPIRATORY MECHANICS
As previously illustrated, elastance (or compliance) is most
easily measured during periods of zero flow because during these conditions the measured distending pressure is
exclusively associated with elastic processes. However, a
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Fig. 41.21 Airway pressure, flow, and volume waveforms during pressure-controlled ventilation for the same patients depicted in Fig. 41.18. In this
ventilatory mode, the ventilator delivers a fixed pressure during the inspiratory phase, irrespective of the resistance and compliance. Airflow and tidal
volume will consequently change with changes in those parameters. Leftmost panels represent waveforms in a patient with normal lungs. Middle panels represent waveforms in a patient with airway obstruction. Note the absence of a peak-plateau difference as compared with the volume-controlled
mode, a lower VT, and a prolonged time for airflow to reach zero during exhalation as compared to the normal patient. Rightmost panels represent a
subject with increased elastance, as may occur during laparoscopic insufflation or pneumothorax. Note a reduction in VT and a shorter time to reach
zero flow consistent with a more rigid lung. PEEP, positive end-expiratory pressure; Pinsp, inspiratory pressure; VT, tidal volume.

more comprehensive characterization of elastance can be
obtained by plotting cumulative inspired or expired lung
volume against the distending pressure across the lungs
or total respiratory system. This quasi-static PV curve can
be constructed during very slow inflations or deflations241
(when resistive pressures are negligible), or during periodic flow occlusions.242 For example, the expiratory limb
of the PV curve can be constructed by inflating the lungs
to a specified volume (usually total lung capacity) and then
allowing a passive deflation with flow interruptions of 1 to
2 seconds.
The quasi-static PV curves of the lungs or total respiratory system are inherently nonlinear (Fig. 41.22); that is,
compliance, defined as the local slope (dP/dV) of the PV
curve, varies with lung volume. Empirically, PV curves are
described using single exponential243 or sigmoidal244 functions. When they are described using sigmoidal functions,
two points are usually demarcated on such curves, which
have traditionally been termed the upper inflection point

(UIP) and lower inflection point (LIP)‡ The UIP is thought
to represent the point at which lung overdistention occurs,
as during parenchymal strain-stiffening,220 The LIP is
thought to reflect the process of maximum alveolar recruitment. During protective ventilation, one seeks to ventilate a
patient in the most linear region of the PV curve.
Enough PEEP needs to be applied to avoid the LIP, where
cyclic recruitment and derecruitment occur, along with
lower VTs to avoid the UIP and overdistention.242 Also, PV
curves exhibit hysteresis, a phenomenon in which the lung
volume at a specified pressure depends on the direction from
which the distending pressure is approached (i.e., either
inspiration or expiration). The reasons that the PV curve
of the lungs or total respiratory system exhibits hysteresis
are numerous and complex, and include the biophysical
‡ The formal mathematical definition of an inflection point is a point on
a curve at which its concavity (i.e., its second derivative) changes sign
from positive to negative or vice versa.
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Fig. 41.22 Schematic of a pressure–volume curve for the lungs or
total respiratory system, demonstrating hysteresis between inspiratory
and expiratory limbs. Upper inflection point (UIP) and lower inflection
point (LIP) are demarcated on the inspiratory limb. During mechanical
ventilation, lung regions should be in the Safe Zone for optimal lung
protection.

properties of surfactant,245 time-dependent recruitment or
derecruitment,246 as well as contact friction among various
connective tissue elements.247
There are a number of problems with managing ventilation based on quasi-static PV curves. First, PV curves are
constructed only during periods of zero flow or near zero
flow, and they do not reflect the mechanics of the lungs or
total respiratory system during the dynamic processes of
breathing or mechanical ventilation. In fact, the dynamic
PV relationships for the same patient may be very different.
Second, the UIP and LIP are not always visually apparent.
Finally, a PV curve for the lungs or total respiratory system
represents the averaged static behavior of a population of
many lung units, with each operating on different portions
of their own individual PV curves.!

WORK OF BREATHING AND MECHANICAL
POWER
The work of breathing (W) represents the energy required
to inflate or deflate the lungs, or chest wall, or both, by a
specified volume. In its simplest form, it can be represented
as the product of the applied distending pressure and resulting volume change:
(41.34)
However, when pressure and volume vary as functions
of time (as during the course of a spontaneous or controlled breath), work may be expressed as the cumulative
product248
W = ∫ PdV

(41.35)

or equivalently as the integral of the pressure-flow product
with respect to time249
T

W = ∫ P(t) V̇ (t)dt
t=0

(41.36)

where T is the duration over which W is determined. For
example, if T corresponds to the duration of inspiratory
period and P the transpulmonary pressure, then W corresponds to the work required to overcome both the resistive
and elastic forces opposing the entry of air into the lungs
(Fig. 41.23). If T corresponds to the duration of an entire
breath, the energy initially stored in the elastic recoil of the
lung tissues will be recovered during a passive exhalation.
In this case, the area of the resulting PV loop represents
the work performed (i.e., energy lost) overcoming purely
resistive losses in the airways and tissues. In general, W is
assessed during inspiration only because the respiratory
musculature (or a ventilator) must overcome both elastic
and resistive pressures to bring air into the lungs. For a
given VT, W varies as a function of respiratory rate and, in
most cases, achieves a minimum at a specified frequency.
This frequency is termed the energetically optimum breathing
frequency,249 as this is the rate at which energy expenditure
is minimized. The derivative of W with respect to time is
referred to as the instantaneous mechanical power, P,
(41.37)
which, based on Eq. (41.31), can simply be expressed as the
pressure-flow product with respect to time:
(41.38)
()
()˙()
Mechanical power, as an index of the rate of energy dissipation, can be used to assess the risk of developing ventilator-induced lung injury,249a particularly with changes in
transpulmonary pressure during ventilation.249b Moreover, if
the relationship between pressure and flow during ventilation
can be described by relatively simple mathematical expressions (e.g., Eqs. [41.25]–[41.27])), the mechanical power
likewise can be embodied by simple analytic formulæ.249c,d!

MONITORING OF RESPIRATORY PRESSURES
Fundamental to any quantitative assessment of respiratory
mechanics is the measurement of pressure. Such pressures
may include those measured in the inspiratory or expiratory limb of the anesthesia machine, at the proximal end of
an ETT, or within the trachea or esophagus. Pressure allows
for the inference of the forces associated with the movement
of gases through the airway tree, as well as the distension
of the parenchymal tissues and chest wall, according to the
elements described in Eq. (41.24). The most accessible and
familiar pressure to the anesthesiologist or intensivist is the
airway pressure during controlled mechanical ventilation.
Ideally, this should be the pressure measured in the trachea or at the airway opening, exclusive of any distortions
from airway devices or breathing circuits. However, for
practical reasons, this “airway” pressure is not the actual
pressure at the airway opening or within the trachea, but
is the pressure transduced at the anesthesia machine or
ventilator and reflects the resistive and compliant properties of the breathing circuit and face mask or ETT, as well
as the mechanical properties of the respiratory system.
Although many ventilators now use computer algorithms
to provide some compensation for flow and pressure losses
in the breathing circuit,250 such approaches often rely on
idealized, linear models that do not truly reflect the complex
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Fig. 41.23 Volume plotted against transpulmonary or (transrespiratory) pressure during the course of a single breath. Plots are shown during inspiration (panels A through D) and expiration (panels E through
H). Gray area denotes the work of breathing due to tissue elasticity,
while the hatched area denotes the work of breathing due to airways
and tissue resistance. Energy stored in elastic recoil at the end of inspiration will be entirely recovered during expiration. However, resistive
energy will always be lost during both inspiration and expiration.
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processes of turbulent air flow, polytropic gas compression,
or viscoelastic tubing walls.251,252 Therefore, one must use
caution when making physiologic inferences based on airway pressures and volumes reported by a ventilator.
Often airway pressure is improperly used as a surrogate
for lung distention. Transrespiratory pressure refers to the
pressure drop across the lungs and chest wall, which during
positive-pressure ventilation is usually determined by the
difference between airway pressure and atmospheric pressure. Several processes that may contribute to increased
transrespiratory pressure do not correspond to excessive
lung inflation. For example, obesity, abdominal insufflation, or steep Trendelenburg position all may contribute to
high airway opening pressures, but they do not necessarily
indicate parenchymal overdistention.
By contrast, transpulmonary pressure refers to the distending pressure across the lungs alone. Its determination
requires not only measurement of airway opening pressure, but also estimates of the pressure within the pleural
space. This can be obtained relatively noninvasively using
an esophageal balloon catheter, because the pressure measured within the esophagus is relatively close to intrapleural
pressure.253,253a Such catheters are typically 100 cm long,
with side holes in the distal tip covered by a thin-walled balloon (Fig. 41.24). The catheter can be placed through the
mouth or nares and positioned in the middle-to-distal third
of the esophagus. The catheter is connected to a transducer by a three-way stopcock, and a small amount of air
is injected into the balloon such that its walls remain flaccid and do not contribute an additional recoil pressure to
the measurement. Because the local values of pleural pressure vary depending on gravity, the balloon should be several centimeters in length to provide an average estimate of
the pressure field surrounding the lungs. Estimating pleural
pressure based on esophageal manometry has several limitations, including mediastinal compression of the balloon in
supine patients, catheter migration, and cardiac artifact on
the tracing.254,255 Nonetheless, its use in critically ill patients
and under certain special conditions such as obesity, abdominal hypertension (primary or during laparoscopic insufflation), and extreme Trendelenburg position may be valuable
in the adjustment of appropriate levels of PEEP.256,256a Peak
and plateau pressures, which are typical in clinical practice,
are obtained from the transrespiratory pressure. Accordingly,
they do not characterize the pressures acting exclusively on
the lungs, but on the whole respiratory system. Current recommendations suggest limiting transrespiratory plateau
pressures to 26 to 30 cm H2O, to minimize alveolar overdistension.257 However, such recommendations should be
applied in appropriate clinical context, given that the same
plateau pressure could correspond to very different transpulmonary pressures, and consequently to very different
degrees of risk for lung injury, depending on the partitioning
between lung and chest wall pressure components.257a,b
More recent studies suggest that the “driving pressure”—
that is, the VT normalized by the respiratory system com)—may be one of the most important
pliance (
ventilatory variables to consider when stratifying mortality risk during ARDS.257c,d Its relationship to postoperative
pulmonary complications in surgical patients has also been
demonstrated.258,259 In practice, driving pressure may be
computed as the difference between Pplat and PEEP.257c
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Auto-PEEP or intrinsic-PEEP is the positive pressure present within the alveoli at end-exhalation and is typically
observed in ventilated patients with COPD, who demonstrate dynamic airway compression and expiratory flow
limitation, as well as a significant portion of patients with
ARDS, sepsis, and respiratory muscle weakness.260 AutoPEEP can promote significant respiratory and hemodynamic compromise. It is usually caused by a combination of

Pressure
transducer

Air injection

Balloon

Fig. 41.24 Example of an Esophageal Balloon Catheter. The proximal end of the catheter is connected to a pressure transducer, and air
is injected into the balloon via a three-way stopcock. (Modified from
Bates JHT. Lung Mechanics: an Inverse Modeling Approach. Cambridge:
Cambridge University Press; 2009:220.)

increased airway resistance and reduced lung elastic recoil
(i.e., an increase in the expiratory time constant of the respiratory system). Other factors are a decrease in expiratory
time, an increase in VT, an increase in external expiratory
resistance, and persistent inspiratory muscle activity during exhalation. The amount of auto-PEEP can be estimated
in mechanically ventilated patients by occluding the airway
at end exhalation, and observing a rise in airway pressure
during the occlusion maneuver until a plateau is visible (<4
seconds) (Fig. 41.25). Auto-PEEP is then defined as the difference between end-occlusion to preocclusion airway pressures. Other methods can be used to assess auto-PEEP under
dynamic conditions, as well as in spontaneously breathing
patients with the use of an esophageal balloon.260,261
Any measurement of pressure requires pressure transducers. Most pressure transducers are differential sensors
with two input channels, and they produce an electrical output that is proportional to the pressure difference
between these channels (Fig. 41.26A). Such transducers
exhibit a high common-mode rejection ratio, defined as
the tendency of the transducer to produce zero output if
both of its inputs are exposed to identical pressures. Many
pressure waveforms are transduced relative to atmosphere
with one of the two inputs left opened to ambient air (see
Fig. 41.26B), otherwise referred to as gauge configuration.
In clinical settings, pressure is most commonly measured
using relatively inexpensive, piezoresistive transducers.222 These devices rely on a pressure-sensing diaphragm

Expiratory port open

Expiratory port occluded
No flow
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Tracheal pressure
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(8 cm H2O)

Flow
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Fig. 41.25 Concept of Intrinsic Positive End-Expiratory Pressure (auto-PEEP). Shown are tracheal pressure and flow waveforms during controlled
mechanical ventilation. Dynamic auto-PEEP can be estimated at the beginning of inspiration as the tracheal pressure when the flow trace equals zero.
Static auto-PEEP can be estimated as the tracheal pressure following a prolonged expiratory occlusion. (Modified from Blanch L, Bernabé F, Lucangelo U. Measurement of air trapping, intrinsic positive end-expiratory pressure, and dynamic hyperinflation in mechanically ventilated patients. Respir Care.
2005;50:110–123; and Moon RE, Camporesi EM. Respiratory monitoring. In: Miller RD, Fleisher LA, Johns RA, eds. Miller’s Anesthesia. 6th ed. New York, NY:
Churchill Livingstone; 2005:1255, 1295.)
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Fig. 41.26 Pressure transducers arranged in differential (A) or gauge
(B) configurations. (Modified from Bates JHT. Lung Mechanics: An Inverse
Modeling Approach. Cambridge: Cambridge University Press; 2009:220.)

whose electrical resistance changes when it is deformed in
response to a differential pressure. This change in electrical
resistance can be sensed with a standard Wheatstone bridge
circuit, which produces an output-voltage signal appropriate for amplification and filtering. In general, piezoresistive
transducers have adequate frequency responses sufficient
for most respiratory applications.262,263 However, this frequency response can be easily degraded if the transducer is
connected to the pressure-sensing location with long, compliant tubing.264!

MONITORING OF RESPIRATORY FLOWS
Ideally, any measurement of flow should indicate the exact
rate at which gas is entering and leaving the patient’s
lungs. This can be most easily accomplished by placing the
flow-measuring device as close to the patient as possible,
such as between the circuit Y-connector and the proximal
end of the ETT or LMA. However, for practical reasons, most
ventilators and anesthesia machines measure flow close to
the machine console. This flow can be considerably different from that close to the patient because of the effects of gas
compression, wall distention of the breathing circuit, and
changes in gas humidity.
An important clinical use of flow monitoring is the detection of nonzero end-expiratory flows. This indicates that a
gradient of pressure exists between alveolar regions and the
upper airway with incomplete lung emptying at end-expiration, characteristic of auto-PEEP (PVolFl-7). As a consequence, end-expiratory lung volumes would be larger than
those in the absence of auto-PEEP, with risk of dynamic lung
hyperinflation and reduction of venous return. Increase
in expiratory time and reduction of VT or respiratory rate
should be considered to eliminate the issue.
During ventilation, airway flow can often be inferred
according to time-dependent changes in delivered or
inspired VT or from the displacement waveform of a piston
or cylinder arrangement or bellows.265-267 Preferably, flow
is measured using transducers designed specifically for this
task. The most common method involves the measurement
of a differential pressure decrease (∆P) across a fluid resistive element. Ideally, this ∆P is linearly related to the corresponding flow through the device. Such a principle forms the
basis for one of the oldest and most widely used flowmeters,
the pneumotachograph. Although the instruments provide
accurate measurement of flow, pneumotachographs are
very sensitive to changes in temperature, humidity, and
gas composition,268 and require frequent calibration using
various electronic or software-based techniques to ensure
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accurate measurements.269,270 This sensitivity, combined
with difficulties in cleaning and sterilization, limits the routine use of these instruments in clinical environments. Orifice flowmeters also have the advantage of having relatively
large internal diameters that limit the formation of condensation and minimize obstruction with secretions. Given
that these devices can be manufactured using inexpensive
plastic injection molding techniques, many orifice flowmeters are designed to be disposable, thus making their use
increasingly popular for respiratory applications in clinical
environments.271
Most anesthesia machines use hot wire anemometers for
flow measurement,272 which rely on temperature-dependent changes in the electrical resistance of a current carrying wire. When gas flows past the wire, the corresponding
temperature drop changes the conductivity of the filament,
which can be sensed with appropriate electronic circuits.273
Because a single wire filament cannot sense the direction
of flow, two different anemometers can be used in the ventilator circuit: one for the inspiratory limb, and the other
for the expiratory limb. Alternatively, two wires in series
must be used for sensing bidirectional flow through a single
conduit,274 with the flow direction determined according
to which wire is cooled first. In general, hot wire anemometers have a better dynamic response compared with pneumotachographs or orifice flowmeters,275 making them ideal
for flow measurement during HFV.235a,276 However, these
devices must also be calibrated to account for variations in
gas density or humidity as well.276a!

MONITORING OF RESPIRATORY VOLUME
Similar to flow measurement, the ideal measurement of
volume should be an accurate accounting of the gas quantity moving into and out of the patient. However, delivered or exhaled VT measurement is subjected to the same
limitations of flow measurement because most anesthesia
machines and ventilators determine volume by electrically or numerically integrating the corresponding flow
signal.222 Care must be taken to ensure any drifts or offsets
from the flow transducer are minimized, given that their
integration will result in errors in estimated volume. This
may be accomplished by appropriately zeroing the transducer periodically, such as at the end of a breath. Although
electronic or digital high-pass filters may be used to remove
drifts and offsets in real-time, these tend to have long transient responses.276b,c
Finally, besides the pathophysiologic and monitoring
applications described in this section, monitoring of pressures, volumes, and flows has been applied to monitoring,
training, and education for neonatal resuscitation.277!

Plethysmographic Monitoring
Respiratory inductance plethysmography (RIP) is a noninvasive respiratory monitoring technique that quantifies changes in the cross-sectional area of the chest wall
and the abdominal compartments. The method is used to
assess VT, respiratory rate, adequacy of high-frequency
oscillatory ventilation (HFOV), lung volume changes during tracheobronchial suctioning, and thoracoabdominal
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synchrony.278 RIP relies on the principle that a current
applied through a loop of wire generates a magnetic field
normal to the orientation of the loop (Faraday’s law) and
that a change in the area enclosed by the loop creates an
opposing current within the loop directly proportional to
the change in the area (Lenz’s law). Two elastic bands containing a conductor are used: one typically placed around
the patient’s chest, 3 cm above the xiphoid process; and the
other around the abdomen. Each of these bands produces
an independent signal representative of the thoracic and
abdominal cross-sectional area, and the sum of these two
signals calibrated against a known gas volume yields lung
volume change.
There have been several pediatric applications of RIP to
monitor VT and respiratory rate, building on the advantage
that a facemask, LMA, or ETT is not required for measurements.279-281 The technique could also guide lung-protective ventilation strategies by facilitating the construction
of PV curves for individual patients. These can be used to
optimize lung recruitment, maintain an open lung, and
limit overdistension (see the section on “Static Respiratory
Mechanics”). RIP has found several applications in sleep
studies.
Intraoperatively, RIP may be useful in areas for which
accurate monitoring of VT is required but not possible with
the usual anesthesia machine monitors. This could occur
with a shared airway (e.g., laryngotracheal surgery,282
flexible and rigid bronchoscopy283), or a patient whose trachea is not intubated (e.g., monitored anesthesia care and
noninvasive pressure support ventilation).
Limitations of intraoperative RIP include the fact that
it cannot be used during thoracic and abdominal surgery,
because of the need for the measurement bands. Also, the
calibration characteristics of the device are affected by
changes in the pattern of breathing.284!

Respiratory Rate Monitoring:
Apnea Monitoring
Apnea and bradypnea are life-threatening events frequently
observed in the intraoperative and postoperative periods
of anesthesia. Prematurity, morbid obesity, age, obstructive sleep apnea, and central nervous system depressant
medications have been associated with risk of apnea or
bradypnea.285,286 Accordingly, many different approaches
have been developed for detecting those events.287,288 Two
main types of apnea are observed: central and obstructive.
Central apnea is defined as apnea resulting from a failure
of the central nervous system to drive respiration. Obstructive apnea is that resulting from upper airway obstruction.
Current monitors assess at least one of three processes
occurring during breathing to detect apnea288: chest wall
expansion, gas flow, and gas exchange.
Chest wall expansion is usually measured as follows:
1. Changes in thoracic electrical impedance (impedance
pneumography) of the chest wall. The method is based
on the changes in electrical conductivity of the chest to
an electrical current as air moves in and out of the lungs
during breathing and blood volume changes in the same
period. This is because air is a poor electrical conductor

and blood is a good electrical conductor. A low electrical
current at high frequency is applied in two chest electrodes, corresponding changes in voltage of the chest
are measured, and the impedance is continuously calculated from these. The technique is implemented in
several commercial systems using routine electrocardiographic leads and is also used in home monitoring of
neonatal apnea.
2. Inductive plethysmography (as described earlier).
3. Abdominal and chest fiberoptic and resistive strain
gauges (a pressure pad placed alongside the infant’s rib
cage, pneumatic abdominal sensors) are used.
4. Electromyographic signal of respiratory muscles is not
frequently used because of the low signal-to-noise ratio.
An important drawback of techniques based on chest
expansion is their inaccuracy in the presence of movement.
Thus obstructive apnea may be falsely assessed as normal
respirations.289
Gas flow methods are based on measurements of different
variables directly related to the presence of air flow in the
airway:
1. Pressure gradients along the breathing circuit. This
) and
approach uses the Poiseuille principle (
differential pressure transducers to detect flow.
2. Temperature of the breathed air in the nose or mouth is
used.
3. Rapid response hygrometer is based on assessment of
humidity in the exhaled air.
Techniques based on gas exchange focus essentially on
exhaled CO2, as routinely used in intubated patients in the
operating room. In nonintubated patients, the use of specifically designed cannulae combining DO2 and breathed gas
sampling facilitates the monitoring of exhaled CO2. Capnography allows for early detection of respiratory depression
before O2 desaturation, particularly when supplemental O2
is administered.290,290a Off-line or in-line infrared sensors
are the most common technique. Respiratory rate measurements using these techniques were more accurate than
those obtained with thoracic impedance tomography in
extubated patients in postanesthesia care units, even with
supplemental O2 at high flows.291 Accurate end-tidal CO2
measurements through a nasal cannula may be difficult in
mouth breathers, including obese patients and those with
obstructive sleep apnea. In such cases, a nasal cannula with
an oral guide may improve measurement accuracy.292 Simulation studies indicated that respiratory rate can be accurately monitored during esophagogastroduodenoscopies
using a CO2 sampling bite block or a nasal cannula with
oral cup. The accuracy of PETCO2 measurements depends
on the device used, O2 flow, the intensity of oral breathing,
and minute ventilation.293
Pulse oximetry cannot be used as the primary monitor of
apnea or bradypnea because O2 desaturation occurs only
late in a well-oxygenated apneic patient. However, pulse
oximetry adds an additional level of safety combined with
primary monitors of ventilation. For example, in a study
using pulse oximetry and noninvasive capnography for
continuous monitoring of 178 patients receiving patientcontrolled analgesia, respiratory depression measured by
O2 desaturation occurred in 12% of the patients, in line
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with previous studies.285 In contrast to previous estimates,
episodes of bradypnea (respiratory rate < 10 breaths/min)
were present in 41% of patients, far more frequently than
the previously reported 1% to 2%.294-296
Respiratory rate monitoring is also critical to infant apnea
monitoring. Combinations of transthoracic impedance and
pulse oximetry may maximize the detection of true episodes
of apnea in home monitors for neonatal apnea.297 This is
because pulse oximetry provides an additional level of monitoring in cases of poor performance of transthoracic impedance secondary to motion artifacts. The value of combining
monitors of ventilation such as capnography with pulse
oximetry to maximize the detection of alveolar hypoventilation has been confirmed.298 Capnography allowed for early
detection of arterial O2 desaturation in cases of alveolar
hypoventilation in the presence of supplemental O2.
False-positive and false-negative alarms occur during
apnea monitoring. The most dangerous conditions occur
when artifacts are detected as breathing and alarms are not
activated. Such artifacts include vibrations, cardiac motion,
patient movement, and electromagnetic interference from
other instrumentation. Impedance pneumographs are
subject to cardiovascular artifacts, whereas pressure pads
are subject to patient motion artifacts. A more common
(yet less dangerous) problem is when an alarm sounds in a
patient without apnea. Frequent causes include inadequate
sensitivity settings, malfunctioning electrodes, and movement of the patient. Motion transducers based on sensing of
acceleration were used in neonates undergoing HFOV, and
results showed that monitoring of regional tidal displacement may enable the early recognition of deteriorating
ventilation during HFOV that eventually leads to hypoxemia.299 This study found that in approximately half of the
cases, hypoxemia had causes other than slowly deteriorating ventilation.299
Current recommendations of the Anesthesia Patient
Safety Foundation for Essential Monitoring Strategies to
Detect Clinically Significant Drug-Induced Respiratory
Depression in the Postoperative Period (http://www.apsf.
org/initiatives.php), including opioid-induced ventilatory
impairment, state that continuous electronic monitoring
of oxygenation and ventilation should be available and
considered for all patients, not only those at risk for postoperative respiratory insufficiency. This is because selective monitoring is likely to miss respiratory depression
in patients without risk factors. These recommendations
stress that maintaining status quo while awaiting newer
technology is not acceptable, and that intermittent “spot
checks” of oxygenation (pulse oximetry) and ventilation
(nursing assessment) are not adequate for reliably recognizing clinically significant evolving drug-induced respiratory depression. Continuous electronic monitoring should
not replace traditional intermittent nursing assessment and
vigilance. All patients should have oxygenation continuously monitored by pulse oximetry. Capnography or other
monitoring modalities that measure ventilation and airflow
are indicated when supplemental O2 is needed to maintain
acceptable O2 saturations. The recommendations also call
attention to threshold-based alarm limits on individual
physiologic variables, which may result in failure to recognize early signs of progressive hypoventilation by either
being insufficiently, or too, sensitive (excess false alarms).
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Unexpected death has been associated with three patterns of respiratory depression.300-302 (1) Hyperventilation
compensated respiratory distress (e.g., from sepsis, pulmonary embolus, or congestive heart failure): patients present
initially with stable SpO2 and decreasing PaCO2 as metabolic
acidosis develops with associated compensatory hyperventilation. High respiratory rate is typical of this pattern. Ultimately, a slow desaturation is followed by an abrupt fall in
oxygenation as the ventilatory response to worsening acidosis fails. (2) Progressive unidirectional hypoventilation
or CO2 narcosis: frequently due to opioid or other sedative
overdose, it is characterized by a rise in PaCO2 (and PETCO2)
initially because of decreased minute ventilation, often
while SpO2 remains above 90%. (3) Sentinel rapid airflow/
O2 saturation reduction with precipitous SpO2 fall: observed
in patients with obstructive sleep apnea, who are dependent
on the arousal state to maintain oxygenation. Sleep results
in precipitous hypoxemia during apnea with potential sudden arrest.!

Imaging for Respiratory
Monitoring
Imaging as a monitoring technique provides tremendous
insight into pulmonary structure, function, and inflammation in both health and disease.303-305 However, exposure
to radiation and bulky devices has prevented its use at the
bedside. Technologic advances have led to the introduction
of new modalities with more compact equipment for clinical
use. This may herald an important shift in respiratory monitoring toward the increased use of bedside imaging. Such
improvements come with the advantages of less radiation
exposure, noninvasiveness, and more detailed physiologic
information.

CHEST RADIOGRAPHY
Chest radiography has been the traditional imaging method
to assess intrathoracic conditions in the operating room,
postoperative anesthesia care unit, and ICUs. Anesthesiologists should be familiar with basic radiologic findings
representative of important pulmonary conditions such as
interstitial infiltrates, hyperinflation, pneumothorax, pleural effusion, and consolidation. The image during chest
radiography, as well as computed tomography, is based on
the physical principle that x-rays reaching a detector (e.g.,
film) depend on tissue absorption, which varies linearly
with tissue density. However, radiation exposure restricts
frequency of use. Furthermore, technical difficulties limit
image quality. These difficulties include reduced resolution
caused by patient movement during acquisition, and image
distortion related to proximity of the x-ray beam source to
the film/detector and posterior position of the film cassette.!

ULTRASONOGRAPHY
Lung ultrasonography is a technique increasingly used
in the perioperative, critical care, and emergency settings in adults and children.306-309 Critical and systematic
approaches have proven that important clinical information can be obtained with lung ultrasonography at levels
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Fig. 41.27 (A) Typical thoracic view depicting adjacent ribs (R) producing acoustic shadowing. The white echogenic pleural line (block arrow), is approximately 0.5 cm below the ribs. A-line artifacts (line arrows) are seen at equidistant spaces below the pleural line; (B) B-line, or comet-tail artifact (line
arrow), is the hyperechoic artifact extending from the pleural line to the edge of the screen, erasing the A-line. A solitary B-line is a usual finding in
normal lungs; (C) pleural effusion: image obtained at the posterolateral region showing the parietal pleural (upper horizontal arrows), the rib shadows
(vertical arrows), and the visceral pleura (line indicated by the lower horizontal arrows) with the underlying lung. The dark anechoic region between the
parietal and visceral pleura represents the pleural effusion. A B-line artifact (asterisk) originates from the lung and not from the pleural line, implying
the presence of aeration; (D) M-mode of lung of lung ultrasound illustrative of the “lung point” for diagnosis of pneumothorax. The sudden inspiratory transition from a parallel line pattern indicative of absence of lung motion (pneumothorax) to a granular pattern indicative of lung tissue can be
observed (arrow); (E) Interstitial syndrome case showing B-lines 7 mm or less apart. Notice the increased number of B-lines as compared to panel (B).
The pleural line (arrow) and ribs are also appreciated; (F) Lung consolidation with pleural effusion. As in (C), the image was obtained at the posterolateral
region showing the parietal pleura (upper horizontal arrows) and the visceral pleura and lung (lower horizontal arrows) with an anechoic pleural effusion
between them. Lung tissue denser than that presented in (C) with gas barriers (vertical arrows). This indicates pleural fluid with alveolar fluid often seen
in critically ill patients. ([A, B, D, E] From Turner JP, Dankoff J. Thoracic ultrasound. Emerg Med Clin North Am. 2012;30:451–473, ix. [C, F] From Lichtenstein DA.
BLUE-protocol and FALLS-protocol: two applications of lung ultrasound in the critically ill. Chest. 2015;147[6]:1659–1670. doi: 10.1378/chest.14-1313.)

comparable to computed tomography.309 Such features
add to the advantages of practicality, low cost, and absence
of radiation or other significant biologic side effects. Excellent reviews have been published, and the reader should
refer to those for additional learning.308,309
Lung ultrasonography has been applied successfully in
the assessment of pneumothorax, interstitial syndrome
(i.e., cardiogenic and permeability pulmonary edema),
lung consolidation, and pleural effusion. Currently available multipurpose ultrasonography probes can be used for
specific portions of the pulmonary exam according to their
characteristics. For instance, the high-frequency (10-12
MHz) linear array probe allows for detailed examination
of the pleura and superficial changes, such as pneumothorax. This probe’s limitations include its size, which impedes
access to larger areas of lung tissue because of the interference of the ribs, and high frequency, which limits assessment of deeper structures. A lower frequency (1-5 MHz)
probe provides improved depth penetration and is used
to assess supradiaphragmatic structures (pleural space,
lung). To optimize lung visualization with a single probe,
frequently probes with emission frequencies of 5 to 7 MHz
are used and are usually small with a tip shaped so that an
acoustic window on the lung parenchyma can be obtained
on intercostal spaces. The 5 MHz microconvex probe is frequently favored,306,307 although curvilinear and phasedarray probes are also appropriate.308

When examining the patient, a methodical approach
should be used to ensure comprehensive assessment of lung
structure and function. The I-AIM (Indication, Acquisition, Interpretation, Medical Decision-Making) framework
has been recently proposed for point of care lung ultrasound.308 A complete exam involves the bilateral assessment of the anterior, lateral, and posterior lung. Although
protocols vary, in the supine patient, each hemithorax
should be assessed in at least six zones during emergencies:
two anterior (separated by the third intercostal space), two
lateral, and two posterior. In routine assessments, 8-zone
and 12-zone protocols are most commonly used.308,310,311
Because of the significant acoustic impedance differences
between air, tissue, and bone (ribs), thoracic ultrasound
is based primarily on characteristic artifacts and not only
on the visualization of anatomic structures.312 Videos of 1
to 2 breaths should be acquired to take advantage of the
lung dynamics in the findings. Machine settings should be
optimized at the start of the examination.308 Usually, studies are initiated with the identification of the ribs as hyperechoic lines producing significant ultrasonography shadow
(Fig. 41.27A), followed by visualization of the pleural line
approximately 0.5 to 1.0 cm deeper and between the ribs.
This is typically a bright, slightly curved line. These are
major structures to be identified, because many pathologies
of relevance to the anesthesiologist affect their observed
pattern. In the normal lung, lung sliding represents the
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Fig. 41.28 The BLUE protocol algorithm based on the particular ultrasound profile of the different kinds of respiratory failure. It uses three lung ultrasound signs with binary answers: anterior lung sliding, multiple B-lines visible between two ribs in the anterior lung, and posterior and/or lateral alveolar and/or pleural syndrome. These are combined with venous analysis to yield 90.5% accuracy in the diagnosis of respiratory failure. COPD, Chronic
obstructive pulmonary disease; PLAPS, posterolateral alveolar and/or pleural syndrome. (Redrawn from Lichtenstein DA, Mezière GA. Relevance of lung
ultrasound in the diagnosis of acute respiratory failure: the BLUE protocol. Chest. 2008;134:117–125; Milner QJ, Mathews GR. An assessment of the accuracy
of pulse oximeters. Anaesthesia. 2012;67:396–401; and Pologe JA. Pulse oximetry: technical aspects of machine design. Int Anesthesiol Clin. 1987;25:137–153.)

movement of the visceral on the parietal pleura during respiration and is another key sonographic finding to be appreciated. The magnitude of the movement is larger in regions
closer to the diaphragm than those near the lung apex.
Below the pleura, hyperechoic horizontal reverberation artifacts at regular distances are referred to as A lines
(see Fig. 41.27A). Another artifact is the B line, a discrete
laser-like vertical hyperechoic reverberation artifact that
arises from the pleural line (previously described as “comet
tails”), extends to the bottom of the screen without fading, moves synchronously with lung sliding, and erases A
lines (see Fig. 41.27B and C). Solitary B lines are a normal finding in the normal lung, and increased numbers
are observed in disease. Based on the recognition of such
artifacts, pathologic conditions are identified.306-308,313
Most acute disorders involve the lung surface, and this
explains the utility of thoracic ultrasound in visualizing
them. Ultrasonography findings for pneumothorax are the
absence of lung sliding, B lines, and lung pulse, and the
presence of lung points.
Pleural effusions are characterized by a usually anechoic
space between the parietal and visceral pleurae (see Fig.
41.27C and F) and by respiratory movement of the lung
within the effusion (“sinusoid sign”). The presence of echogenic material within the effusion suggests an exudate or
hemorrhage, although some exudates are anechoic. Most
transudates are anechoic. The M-mode ultrasound scan
shows parallel lines indicative of no moving structure underlying the probe. The ultrasonographic finding designated

as a lung point is found in the presence of pneumothorax
and represents the imaging of the cyclic transition during
breathing from the absence of any sliding or moving B lines
at a physical location (i.e., air with no lung parenchyma) to
the visualization of lung sliding, B lines, or altered A lines
indicative of lung tissue (see Fig. 41.27D).307,314 Bedside
ultrasound scans can detect pneumothorax with sensitivity
similar to a CT scan.306,307
An interstitial syndrome is characterized by the presence of multiple B lines. A positive region is defined by three
or more B lines in a longitudinal plane between two ribs
(see Fig. 41.27E).307 Lung consolidation is characterized
sonographically by a subpleural echo-poor region or one
with tissue-like echo-texture (see Fig. 41.27F). Lung consolidations may be caused by infection, pulmonary embolism, lung cancer and metastasis, compression atelectasis,
obstructive atelectasis, and lung contusion. Additional
sonographic signs that may help determine the cause of
lung consolidation include the quality of the deep margins
of the consolidation, the presence of comet-tail reverberation artifacts at the far-field margin, the presence of air or
fluid bronchograms, and the vascular pattern within the
consolidation. Advances in clinical research and experience in lung ultrasonography allowed for the proposal of an
algorithm to assess severe dyspnea in the acute setting (Fig.
41.28). The denominated BLUE protocol is a stepwise ultrasonographic approach to the patient with acute respiratory failure that aims at expeditious diagnosis with 90.5%
accuracy.309,313,315!
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ELECTRICAL IMPEDANCE TOMOGRAPHY
Electrical impedance tomography (EIT) is a noninvasive
and radiation-free imaging modality used to assess regional
lung function at the bedside. The method is clinically
available and has moderate to low spatial resolution but
high temporal resolution, thus allowing for assessment of
regional ventilation in real-time.235a,305,316 Its use in estimating regional lung volume and optimizing mechanical
ventilation settings brought significant attention to applications in ICUs and operating rooms.305
EIT is based on electrical impedance, a physical variable that reflects the opposition to the passage of a current
through an object when a voltage is applied across it.317
The impedance of biological tissues depends on the tissue
composition. High concentrations of electrolytes, extracellular water content, large cells, and number of cell connections by gap junctions as present in blood and muscles
reduce impedance. Air, fat, and bone have high electrical impedance. Pathologic changes of tissue composition
influence impedance. These include extravascular lung
water (EVLW) (e.g., pulmonary edema), intrathoracic
blood volume, fluid in cavities (pleural effusion, pericardial effusion, bronchial and alveolar fluid), foreign bodies
(pleural drain), and lung fibrosis (e.g., after ARDs or as a
primary disorder). During the breathing cycle, thoracic
bioimpedance is influenced fundamentally by both ventilation and perfusion.
EIT relies on an array of electrodes (typically 16-32)
around the chest region of interest. The location is chosen
based on the clinical information desired, usually at the fifth
intercostal space for standard lung assessment. The impedance information is provided in the form of a functional EIT
image, or EIT waveforms that quantify changes in lung
volume or perfusion in the studied thoracic cross section.
Usually, images are presented with pixels representing relative impedance change, so-called functional EIT, because
air corresponds to high impedances and fluid and tissue to
low impedances, and the image represents regional lung
ventilation. Absolute EIT (a-EIT) is the modality in which
the image represents the actual impedance values. Direct

assessment of lung conditions can be accomplished by
comparing low impedance (e.g., hemothorax, pleural effusion, atelectasis and lung edema) with high impedance
(e.g., pneumothorax, emphysema).318 EIT has compared
successfully with standard methods, including computed
tomography.319
Because the technique provides direct real-time assessment of changes in regional aeration, several applications
related to regional lung function have been identified.316,319
These include the effect of induction and tracheal intubation
on the expiratory lung level and regional ventilation in children (Fig. 41.29)320; perioperative monitoring of the distribution of ventilation during spontaneous and controlled
breathing,321,322 including HFOV235a,278,323; effects of PEEP
on regional ventilation during laparoscopic surgery324; the
magnitude of bedside lung recruitment; and PEEP titration
with assessment of alveolar collapse and hyperdistention in
ARDS325 and obese patients.326 EIT may also allow for realtime detection of pneumothorax.327 Recent advances show
the potential of EIT to provide measurements of regional
perfusion,319,328 which could be valuable for bedside assessment of ˙ ˙ matching during spontaneous and mechanical
ventilation.!

Point of Care Tests
Point-of-care testing (POCT) is the performance of laboratory measurements near the site of patient care. POCT technology includes portable analyzers and use of small blood
samples. For the anesthesiologist, it implies the availability
of rapid, precise, and accurate measurements in operating rooms and ICUs. POCT yields improvements in patient
outcome through expeditious detection of physiologic deterioration and prompt treatment. Respiratory monitoring is
a major element of POCT and includes analysis of arterial
blood gases (PaO2, PaCO2, pH), Hb, and lactate.
Blood gas measurements can be obtained with acceptable levels of accuracy and precision with POCT.329-331
For instance, different platforms for arterial blood gases
and Hb were found to show coefficients of variation of

Fig. 41.29 Relative impedance signal at five key stages during induction of anesthesia in children. (a) There is a small impedance signal during spontaneous breathing (SB) as muscle paralysis develops. Effective hand bagging (HB) produces a high intensity signal, which is zeroed during tracheal intubation (INT). Distribution of regional impedances during hand bagging with the endotracheal tube (ETT) and conventional mechanical ventilation (CMV)
are also visualized. (From Humphreys S, Pham TM, Stocker C, Schibler A. The effect of induction of anesthesia and intubation on end-expiratory lung level and
regional ventilation distribution in cardiac children. Paediatr Anaesth. 2011;21:887–893.)
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approximately 3% to 6%.330,331 Accuracy is present in
wide ranges of PaO2 and pH329-331, and shows bias of some
devices for PaCO2.331
Hb is measured using either conductivity-based methods where hematocrit is assessed and the Hb concentration
calculated (Hb [g/dL] = hematocrit × 0.34) or with optical
methods, such as using the azide-metHb reaction and photometry absorbance.332 Conductivity-based Hb measurements can be less than those reported by standard systems,
with a clinically significant bias of at least −1.2 g/dL in
the Hb range of 8.5 to 14.2 g/dL and a trend to underestimate the Hb value at low ranges.330,331 Variable measurement agreement across devices, and bias resulting from
inspired O2 fraction are issues that still limit noninvasive
Hb assessment.331,333,334
The site of blood sampling can influence POCT results.
For capillary blood samples obtained from finger and ear
punctures, a significant correlation exists between optical-based and automated laboratory Hb analysis, with a
nonsignificant bias. Fingerstick samples may approximate
standard laboratory Hb measurements better than earlobe
samples.22 Capillary blood samples (lancet puncture to
middle or ring finger and fourth drop used) in patients with
gastrointestinal bleeding resulted in high deviations (>1 g/
dL) in 21% of cases and very high deviations (>2 g/dL) in
4% of cases.335 In critically ill patients, poor agreement with
reference measurements is reported,336 especially with capillary blood samples and in patients with extremity pitting
edema. POCT proved relevant in the assessment of arterial
blood gases during pseudohypoxemia (also called “spurious hypoxemia” and “leukocyte larceny”). This is a known
cause of inaccurate blood gas measurements and occurs
when PaO2 is reduced by increased O2 consumption as a
result of markedly elevated white blood cell counts in the
arterial blood sample. Measurement error is further aggravated by delayed laboratory analysis or incorrect sampling.
Pseudohypoxemia occurs not only in hyperleukocytosis but
also in thrombocytosis associated with polycythemia vera.
As POCT progresses, relevant limitations will need to be
addressed, including cost, accuracy, data management,
and evidence for improved outcomes. Contrary to some
expectations, availability of POCT in academic centers
does not increase the number of tests performed.337 Characteristics of individual institutions should be considered
before POCT is implemented. For instance, POCT blood-gas
analysis may offer minimal time savings and cost benefits
compared with central laboratory analysis in an institution
with short turnaround time.!

Respiratory Monitoring in Special
Conditions
As methods for life support are advanced, the physiologic
patterns that serve as the basis for assessment of gas
exchange and respiratory mechanics can be dramatically
changed. This occurs, for instance, during HFV when significant reductions in VT are combined with large increases
in respiratory rate. During rigid bronchoscopy or laryngeal
interventions, the anesthesiologist is required to share management of the airway with the surgeon. This may result
in intermittent loss of information regarding airway flow,
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volume, and pressure, as well as end-tidal gas concentration. In these situations, clinical assessment based on physical examination (i.e., inspection, auscultation) becomes
paramount. Specific considerations for respiratory monitoring in special conditions are detailed in the next section.

HIGH-FREQUENCY VENTILATION
HFV is a ventilatory mode using VT smaller than the anatomic dead space, 10-fold to 50-fold higher respiratory frequencies, and high instantaneous flow rates. The HFV is a
broad term encompassing various modalities. These include
high-frequency jet ventilation (HFJV) and high-frequency
percussive ventilation (HFPV), both of which allow for
passive exhalation, as well as HFOV, in which exhalation
is actively driven by the device. The mechanisms for gas
exchange during HFV are complex and include convective
transport, turbulence, pendelluft, velocity profile distortion
and asymmetry, Taylor dispersion, molecular diffusion,
collateral ventilation, and cardiogenic mixing.338-340 This
method results in a fundamentally different relationship for
CO2 elimination (VCO2) compared with conventional ventilation.341 For example, during conventional ventilation,
˙
(41.39)
(
)
where f is the breathing frequency and VD is dead space volume. However, during HFOV342,342a,
V̇CO2 ∝ f

V2T

(41.40)
VD
The use of HFOV for neonates in respiratory distress failing conventional ventilation is common.343-345 However,
its use in adult patients with ARDS has been limited in light
of recent clinical trials,345a,b despite the sound physiologic
rationale of using high mean airway pressures and low VT to
achieve alveolar recruitment without overdistention.346-350
Most high-frequency oscillators use pistons to actively
drive flow into and out of the airway at respiratory rates
between 3 to 20 Hz.351,352 However, some oscillators, and
most jet ventilators, rely on solenoid valves.353-355 With
HFOV, fresh gas and CO2 may be removed by a continuous
bias flow of warmed, humidified gas past the proximal end
of the ETT, and mean airway pressure is regulated by an
adjustable valve venting the bias flow and exhaled gas from
the circuit. These devices may be either pressure or time
cycled, and both the mean airway pressure and oscillatory
pressure amplitude are displayed on the console to the clinician. However, for the frequencies used during HFV, a significant portion of the oscillatory pressure amplitude results
from the inertia of the gas column contained in the breathing circuit and the patient’s airways, and thus it should not
be used as a surrogate for lung distention.
Clinically useful physiologic information inferred from
airway flow and pressure measurements is somewhat limited during HFV. During conventional mechanical ventilation, airway pressure and flow are related according to basic
mechanical properties of the respiratory system, such as
airway resistance and tissue compliance. However, during
HFV, airway pressure and flow reflect complex resistive and
inertial gas properties in the central airways. Many investigators have assessed respiratory mechanics during HFV by
transiently switching patients to conventional mechanical
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ventilation to obtain basic estimates of resistance and compliance,356 or even making intermittent low-frequency
oscillatory measurements to measure airway and tissue
properties.357 The pressure transmission index, defined as
the ratio of the pressure measured directly in the trachea
to the pressure at the proximal end of the breathing circuit
(i.e., the pressure amplitude measured at the oscillator), is
strongly correlated with tissue elastance.357,358
An important component of monitoring during any form
of HFV is the assessment of mechanical function. Many
important physiologic parameters, such as mean airway
pressure and VT, are not explicitly controlled by most highfrequency ventilators.358a,b Thus the relationship between
pressure transduced at the proximal end of the breathing circuit and the VT delivered to the patient is difficult
to assess. Indeed, this relationship is highly nonlinear,343
and it depends on frequency, gas composition and inertia,
and the overall mechanics of the patient’s respiratory system.235,276 Given the important role that VT plays in CO2
elimination during HFV (Eq. [41.40]), accurate measurement of airway flow is important for the development and
standardization of clinical trials.359 Hot wire anemometry
yields the most accurate estimates of airway flow and delivered VT during HFOV compared with other measuring
devices.235,276
Adequacy of gas exchange is essential during HFV. Analysis of arterial blood gas measurements should be performed
within 30 minutes of any change in ventilator settings, and
at least twice per day on stable settings.346 Whereas oxygenation is usually assessed with continuous pulse oximetry,
CO2 elimination is more technically challenging to monitor.
Attempts have been made to incorporate various forms of
capnography into HFV circuits,360-363 with varying degrees
of success. Depending on where exhaled gases are sampled,
there may be adequate correlation between PETCO2 and
PaCO2 during HFV.362,363 This is often a reflection of the
slower response time of many sidestream CO2 analyzers.171.
The PCO2 sampled at the airway opening may thus underestimate the true alveolar CO2 levels.361 The most accurate
measurement of alveolar PCO2 is obtained when it is measured at the very distal tip of the ETT,364 although this is not
always clinically feasible. Transcutaneous measurements
of PCO2 may hold considerable promise for assessment of
CO2 clearance during HFV.365
Although HFOV has not been shown to improve outcomes
in adult patients with ARDS,345a,b this finding may reflect
the variable effects of frequency, amplitude, and mean airway pressure with oscillating of a heterogeneously injured
lung,342a,348 as well as the poorly understood phenomena
of gas distribution, volume recruitment, and ˙ ˙ matching
in individual patients. Recent studies suggest that oscillation using multiple simultaneous frequencies may improve
the efficiency of gas exchange, reduce the heterogeneity
of parenchymal strain, and maintain lung recruitment at
lower mean airway pressures.235a,365a Despite significant
gaps in our understanding of the use of HFOV in acute respiratory failure, this modality may still have some clinical
application as part of a lung-protective ventilatory strategy,
particularly in patients with severe hypoxemia.290a Future
clinical trials will guide both therapy and technologic development of HFOV,347 thus providing a scientific basis for the
rational use of this technology in critically ill patients.!

JET VENTILATION
Jet ventilation is commonly used for procedures in which
the surgeon requires unobstructed access to the airway.366
During inspiration, O2 or an O2-air mixture is applied under
high pressure to the airway through either a specialized
catheter or a rigid bronchoscope. This jet of gas, along with
entrained air from the surrounding environment, leads to
insufflation of the lungs. Expiration takes place through
passive recoil. The entire system is open to the environment,
thus leading to significant escape of respiratory gases.354
Oxygenation during jet ventilation can be adequately
monitored using pulse oximetry. Ascertaining the presence and adequacy of ventilation, especially during HFJV,
is more challenging because the composition and volume
of the exhaled gases cannot be directly measured. Arterial
sampling of PaCO2 is accurate but intermittent and invasive. Gas can be sampled at the distal end of the catheter or
rigid bronchoscope through a dedicated channel. Quantitative capnography during HFJV does not accurately reflect
PaCO2 because VT is smaller than dead space.367 This problem can be overcome by the intermittent suspension of HFJV
or reduction in frequency to 10 breaths/min or less. PETCO2
measurements obtained in this manner accurately reflect
the PaCO2 and allow the intermittent monitoring of ventilation.363,368-370 The measurement of transcutaneous PCO2
(PtcCO2) is noninvasive and continuous. Although PtcCO2
is not as accurate as capnometry and has a slower response
time to changes in PaCO2, its use may allow for tracking of
changes in PaCO2.370 The absence of VT and continuous
PETCO2 monitoring precludes standard ventilator disconnect monitoring during intraoperative HFJV. RIP, which
uses changes in the inductance of bands placed around the
chest to monitor respirations, has been demonstrated to
discriminate reliably between the presence and absence of
HFJV and may be developed as a monitor to detect disconnect or the absence of adequate thoracic excursion during
HFJV.282!

PATIENT TRANSPORT
Intrahospital transport of critically ill patients is a frequent occurrence. Transport of adult and pediatric patients
from locations with advanced monitoring to more remote
locations is fraught with difficulty, ranging from simple
equipment malfunction to major disasters.371-373 Complex monitoring and numerous pieces of equipment are
often required for safe transfer, especially when additional
devices such as extracorporeal membrane oxygenators and
ventricular assist devices are present. The lack of standardized monitoring techniques and terminology explains the
widely reported discrepancies in the incidence of adverse
events. Overall, a high incidence of respiratory complications following transport has been reported.372-374
Respiratory monitoring during transport should ideally
be the same as that in the operating room or ICU before relocation. In practice, at least clinical signs (e.g., skin color,
chest expansion, auscultation, endotracheal secretions),
pulse oximetry, and respiratory rate, together with EKGp
and blood pressure, should be monitored throughout intrahospital transport. If a transport ventilator is used, airway
pressures should be readily available in numeric or graphic
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formats. Human factors are essential during transport,
and a specialized transport team using standardized management procedures with preparatory, transfer, and posttransport stabilization phases likely limits the frequency of
adverse events.375-377 This is particularly important when
high-risk patients are involved.376 Equipment and medications needed to establish and maintain a secure airway
and hemodynamics should be available during any transfer. Adequate O2 supply with functioning low-pressure
alarms should be verified during pretransport preparation.
A transport ventilator can provide better oxygenation and
reduce variability in pH and PCO2 compared with manual
ventilation.374,378 The transfer phase may require several
professionals under the coordination and supervision of an
attending anesthesiologist.!

Automated Data Systems
Electronic anesthesia records are part of routine clinical
practice in many institutions. Such systems provide data
from medical devices, clinical information management
systems, and laboratory data. The availability of large
amounts of real-time data in digital form allows for introduction of new approaches to monitoring that may have
been conceptualized, but not yet clinically implemented. In
fact, although decision-support research has been done for
years, little progress has been made in clinical decision support for the acute management of unstable patients, a major
challenge in the operating room and ICU.379-381 Computerized monitoring has significant potential to improve clinical monitoring.379,382 However, it has limitations resulting
from typical requirements not well-suited for human performance, such as monitoring graphic displays over extended
periods, or the execution of overt responses to low-probability events. Humans are limited in their ability to analyze large quantities of data accurately and continuously.
Accordingly, computer algorithms that identify subtle but
meaningful trends in physiologic data are desirable. Such
tools require relevant contextualization of measurement to
improve accuracy, as well as minimization of false-negative
and false-positive alarms. This automated monitoring
should depend not only on timely measurements, but also
on prior information. Alarms should not be fixed to specified
thresholds, but rather dynamically adapted to information
as it becomes available. Algorithms with established clinical rules provide the opportunity to detect subtle changes
in time-series data,383 which exceed human discrimination.384 Such automated systems minimize monitoring
failures and promote timely responses, thus enhancing the
performance of anesthesia delivery during long periods.
Some tools of respiratory monitoring have been assessed in
adult and pediatric populations.379,385-387 Data banks have
been developed for research.381 Another potential interest in these systems is that of creating closed-loop systems,
such as those currently implemented to adjust settings in
commercial mechanical ventilators.386,388
Although these methods are not currently established for
clinical use, they are expected to find increasing application
as reliable monitoring algorithms are implemented and validated. Such automated systems allow for the implementation of additional levels of safety. The detection of potentially
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dangerous events, such as continuously low SaO2 or the
absence of PETCO2 measurements for several breaths, can
generate an automated alarm, a screen alert, or an automated page to the supervising anesthesiologist.389 In a different condition, for example when changes in oxygenation
occur over a period of minutes, improved processes should
be directed to the anesthesia provider in direct contact with
the patient, to initiate prompt treatment, assess artifacts,
and/or call for assistance.389!

Additional Monitored Variables
NITROGEN WASHOUT AND END-EXPIRATORY
LUNG VOLUME
There has been a resurgence of interest in the use of nitrogen washout methods for adult390,391 and pediatric392
patients. Nitrogen washout techniques are found in commercial mechanical ventilators for intensive care use. The
main parameter of interest has been the end-expiratory
lung volume, a potentially valuable measurement to optimize lung expansion during mechanical ventilation, and
for the assessment of ventilatory interventions such as
PEEP adjustment.391 The measurements are performed by
introducing a step change in the inspired air (traditionally
from room air to 100% O2, in current systems a nitrogen
washout/wash-in method with 10% to 20% change in FIO2)
and solving mass balance equations for the lung volume.
In patients with ARDS, measurements of end-expiratory
lung volume demonstrated good accuracy and reproducibility, with a coefficient of variation of less than 4%.391 In
30 intensive care patients undergoing computed tomography for clinical reasons, the end-expiratory lung volume
measured with the modified nitrogen washout/wash-in
technique was well correlated (r2 = 0.89) with computed
tomography measurements with a bias of 94 ± 143 mL (15
± 18%, P = .001), within the limits of accuracy provided by
the manufacturer.390 Nitrogen washouts can also provide
measures of ventilation heterogeneity.392!

TRANSCUTANEOUS MEASUREMENTS OF
PARTIAL PRESSURES OF OXYGEN AND CARBON
DIOXIDE
Gas exchange is a dynamic and at times rapidly changing process. Conventional direct measurements of arterial blood gases, although still the gold standard for PaO2,
PaCO2, and pH monitoring, provide only an isolated picture
of that process. Expeditious assessment of circulating blood
gases could facilitate faster initiation of required therapy
and adjustment of implemented ventilation. A method for
noninvasive continuous monitoring of PaO2 and PaCO2 is a
current clinical need.
Transcutaneous measurements of PCO2 (PtcCO2), in
addition to transcutaneous PO2 (PtcO2), aim to provide
noninvasive estimates of arterial CO2 and O2, or at least
trends associated with them. These measurements have
been useful in intensive care management of neonates and
infants,393 and in the fields of wound healing and hyperbaric
O2 therapy. An advantage is that transcutaneous monitoring can be applied when expired gas sampling is limited
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such as during HFOV, apnea testing, and noninvasive ventilation. The measurements are based on the diffusion of O2
and CO2 through the skin. Because the skin is not entirely
permeable to gases, warming is used to facilitate gas diffusion. Such an increase in temperature (usually 42°C-45°C)
promotes increased O2 and CO2 partial pressure at the skin
surface resulting from changes in structure of the stratum
corneum that increase diffusion and dermal hyperemia
and shift the Hb dissociation curve. This process ultimately
results in arterialization of the regional blood. PtcO2 and
PtcCO2 are influenced not only by the arterial gas partial
pressures but also by skin O2 consumption, CO2 production,
and regional blood flow. Accordingly, PtcO2 is usually lower
than PaO2, and PtcCO2 is usually higher than PaCO2.
O2 transducers are electrochemical polarographic
Clark-type electrodes in which the rate of chemical reaction is related to an electrical signal proportional to the O2
concentration. For CO2, a transducer using a pH electrode
to measure PCO2 (Stow-Severinghaus electrode) is used,
where a change in pH is proportional to the logarithm of
the PCO2 change. For CO2 monitors, a temperature correction factor is used to estimate PaCO2 from PtcCO2. In vivo
correction is available in some devices based on arterial
blood gases. The thin epidermal layer of infants facilitates
the measurements, in contrast to the diffusion barrier
introduced by the thicker adult skin. A lower electrode
temperature in PtcCO2 monitoring produces systematic
bias of the transcutaneous electrode. However, in very
preterm babies, monitoring at 40°C or 41°C to reduce the
risk of burns is possible, provided a bias correction of 12%
to 15% is applied.394
The main application of PtcCO2 is in the neonatal ICU
population.393 Even in very low-birth-weight infants, the
mean difference between PtcCO2 and PaCO2 is 3.0 mm Hg
(95% confidence interval, 0.2 to 6.0 mm Hg; P < .05).395
In addition, PtcCO2 may be used to assess the efficacy of
mechanical ventilation continuously during respiratory
failure. In this setting, in children 1 to 16 years, PtcCO2
was more accurate and precise than PETCO2 in relation to
PaCO2. PtcCO2-PaCO2 differences were 2.3 ± 1.3 mm Hg in
children 1 to 3.4 years old and 2.6 ± 2.0 mm Hg in children 4 to 16 years old.393 PETCO2−PaCO2 differences were
larger (6.8 ± 5.1 and 6.4 ± 6.3 mm Hg) for the same age
ranges. When compared with PETCO2, PtcCO2 monitoring is
equally accurate in patients with normal respiratory function. Accuracy and precision in the perioperative period of
cardiac surgery for congenital heart disease in infants and
children were better for PtcCO2 than PETCO2 in relation to
PaCO2, with the exception of patients receiving significant
amounts of vasoactive medications and in low cardiac output states.
In adults, PtcCO2 has proven to be a less accurate and
precise surrogate for PaCO2. Nonetheless, PtcCO2 could be
suitable for specific conditions. Laparoscopic surgery with
prolonged pneumoperitoneum is one condition in which
PtcCO2 may be a more accurate estimate of PaCO2 compared
with PETCO2,396 even for trending PaCO2.397 During deep
sedation for ambulatory hysteroscopy in healthy patients,
earlobe PtcCO2 agreed better with PaCO2 than did nasal
sidestream PETCO2, with lower bias (1.7 vs. –7.0 mm Hg)
and smaller mean differences to PaCO2 (3.2 ± 2.6 vs. 8.0
± 6.0 mm Hg).398 The sensitivity of the PtcCO2 monitor for

detecting PaCO2 values higher than 50 mm Hg was also
greater than for PETCO2 (66.7% vs. 33.3%; P < .01).398
PtcCO2 is also helpful during weaning from mechanical
ventilation after off-pump coronary artery bypass graft.399
In adults admitted to an emergency department for acute
respiratory failure, agreement between PaCO2 and PtcCO2
was 0.1 mm Hg, and the limits of agreement were from −6.0
to 6.2 mm Hg). In patients undergoing noninvasive ventilation, unacceptably wide variability may be observed.400 In
mechanically ventilated ICU patients, PtcCO2 correlated better and with less bias to PaCO2 than PETCO2 even if still with
sizeable variability (mean PtcCO2 − PaCO2 = 2.2 ± 5.7 mm
Hg).401 PtcCO2 does not replace PETCO2 monitoring, which
remains the standard of care to confirm intratracheal placement of the ETT following intubation, or to actuate a disconnect alarm in the operating room.
PtcO2 from normal to extremely low-birth-weight
infants agreed well with PaO2 measurements, with mean
PtcO2−PaO2 difference 2.3 (−1.5 to 6.8) mm Hg, clinically
acceptable in current neonational ICUs. PtcO2 in neonates
is additionally important to detect hyperoxia, which is not
feasible with pulse oximetry. The use of PtcO2 in adults has
been focused on wound management, peripheral vascular
disease, and hyperbaric medicine. Although attempts for
applications in adults were promising, such as the use of
PtcO2 to support resuscitative efforts,402 measurements following off-pump coronary artery surgical procedures still
present very high variability.403 The dependence of PtcO2
on low-flow states has been used in conjunction with analysis of arterial blood gases to estimate adequacy of cutaneous
blood flow and, by inference hemodynamic, stability.404,405
In summary, transcutaneous measurements are favorably positioned for continuous gas exchange monitoring in
neonates and infants. In contrast, widespread applications
of transcutaneous techniques in the perioperative settings
are still hindered by limitations, such as poor cutaneous
blood flow, need for frequent calibration, slow response
time, and risk for skin burns with prolonged application.!

LUNG WATER
Pulmonary edema is a hallmark of lung injury. It can result
from increased hydrostatic pressure in the pulmonary capillaries (cardiogenic), increased permeability of the alveolar
capillary membrane (noncardiogenic), and reduced lymphatic drainage from the lungs. Such mechanisms can be
caused by pulmonary or extrapulmonary factors. For these
reasons, interest in the development of methods to quantify
EVLW has been considered, because this may assist in the
diagnosis and management of those conditions, including
early detection, differential diagnosis, fluid therapy, diuretics, and mechanical ventilation.406 In patients, assessment
of pulmonary edema is made with imaging techniques (e.g.,
chest radiography, ultrasonography, and computed tomography), thermodilution, bioimpedance, bioreactance, and
remote dielectric sensing.

Imaging Techniques
The method used primarily in clinical practice remains bedside chest radiograph. It allows for semiquantitative assessment of EVLW, its distribution, and its possible etiology.
The chest radiograph has limited diagnostic accuracy. This
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is because (1) edema may not be visible until the amount
of lung water increases by 30%407; (2) any radiolucent
material that fills the air spaces (e.g., alveolar hemorrhage, pus, and bronchoalveolar carcinoma) will produce
a radiographic image similar to that of pulmonary edema;
(3) technical issues including rotation, inspiration, positive-pressure ventilation, patient position, and underpenetration or overpenetration can reduce sensitivity and
specificity; and (4) substantial interobserver variability
exists in interpretation of chest radiographs.408,409 Computed tomography is another radiographic technique to
quantify EVLW. In animal experiments, computed tomography densitometry could detect an increase in EVLW by
as little as 50%.162 Computed tomography-based studies
indicated that significant hypoxemia secondary to pulmonary edema may not develop until the increase in EVLW
approaches 200% to 300%.163 Lack of portability and high
radiation exposure limit the use of computed tomography
as a continuous intraoperative monitor. Positron emission
tomography165 and nuclear magnetic resonance166 are
imaging techniques that can assess lung water. However,
they are not amenable for routine clinical use in the perioperative setting. Lung ultrasonography is garnering greater
acceptance as another method for assessing lung edema.!

Indicator Dilution Methods
Such measurements of EVLW have been expected to be
superior to blood oxygenation and chest radiography. They
are based on the kinetics of one or two tracers injected centrally and measured in an artery. Initial techniques were
based on a double-indicator dilution method. These techniques gained renewed attention with the introduction
of a clinical device to assess EVLW using the transpulmonary thermodilution technology, which facilitated bedside
measurements.410 The device uses cold saline as the single
indicator injected in a central venous line. EVLW and additional hemodynamic parameters (i.e., cardiac output) are
computed from the curve of temperature in the peripheral
artery.411 Good reproducibility and correlation can occur
with gravimetric methods and can be a useful clinical
and research tool. EVLW may be a predictor of mortality
in patients with severe sepsis412 and ARDS.413,414 It is a
diagnostic tool in detecting early pulmonary edema,415,416
including reperfusion edema after pulmonary endarterectomy,417 after lung transplantation,418 and in evaluating
the effect of ventilatory modes during esophagectomy.419
The measurement has also been proposed to guide fluid
therapy in ARDS420 and subarachnoid hemorrhage,421
as well as assess the effect of steroids during cardiac surgery.422 EVLW was the primary outcome variable in clinical
trials to study the efficacy of salbutamol to resolve pulmonary edema in patients with ARDS (the Beta-Agonist Lung
Injury Trial)423 and lung resection.424
The limitations on this technique derive from the considerable and at times conflicting assumptions.411,425
Measurement premises include that the thermal indicator
reaches all lung regions and equilibrates in all of them and
that the central circulation volumes between the injection
and temperature measurement sites can be described as a
small number of individual well-mixed compartments, each
showing a monoexponential decay of temperature with
time. Experimental evidence indicated that assumptions for
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the method do not apply to all conditions; an important factor is the changes in the regional distribution of perfusion
during lung injury.411,426,427 These changes may compromise the measurement.425 Indeed, redistribution of lung
perfusion can produce measurement changes larger than
those seen in the Beta-Agonist Lung Injury Trial between
treatment and control groups.423,426 Such results are also
consistent with the influence of the type of lung injury on
the accuracy of EVLW measurements,428-430 as well as
with the poor correlation between transpulmonary thermodilution EVLW and computed tomographic estimates
of EVLW.431,432 Thus the expected reliability of transpulmonary thermodilution EVLW to follow trends433 cannot
be taken for granted, and it requires interpretation in light
of potential simultaneous changes in regional perfusion.
Finally, the technique requires placement of arterial and
central venous catheters, thereby increasing invasiveness.
Complete references available online at expertconsult.com.
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