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 2 It is mandatory to measure inspired oxygen concentration for 
patients receiving general anesthesia to prevent the inadvertent 
administration of a hypoxic gas mixture. However, inspired oxygen 
concentration monitoring cannot reliably detect disconnection of 
the circuit, nor does it guarantee adequate arterial oxygenation.

 3 Pulse oximetry provides a noninvasive means to detect the onset 
of hypoxemia rapidly. Modern pulse oximeters are noninvasive, 
continuous, autocalibrating, have quick response times and are 
suitable for use during transport. However, pulse oximetry is 

 1 The purpose of monitoring equipment is to augment the 
situational awareness of the anesthesiologist by providing clinical 
data either more rapidly than can be achieved manually or more 
precisely than can be achieved by direct examination of the patient. 
The value of any particular monitoring technique lies in its ability 
to inform the practice of the anesthesiologist so that the patient’s 
physiologic condition can be maintained within satisfactory 
parameters. No monitoring technique, however sophisticated, 
can substitute for the judgment of the anesthesiologist.
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IntroductIon

Historically, the foundation of anesthesia practice has been vigi-
lance and ongoing clinical examination of the patient. The devel-
opment of modern monitoring equipment does not replace these 
responsibilities. Automated monitoring equipment provides the 
anesthesiologist with the ability to acquire clinical information 
either more rapidly or frequently than can be achieved through 
manual techniques, or in a more quantitatively precise manner 
than can be achieved by physical examination alone. The purpose 
of monitoring equipment, then, is to augment the situational 
awareness of the anesthesiologist so that clinical problems can 
be recognized and addressed in a timely manner, and to guide 

treatment. The value of any particular monitoring technique lies 
in its ability to inform the practice of the anesthesiologist so that 
the patient’s physiologic condition can be maintained within 
satisfactory parameters. The term itself is derived from monere, 
which in Latin means to warn, remind, or admonish.

This chapter discusses the methods and biomedical devices 
through which anesthesiologists monitor the physiologic state of 
the patient during anesthesia care. The principles of operation for 
each of these devices are explained. These explanations are, by 
necessity, simpliied as the actual design of a biomedical device 
involves signiicant engineering complexity. However, the expla-
nations are intended to be suficient to allow the anesthesiologist 
to understand how the device acquires its clinical data, and to 
understand how that process might be compromised and the data 1

Mult imedia
 1 Oximetry

 2 Galvanic Oxygen Analyzers

 3 Capnogram

 4 Cardiac Oscillation

 5 Arterial Line Tracing

 6 Arterial Line Insertion

 7 Ultrasound Guided Radial Artery Cannulation

 8 Transducer

 9 Arterial Line Infection

 10 Arterial Line Complications

 11 NIBP Oscillations

 12 Swan Pressure Tracing

 13 Swan Real Life

 14 CVP Waveforms

 15 Ultrasound Guided IJ Insertion

 16 Thermodilution Cardiac Output

 17 Respiratory Variation

a poor indicator of adequate ventilation; desaturation is a late 
sign of apnea or respiratory insuficiency.

 4 Monitoring of expired carbon dioxide is now recommended for 
procedures involving moderate to deep sedation, in addition to 
procedures performed under general anesthesia. Advances in 
infrared absorption spectroscopy have led to the production of 
conveniently portable devices for expired gas analysis.

 5 During direct invasive arterial pressure monitoring, the idelity 
of the system is optimized when the catheter and tubing 
are stiff, the mass of the luid is small, and the length of the 
connecting tubing is not excessive.

 6 Automated noninvasive blood pressure monitors use the 
oscillometric method to estimate arterial blood pressure. 
Pulsatile low generates oscillations in the internal pressure of 
an inlated blood pressure cuff; these oscillations are greatest 
when the cuff is inlated to mean arterial pressure. During 
prolonged surgical cases, it may be prudent to relocate the blood 
pressure cuff every few hours to reduce the risk of neurapraxia 
or cutaneous injury.

 7 On the basis of available evidence, it is dificult to draw 
meaningful conclusions regarding the effectiveness of 
pulmonary artery catheter (PAC) monitoring in reducing 
morbidity and mortality in critically ill patients. Expert opinion 
suggests that perioperative complications may be reduced if 
PACs are used in the appropriate patients and settings, and if 
clinicians interpret and apply the data provided by the PAC 

correctly. New, noninvasive devices have been developed to 
generate similar cardiac output parameters to the PAC, as well as 
potentially to be able to predict luid responsiveness. However, 
certain common comorbidities can impair the accuracy of 
these devices; the PAC thermodilution technique remains the 
clinical gold standard for measuring cardiac output.

 8 Clinical studies have demonstrated that patients in whom 
intraoperative hypothermia develops are at a higher risk for 
development of postoperative myocardial ischemia and wound 
infection compared with patients who are normothermic in the 
perioperative period. Although liquid crystal skin temperature 
strips are convenient to apply, they do not correlate well with 
core temperature measurements.

 9 Although the algorithms used by processed EEG monitors 
are proprietary, the general features of the EEG that they use 
are well described. Processed EEG monitors have not been 
demonstrated to be superior to end-tidal agent concentration 
monitoring in the prevention of awareness under anesthesia, 
although neither technique is suficient to avoid awareness 
with complete reliability.

 10 The advent of “smarter” and more technically sophisticated 
monitoring devices does not relieve the anesthesiologist of 
their obligation to employ their clinical judgment wisely. On 
the contrary, it requires the anesthesiologist to understand the 
operation of these devices intimately so that they can be used 
safely, accurately, and appropriately.
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made erroneous; to understand how the device works, and how it 
may fail. There is little high-grade evidence that electronic monitors, 
by themselves, reduce morbidity and mortality. There is also con-
troversy regarding the need for speciic monitors in certain clinical 
situations, particularly where use of the monitor in question may 
add signiicant cost, or where the invasiveness of the monitoring 
technique may place the patient at risk of iatrogenic complications. 
Against these costs and risks, the anesthesiologist must balance the 
likely beneit from a particular monitoring technique, when used 
and interpreted correctly. Therefore, alongside the science and engi-
neering aspects of monitoring, there is also the clinical art of choos-
ing how a patient should best be monitored intraoperatively. For 
each of the monitoring techniques, relative indications, contraindi-
cations, and common technical problems are discussed.

Standards for basic anesthetic monitoring have been estab-
lished by the American Society of Anesthesiologists (ASA). Since 
1986, these standards have emphasized the evolution of technol-
ogy and practice. The current standards (which became effective 
on July 1, 2011) emphasize the importance of regular and fre-
quent measurements, integration of clinical judgment and expe-
rience, and the potential for extenuating circumstances that can 
inluence the applicability or accuracy of monitoring systems.1

Standard I requires qualiied personnel to be present in the 
operating room during general anesthesia, regional anesthesia, 
and monitored anesthesia care to monitor the patient continu-
ously and modify anesthesia care based on clinical observations 
and the responses of the patient to dynamic changes resulting from 
surgery or drug therapy. Standard II focuses attention on continu-
ally evaluating the patient’s oxygenation, ventilation, circulation, 
and temperature. Standard II speciically mandates the following:

 1. Use of an inspired oxygen analyzer with a low concentration 
limit alarm during general anesthesia.

 2. Quantitative assessment of blood oxygenation during any 
anesthesia care.

 3. Continuously ensuring the adequacy of ventilation by physi-
cal diagnostic techniques during all anesthesia care. Continual 
identiication of expired carbon dioxide is performed unless 
precluded by the type of patient, procedure, or equipment. 
Quantitative monitoring of tidal volume and capnography is 
strongly encouraged in patients undergoing general anesthesia.

 4. When administering regional anesthesia or local anesthesia, suf-
icient ventilation should be assessed by qualitative clinical signs. 
During moderate or deep sedation, ventilation shall be evaluated 
by continual assessment of qualitative clinical signs, and also 
monitoring for the presence of exhaled carbon dioxide unless 
precluded by the type of patient, procedure, or equipment.

 5. Ensuring correct placement of an endotracheal intubation or 
laryngeal mask airway requires clinical assessment and quali-
tative identiication of carbon dioxide in the expired gas.

 6. When using a mechanical ventilator, use of a device that is able 
to detect a disconnection of any part of the breathing system.

 7. The adequacy of circulation should be monitored by the con-
tinuous display of the electrocardiogram, and by determin-
ing the arterial blood pressure and heart rate at least every 5 
minutes. During general anesthesia, circulatory function is to 
be continually evaluated by at least one of the following: Pal-
pation of a pulse, auscultation of heart sounds, monitoring 
of a tracing of intra-arterial pressure, ultrasound peripheral 
pulse monitoring, or pulse plethysmography or oximetry.

 8. During all anesthetics, the means for continuously measur-
ing the patient’s temperature must be available. Every patient 
receiving anesthesia shall have temperature monitored 
when clinically signiicant changes in body temperature are 
intended, anticipated, or suspected.

MonItorIng of InspIred  

oxygen concentratIon

principles of Operation

Oxygen is a highly reactive chemical species, providing many 
chemical and physical opportunities to detect its presence. Three 
main types of oxygen analyzers are seen in clinical practice: Para-
magnetic oxygen analyzers, galvanic cell analyzers, and polaro-
graphic oxygen analyzers.

Paramagnetic gases are attracted to magnetic energy because 
of unpaired electrons in their outer shell orbits. Oxygen is a highly 
paramagnetic gas. Differential paramagnetic oximetry has been 
incorporated into a variety of operating room monitors. These 
instruments detect the change in sample line pressure resulting 
from the attraction of oxygen by switched magnetic ields.  Signal 
changes during electromagnetic switching correlate with the 
 oxygen concentration in the sample line.2

Galvanic cell analyzers meet the performance criteria neces-
sary for operative monitoring. These analyzers measure the cur-
rent produced when oxygen diffuses across a membrane and is 
reduced to molecular oxygen at the anode of an electrical circuit.3 
The electron low (current) is proportional to the partial pressure 
of oxygen in the fuel cell. Galvanic cell analyzers require regular 
replacement of the galvanic sensor capsule. In the sensor, the elec-
tric potential for the reduction of oxygen results from a chemical 
reaction. Over time, the reactants require replenishment.4

Polarographic oxygen analyzers are commonly used in anes-
thesia monitoring. In this electrochemical system, oxygen diffuses 
through an oxygen-permeable polymeric membrane and partici-
pates in the following reaction: O2 + 2H2O + 4e− S 4OH−. The 
 current change is proportional to the number of oxygen molecules 
surrounding the electrode. Polarographic oxygen sensors are versa-
tile and are important components of gas machine oxygen analyz-
ers, blood gas analyzers, and transcutaneous oxygen analyzers.5

proper Use and Interpretation

The concentration of oxygen in the anesthetic circuit must be 
measured. Anesthesia machine manufacturers place oxygen sen-
sors on the inspired limb of the anesthesia circuit to detect and 
alarm in the event that hypoxic gas mixtures are delivered to the 
patient. Carbon dioxide may reduce the usable lifetime of a gal-
vanic oxygen sensor, so it is preferable to place the oxygen sensor 
on the inspired limb. Oxygen monitors require a fast response 
time (2 to 10 seconds), accuracy (±2% of the actual level), and 
stability when exposed to humidity and inhalation agents.

The removable, external oxygen sensors seen commonly on 
anesthesia machines such as the Narkomed and Drager Fabius are 
of the galvanic type. These devices should be calibrated against 
room air (FiO2 = 0.21) daily, and also after 8 hours of use. These 
devices may also infrequently require calibration against FiO2 = 1. 
As part of the preoperative checkout of the anesthesia machine, 
the clinician must conirm that the alarm limits of the inspired 
oxygen analyzer are set appropriately to alert to the presence of 
hypoxic mixtures. Inspired oxygen alarms cannot be relied upon 
to detect disconnection of the circuit.

Indications

According to the ASA Standards for Basic Anesthesia Monitor-
ing,1 Standard 2.2.1 states “During every administration of general 

1

2

2
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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.”

The careful monitoring of the inspired oxygen concentration 
is of particular signiicance during low-low anesthesia, in which 
the anesthesiologist attempts to minimize the fresh gas low to 
the amount of oxygen necessary to replace the patient’s metabolic 
utilization. The gas mixture within the breathing circuit may 
become hypoxic if insuficient fresh gas low is supplied, even if 
the fresh gas low itself comprises pure oxygen.

Contraindications

This requirement to monitor inspired oxygen concentration may 
be waived by the responsible anesthesiologist under extenuating 
circumstances. There are no clinical contraindications to moni-
toring inspired oxygen concentration.

Common problems and Limitations

Adequate inspiratory oxygen concentration does not guarantee 
adequate arterial oxygen concentration.6 Consequently, ASA1 
Standard 2.2.2 mandates additional monitoring for blood oxy-
genation, including the provision of adequate lighting and expo-
sure to assess the patient’s color by direct observation.

MonItorIng of arterIal 

oxygenatIon by pulse oxIMetry

principles of Operation

Pulse oximeters measure pulse rate and estimate the oxygen satu-
ration of hemoglobin (Hb; Spo2) on a noninvasive, continuous 
basis.7 The oxygen saturation of hemoglobin (as a percentage) is 
related to the oxygen tension (as a partial pressure, mm Hg) by 
the oxyhemoglobin dissociation curve. On the steep part of the 
curve, a predictable correlation exists between arterial oxyhemo-
globin saturation (Sao2) and partial pressures of oxygen (PaO2). 
In this range, the Sao2 is a good relection of the extent of hypox-
emia and the changing status of arterial oxygenation. For PaO2 
greater than 75 mm Hg, the Sao2 reaches a plateau and no longer 
relects changes in PaO2. Coexisting medical conditions, such as 
hypercapnia, acidosis, and hyperthermia, cause the oxyhemoglo-
bin dissociation curve to shift to the right and decrease the afinity 
of hemoglobin for oxygen (Fig. 25-1). This favors the unloading 
of oxygen from hemoglobin to peripheral tissues.

Pulse oximetry is based on the following premises:

 1. The color of blood is a function of oxygen saturation.
 2. The change in color results from the optical properties of 

hemoglobin and its interaction with oxygen.
 3. The ratio of oxyhemoglobin (HbO2) and hemoglobin (Hb) 

can be determined by absorption spectrophotometry.

Oxygen saturation is determined by spectrophotometry, which 
is based on the Beer–Lambert law. At a constant light intensity 
and hemoglobin concentration, the intensity of light transmitted 
through a tissue is a logarithmic function of the oxygen satura-
tion of Hb. Two wavelengths of light are required to distinguish 
HbO2 from Hb. Light-emitting diodes in the pulse sensor emit 
red (660 nm) and near infrared (940 nm) light. The percentage 

of HbO2 is determined by measuring the ratio of infrared and red 
light sensed by a photodetector. Pulse oximeters perform a plethys-
mographic analysis to differentiate the pulsatile “arterial” signal 
from the nonpulsatile signal resulting from “venous” absorption 
and other tissues such as skin, muscle, and bone. The absence of 
a pulsatile waveform during extreme hypothermia or hypoperfu-
sion can limit the ability of a pulse oximeter to calculate the Spo2.

The Spo2 measured by pulse oximetry is not the same as the 
arterial saturation (Sao2) measured by a laboratory co-oximeter. 
Pulse oximetry measures the “functional” saturation, which is 
deined by the following equation:

Sp
HbO

HbO Hb
O2

2

2

100=
+

× %

Laboratory co-oximeters use multiple wavelengths to distin-
guish other types of Hb, such as carboxyhemoglobin (COHb) and 
methemoglobin (MetHb) by their characteristic absorption. Co-
oximeters measure the “fractional” saturation, which is deined 
by the following equation:

S O
HbO
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α 2

2

2

100=
+ + +

× %

In clinical circumstances where other Hb moieties are pres-
ent, the Spo2 measurement may not correlate with the actual 
Sao2 reported by the blood gas laboratory. For example, MetHb 
absorbs red and infrared wavelengths of light in a 1:1 ratio corre-
sponding to an Spo2 of approximately 85%. Therefore, increases 
in MetHb produce an underestimation when Spo2 >70% and an 
overestimation when Spo2 <70%. Similarly, COHb also produces 
artiicially high and misleading results; one study showed that 
at 70% COHb, the Spo2 still measured 90%. In most patients, 
MetHb and COHb are present in low concentrations so that the 
functional saturation approximates the fractional value.9

proper Use and Interpretation

The assessment of arterial oxygenation is an integral part of anes-
thesia practice. Early detection and prompt intervention may 
limit serious sequelae of hypoxemia. The clinical signs associated 
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fIgure 25-1. The oxyhemoglobin dissociation curve. The relation-
ship between arterial saturation of hemoglobin and oxygen tension is 
represented by the sigmoid-shaped oxyhemoglobin dissociation curve. 
When the curve is left-shifted, the hemoglobin molecule binds oxy-
gen more tightly. (Reproduced from: Brown M, Vender JS. Noninvasive 
 oxygen monitoring. Crit Care Clin 1988;4:493–509.) 
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with hypoxemia (e.g., tachycardia, altered mental status, cyano-
sis) are often masked or dificult to appreciate during anesthesia.

The appropriate use of pulse oximetry necessitates an appre-
ciation of both physiologic and technical limitations. Despite the 
numerous clinical beneits of pulse oximetry, other factors affect its 
accuracy and reliability. Factors that may be present during anesthe-
sia care and that affect the accuracy and reliability of pulse oximetry 
include dyshemoglobins, dyes (methylene blue, indocyanine green, 
and indigo carmine), nail polish, ambient light, light-emitting diode 
variability, motion artifact, and background noise. Electrocautery 
can interfere with pulse oximetry if the radiofrequency emissions 
are sensed by the photodetector. Surgical stereotactic positioning 
systems that make use of infrared position sensors may interfere 
with the infrared signals used by the pulse oximeter. Reports of 
burns or pressure necrosis exist but are infrequent. Inspecting the 
digits during monitoring can reduce these complications.

Recent developments in pulse oximetry technology reportedly 
may permit more accurate measurements of Spo2 during patient 
movement, low-perfusion conditions, and in the presence of 
dyshemoglobins. Some of these instruments use complex signal 
 processing of the two wavelengths of light to improve the signal-
to-noise ratio and reject artifact. Studies in volunteers suggest 
that the performance of pulse oximeters incorporating this tech-
nology is superior to conventional oximetry during motion of the 
hand, hypoperfusion, and hypothermia.10,11 Other pulse oximetry 
devices incorporate eight wavelengths of light to more accurately 
measure COHb and MetHb.9

Indications

Pulse oximetry has been used in all patient age groups to detect 
and prevent hypoxemia. The clinical beneits of pulse oxim-
etry are enhanced by its simplicity. Modern pulse oximeters are 
noninvasive, continuous, and autocalibrating. They have quick 
response times and their battery backup provides monitoring 
during transport. The clinical accuracy is typically reported to be 
within ±2% to 3% at 70% to 100% saturation and ±3% at 50% 
to 70% saturation. Published data from numerous investigations 
support accuracy and precision reported by instrument manu-
facturers. Quantitative assessment of arterial oxygen saturation 
is mandated by the ASA monitoring standards,1 and the conve-
nience and safety of pulse oximetry has supplanted earlier tech-
niques such as heated transcutaneous pO2 electrodes.12

Pulse oximetry has wide applicability in many hospital and 
nonhospital settings. However, there are no deinitive data dem-
onstrating a reduction in morbidity or mortality associated with 
the advent of pulse oximetry. An older large randomized trial did 
not detect a signiicant difference in postoperative complications 
when routine pulse oximetry was used.13 However, a reduction 
of anesthesia mortality, as well as fewer malpractice claims from 
respiratory events, coincident with the introduction of pulse 
oximeters suggests that the routine use of these devices may have 
been a contributing factor.

Contraindications

There are no clinical contraindications to monitoring arterial 
oxygen saturation with pulse oximetry.

Common problems and Limitations

Arterial oxygen monitors do not ensure adequacy of oxygen 
delivery to, or utilization by peripheral tissues and should not be 

3

considered a replacement for arterial blood gas measurements or 
mixed central venous oxygen saturation when more deinitive 
information regarding oxygen supply and utilization is required.

Unless the patient is in breathing room air, pulse oximetry is 
a poor indicator of adequate ventilation; patients who have been 
breathing 100% FiO2 may be apneic for several minutes before 
desaturation is detected by the pulse oximeter. Once the PAO2 has 
fallen suficiently to cause a detectable decrease in Spo2, further 
desaturation may occur precipitously once the steep part of the 
HbO2 dissociation curve is reached.

MonItorIng of expIred gases

principles of Operation

The patient’s expired gas is likely to be composed of a mixture of 
oxygen (O2), nitrogen (N2), carbon dioxide (CO2), and anesthetic 
gases such as nitrous oxide (N2O) and highly potent halogenated 
agents (sevolurane, isolurane, or deslurane). Anesthesiologists 
have long sought to measure the composition of expired gases 
noninvasively and in real time; these measurements can provide 
vital information regarding the patient’s respiratory condition 
and assist in the titration of volatile anesthetic agents.

In 1972, White and Wardley-Smith14 described the construc-
tion of a simple detector of anesthetic gases. Anesthetic gases will 
tend to partition into silicone rubber, changing the elastic prop-
erties of the rubber. A mechanical device can be constructed to 
maintain silicone rubber strips under light tension; this device is 
attached to the expiratory limb of the anesthesia circuit so that the 
strips are exposed to the patient’s expired gases. As the concen-
tration of anesthetic gas rises, the length of the strips will change 
proportionally, and a mechanical linkage to a pointer on a gauge 
can display this change. Although the practical shortcomings of 
such a device are obvious from a contemporary viewpoint, this is 
only evidence of how much biomedical engineering sophistica-
tion has been applied to this important problem in the interven-
ing 40 years. For instance, the response time of this simple device 
would be expected to be very slow. However, if piezoelectric crys-
tals are coated with a layer of lipid, the concentration of anes-
thetic gases can be detected by changes in the resonant frequency 
of the crystal as anesthetic gases partition into the lipid coating. 
This idea makes use of the same physical behavior of anesthetic 
gases, but evolved in its implementation so that the response time 
is now suficient to detect inspired, expired, and breath-to-breath 
changes in anesthetic gas concentrations.15 Nevertheless, this new 
device is still signiicantly limited by its inability to identify the 
gas it is detecting and by its inability to work with mixtures of 
different gases.

Mass spectrometry systems and Raman scattering devices 
addressed these shortcomings. Mass spectroscopy systems obtain 
a sample of expired gas, and bombard this gas mixture with elec-
trons, creating ion fragments of a predictable mass and charge. 
These fragments are accelerated in a vacuum. A sample of this 
mixture enters a measurement chamber, where the fragment 
stream is subjected to a high magnetic ield. The magnetic ield 
separates the fragments by their mass and charge. The fragments 
are delected onto a detector plate, and each gas has a speciic land-
ing site on the detector plate. The ion impacts are proportional to 
the concentration of the parent gas or vapor. The processor sec-
tion of the mass spectrometer system calculates the concentration 
of the gases of interest. Mass spectrometers are large devices and 
were often multiplexed—that is, connected to multiple patients, 
taking expired gas samples from each in turn.16
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Raman scattering results when photons generated by a 
high-intensity argon laser collide with gas molecules. The scat-
tered photons are measured as peaks in a spectrum that deter-
mine the concentration and composition of respiratory gases 
and inhaled vapors. O2, N2, N2O, CO2, H2O vapors and inhaled 
anesthetic agents are all simultaneously measurable using Raman 
 scattering.17

Infrared absorption spectrophotometry (IRAS) gas analysis 
devices have now supplanted all of these earlier measurement 
techniques in clinical practice. Asymmetric, polyatomic mol-
ecules like CO2 absorb infrared light at speciic wavelengths. By 
transmitting light through a pure sample of a gas over the range 
of infrared frequencies, a unique infrared transmission spectrum 
(like a ingerprint) can be created for the gas (Fig. 25-2).

CO2 strongly absorbs infrared light with a wavelength of 4.3 
microns. At this wavelength there is minimal interference from 
other gases that may also be present, such as water vapor, oxygen, 
nitrous oxide, and inhaled anesthetic agents. Infrared light at this 
wavelength can be passed through a sample of gas to an infrared 
detector. As the concentration of carbon dioxide increases, the 
intensity of the light that reaches the detector decreases, in accor-
dance with the Beer–Lambert law.

IRAS devices have ive components: A multiple-wavelength 
infrared light source, a gas sampler, an optical path, a detection 
system, and a signal processor. Operating room IRAS devices 
can detect CO2, N2O, and the potent inhaled anesthetic agents 
as mixed together in a sample of the patient’s expired gas. The 
gas mixture is passed through the optical path of multiple infra-
red beams whose wavelengths are chosen to correspond to key 
features in the transmission spectra of the gases of interest. By 
analyzing the combination of absorption of infrared light at these 
wavelengths, the presence and concentrations of all of these gases 
can be determined simultaneously.19 The use of multiple wave-
lengths allows the gases to be identiied automatically. Older IRAS 
devices used a hot electrical element to generate radiant infrared 
light over a broad range of wavelengths. An optical ilter wheel 
was then used to cut out all but the desired wavelengths. Contem-
porary devices make use of small lasers and ilters, designed such 
that they emit only at the desired wavelengths. This approach 
consumes much less electrical power, is physically less heavy and 

has led to the development of conveniently portable handheld gas 
analyzers.20

proper Use and Interpretation

Expired gas analysis allows the clinician to monitor inspired and 
expired concentrations of carbon dioxide and anesthetic gases 
simultaneously. These measurements require separate clinical 
interpretation. Critical events that can be detected by the analysis 
of respiratory gases and anesthetic vapors are listed in Table 25-1.

Interpretation of Inspired and Expired  
Carbon Dioxide Concentrations

Capnometry is the measurement and numeric representation of 
the CO2 concentration during inspiration and expiration. A cap-
nogram is a continuous concentration–time display of the CO2 
concentration sampled at a patient’s airway during ventilation. 
The capnogram is divided into four distinct phases (Fig. 25-3).

The irst phase (A–B) represents the initial stage of expiration. 
Gas sampled during this phase occupies the anatomic dead space 

3

fIgure 25-2. Gaseous phase infrared transmission spectrum for car-
bon dioxide and nitrous oxide. Modified from the National Institute 
of Standards and Technology (http://www.nist.gov); and Craver CD, 
 Coblentz Society. The Coblentz Society desk book of infrared spectra. 
2nd ed. Kirwood, MO (P.O. Box 9952, Kirkwood 63122): The Society; 
1982.
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fIgure 25-3. The normal capnogram. Point D delineates the end- 
tidal CO2 (ETCO2). ETCO2 is the best reflection of the alveolar CO2 
 partial pressure. See text for discussion of the curve.

LMA, laryngeal mask airway.
Modiied from: Knopes KD, Hecker BR. Monitoring anesthetic gases, In: Lake CL, 
ed. Clinical Monitoring. Philadelphia, PA, WB Saunders; 1990, p 24, with permission.

table 25-1.  DETECTION OF CRITICAL EVENTS 

BY IMPLEMENTING GAS ANALYSIS

Event Gas Measured by Analyzer

Error in gas delivery O2, N2, CO2, agent analysis

Anesthesia machine 
malfunction

O2, N2, CO2, agent

Disconnection CO2, O2, agent analysis

Vaporizer malfunction or 
contamination

Agent analysis

Anesthesia circuit leaks N2, CO2 analysis

Endotracheal cuff leaks N2, CO2

Poor mask or LMA it N2, CO2

Hypoventilation CO2 analysis

Malignant hyperthermia CO2

Airway obstruction CO2

Air embolism CO2, N2

Circuit hypoxia O2 analysis

Vaporizer overdose Agent analysis

http://www.nist.gov
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and is normally devoid of CO2. At point B, CO2-containing gas 
presents itself at the sampling site, and a sharp upstroke (B–C) is 
seen in the capnogram. The slope of this upstroke is determined by 
the evenness of expiratory ventilation and alveolar emptying. Phase 
C–D represents the alveolar or expiratory plateau. At this phase of 
the capnogram, alveolar gas is being sampled. Normally, this part 
of the waveform is almost horizontal. However, when ventilation 
and perfusion are mismatched, Phase C–D may take an upward 
slope. Point D is the highest CO2 value and is called the end-tidal 
CO2 (ETCO2). ETCO2 is the best relection of the alveolar CO2 
(PACO2). As the patient begins to inspire, fresh gas is entrained 
and there is a steep downstroke (D–E) back to baseline. Unless 
rebreathing of CO2 occurs, the baseline approaches zero. If the 
PaCO2–PaCO2 gradient is constant and small, capnography pro-
vides a noninvasive, continuous, real-time relection of ventilation. 
The ETCO2–PaCO2 gradient typically is around 5 mm Hg during 
routine general anesthesia in otherwise healthy, supine patients.

The size and shape of the capnogram waveform can provide 
additional clinical information.21 A slow rate of rise of the second 
phase (B–C) is suggestive of either chronic obstructive pulmonary 
disease or acute airway obstruction as from bronchoconstriction 
(asthma) secondary to mismatch in alveolar ventilation and alve-
olar perfusion. A normally shaped capnogram with an increase in 
ETCO2 suggests alveolar hypoventilation or an increase in CO2 
production. Transient increases in ETCO2 are often observed 
during tourniquet release, aortic unclamping, or the administra-
tion of bicarbonate.

Capnography is an essential element in determining the appro-
priate placement of endotracheal tubes. The presence of a stable 
ETCO2 for three successive breaths indicates that the tube is not 
in the esophagus. A continuous, stable CO2 waveform ensures the 
presence of alveolar ventilation but does not necessarily indicate 
that the endotracheal tube is properly positioned in the trachea. 
An endobronchial intuition, in which the tip of the tube is located 
in a main stem bronchus, cannot be ruled out until breath sounds 
are auscultated bilaterally. A continuous CO2 tracing also does not 
guarantee that the endotracheal tube is placed securely; an endo-
tracheal tube placed proximally to the vocal cords may still pro-
duce an otherwise satisfactory tracing until it becomes dislodged.

A sudden drop in ETCO2 to near zero followed by the absence 
of a CO2 waveform heralds a potentially life-threatening problem 
that could indicate malposition of an endotracheal tube into the 
pharynx or esophagus, sudden severe hypotension, massive pul-
monary embolism, a cardiac arrest, or a disconnection or disrup-
tion of sampling lines. When a sudden drop of the ETCO2 occurs, 
it is essential to quickly verify that there is pulmonary ventilation 
and to identify physiologic and mechanical factors that might 
account for then ETCO2 of zero. During life-saving cardiopul-
monary resuscitation, the generation of adequate circulation can 
be assessed by the restoration of the CO2 waveform.

Whereas abrupt decreases in the ETCO2 are often associ-
ated with an altered cardiopulmonary status (e.g., embolism or 
hypoperfusion), gradual reductions in ETCO2 more often relect 
decreases in PaCO2 that occur when there exists an imbalance 
between minute ventilation and metabolic rate (i.e., CO2 produc-
tion), as commonly occurs during anesthesia at a ixed minute 
ventilation. Increases in ETCO2 can be expected when CO2 pro-
duction exceeds ventilation, such as in hyperthermia or when an 
exogenous source of CO2 is present. Capnographic waveforms 
that do not return to zero during inspiration indicate rebreathing 
of carbon dioxide. This can occur if the carbon dioxide absorber 
in an anesthesia machine is chemically exhausted if a valve in the 
ventilator circuit is not functioning properly, or if the low of 
fresh gas is insuficient. An elevated baseline can also be seen if the 
device is calibrated incorrectly.

Alterations in ventilation, cardiac output (CO), distribution 
of pulmonary blood low and metabolic activity inluence ETCO2 
concentration and the capnogram obtained during quantitative 
expired gas analysis. Table 25-2 summarizes the common elements 
that may be relected by changes in ETCO2 during anesthesia care.

Interpretation of Inspired and Expired  
Anesthetic Gas Concentrations

Monitoring the concentration of expired anesthetic gases 
assists the anesthesiologist in titrating those gases to the clini-
cal circumstances of the patient. At high fresh gas low rates, the 
 concentration of an anesthetic gas in a circle breathing system will 
approximate the concentration set on the vaporizer. However, 
high fresh gas low rates leads to wasteful use of anesthetic vapor. 
As the fresh gas low rate is lowered, the concentration within 
the circuit and the concentration set at the vaporizer can become 
more decoupled. Inspired and expired gas concentration moni-
toring allows the anesthesiologist to maintain satisfactory and 
well-controlled agent levels in the circuit even when extremely 
low fresh gas lows are used. In an ideal, leak-free anesthesia sys-
tem, the fresh gas low can be minimized to only the amount 
of pure oxygen necessary to replace the patient’s metabolic 
 utilization—a practice known as “closed-circuit anesthesia.” This 
practice makes the most economic use of anesthetic vapor.22

Anesthetic gases have differing potencies, and so their concen-
trations are often normalized against the concentration of that 
agent required to produce a predetermined clinical endpoint. The 
most commonly used endpoint is the MAC value, deined as the 
end-tidal gas concentration that when maintained constant for 
15 minutes at a pressure of 1 atmosphere inhibits movement in 
response to a midline laparotomy incision in 50% of patients.23,24 
Historically, MAC is an acronym of minimum alveolar concentra-
tion, although it is more accurately a median constant end-tidal 
partial pressure. Monitoring of end-tidal gas concentrations 
performed with reference to MAC values helps to prevent the 
occurrence of intraoperative awareness and in some studies was 
superior to the use of processed EEG monitors.25

Indications

Monitoring of the partial pressure of expiratory CO2 has evolved 
into an important physiologic and safety monitor. Capnography 

4

table 25-2.  fACTORS THAT MAY CHANGE 

END-TIDAL CO2 (ETCO2) DURING 

ANESTHESIA

Increases in ETCO2 Decreases in ETCO2

Elements that Change CO2 Production

Increases in metabolic rate Decreases in metabolic rate

Hyperthermia Hypothermia

Sepsis Hypothyroidism

Malignant hyperthermia

Shivering

Hyperthyroidism

Elements that Change CO2 Elimination

Hypoventilation Hyperventilation

Rebreathing Hypoperfusion

Pulmonary embolism
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is the standard of care for monitoring the adequacy of ventilation 
in patients receiving general anesthesia. It is also now mandated 
for use to monitor ventilation during procedures performed 
while the patient is under moderate or deep sedation.1

Contraindications

There are no contraindications to the use of capnography, pro-
vided that the data obtained are evaluated in the context of the 
patient’s clinical circumstances. It is generally safe to use capnog-
raphy for the monitoring of all patients.

Monitoring of expired anesthetic gases is only informative if 
detectable gases are used to maintain anesthesia. Infrared spec-
troscopy cannot detect Xenon, and is not informative if anesthe-
sia is maintained using a total intravenous technique.

Common problems and Limitations

The sampling lines or water traps of expired gas analyzers may 
become occluded with condensed water vapor during prolonged 
use. Disconnecting the sampling line and lushing it with air from 
a syringe can sometimes clear it, but it may be necessary to replace 
these components. Elevating the sidestream sampling line above 
the ventilator circuit helps prevent the entry of condensed water. 
A humidity barrier is also useful, although this will increase the 
response time of the capnogram.

Although mass spectroscopy and Raman scattering are no lon-
ger seen in clinical practice, these technologies are able to detect 
the concentration of N2 directly. Nitrogen monitoring provides 
quantiication of washout during preoxygenation. A sudden rise 
in N2 in the exhaled gas indicates either introduction of air from 
leaks in the anesthesia delivery system or venous air embolism. 
Infrared gas analyzers do not detect N2 directly, and its concen-
tration must be inferred as the amount remaining after other 
measurable gases are accounted for.

Although capnography provides a quantitative measurement 
of ETCO2, it is not as accurate as blood gas analysis for the assess-
ment of the partial pressure of arterial carbon dioxide. A gradi-
ent exists between the partial pressure of arterial carbon dioxide 
and ETCO2; this gradient increases as the dead-space volume 
increases. In disease states characterized by increased dead space 
and ventilation–perfusion mismatch, such as emphysema or pul-
monary embolism, or in iatrogenic single lung ventilation, an 
arterial blood gas analysis is necessary for an accurate determina-
tion of the partial pressure of arterial carbon dioxide.

InvasIve MonItorIng of  

systeMIc blood pressure

principles of Operation

Indwelling arterial cannulation permits the opportunity to moni-
tor arterial blood pressure continuously and to have vascular 
access for arterial blood sampling. Intra-arterial blood pres-
sure monitoring uses luid-illed tubing to transmit the force of 
the pressure pulse wave to a pressure transducer that converts 
the displacement of a silicon crystal into voltage changes. These 
electrical signals are ampliied, iltered, and displayed as the arte-
rial pressure trace. Intra-arterial pressure transducing systems are 
subject to many potential errors based on the physical properties 

4

5

of luid motion and the performance of the catheter–transducer–
ampliication system used to sense, process, and display the pres-
sure pulse wave.

The behavior of transducers, luid couplings, signal ampliica-
tion, and display systems can be described by a complex second-
order differential equation. Solving the equation predicts the 
output and characterizes the idelity of the system’s ability to 
faithfully display and estimate the arterial pressure over time. 
The idelity of luid-coupled transducing systems is constrained 
by two properties: Damping (ζ) and natural frequency (fn). Zeta 
(ζ) describes the tendency for luid in the measuring system to 
extinguish motion, and fn describes the frequency at which the 
measuring system is most prone to resonance. The idelity of 
the transduced pressure depends on optimizing ζ and fn so that 
the system can respond appropriately to the range of frequencies 
contained in the pressure pulse wave. Analysis of high-idelity 
recordings of arterial blood pressure indicates that the pressure 
trace contains frequencies from 1 to 30 Hz. The “fast lush” test is 
a method used at the bedside to determine the natural frequency 
and damping characteristics of the transducing system. This test 
examines the characteristics of the resonant waves recorded after 
the release of a lush. Damping is estimated by the amplitude ratio 
of the irst pair of resonant waves and the natural frequency is 
estimated by dividing the tracing speed by the interval cycle.26

proper Use and Interpretation

Multiple arteries can be used for direct measurement of blood 
pressure, including the radial, brachial, axillary, femoral, and 
dorsalis pedis arteries (Table 25-3). The radial artery remains the 
most popular site for cannulation because of its accessibility and 
the presence of a collateral blood supply. In the past, assessment 
of the patency of the ulnar circulation by performance of an Allen 
test has been recommended before cannulation. An Allen test is 
performed by compressing both radial and ulnar arteries while 

table 25-3.  ARTERIAL CANNULATION AND 

DIRECT BLOOD PRESSURE 

MONITORING

Arterial 

Cannulation Site Clinical Points of Interest

Radial artery Preferred site for monitoring

Nontapered catheters preferred

Ulnar artery Complication similar to radial

Primary source of hand blood low

Brachial artery Insertion site medial to biceps tendon

Median nerve damage is potential 
hazard

Can accommodate 18-gauge cannula

Axillary artery Insertion site at junction of pectoralis 
and deltoid muscles

Specialized kits available

Femoral artery Easy access in low-low states

Potential for local and retroperitoneal 
hemorrhage

Longer catheters preferred

Dorsalis pedis 
artery

Collateral circulation = posterior tibial 
artery

Higher systolic pressure estimates
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the patient tightens his or her ist. Releasing pressure on each 
respective artery determines the dominant vessel supplying blood 
to the hand. The prognostic value of the Allen test in assessing the 

adequacy of the collateral circulation has not been conirmed.27,28

Three techniques for cannulation are common: Direct arterial 
puncture, guidewire-assisted cannulation (Seldinger technique), 
and the transixion–withdrawal method.29 A necessary condition 
for percutaneous placement is identiication of the arterial pulse, 
which may be enhanced by a Doppler low detection device in 
patients with poor peripheral pulses.30 Ultrasound imaging with 
Doppler color lowmetry can provide valuable further assistance 
when the pulse is dificult to locate or the caliber of the vessel 
appears to be small.31

Arterial blood pressure transduction systems must be “zeroed” 
before use. The transducer is positioned at the same level as the 
right atrium, the stopcock is opened to the atmosphere so that 
pressure-sensing crystal senses only atmospheric pressure, and 
the “Zero Sensor” (or equivalent) option is selected on the moni-
toring equipment. This procedure establishes the calibration 
of the sensor and establishes the level of the right atrium as the 
datum reference point. For neurosurgical procedures in which 
the patient may be positioned in an upright or beach-chair posi-
tion, it is a common practice to zero the transducer at the level 
of the Circle of Willis so that the arterial pressure tracing pro-
vides a reading that is adjusted for the height of the luid column 
between the heart and the brain; it represents the arterial pressure 
at the base of the brain.

Direct arterial pressure monitoring requires constant vigi-
lance. The data displayed must correlate with clinical conditions 
before therapeutic interventions are initiated. Sudden increases in 
the transduced blood pressure may represent a hydrostatic error 
because the position of the transducer was not adjusted after 
change in the operating room table’s height. Sudden decreases 
often result from kinking of the catheter or tubing. Before initiat-
ing therapy, the transducer system should be examined quickly 
and the patency of the arterial cannula veriied. This ensures the 
accuracy of the measurement and avoids the initiation of a poten-
tially dangerous medication error.

Traumatic cannulation has been associated with hematoma 
formation, thrombosis, and damage to adjacent nerves. Abnormal 
radial artery blood low after catheter removal occurs frequently. 
Studies suggest that blood low normalizes in 3 to 70 days. Radial 
artery thrombosis can be minimized by using small catheters, 
avoiding polypropylene-tapered catheters, and reducing the dura-
tion of arterial cannulation. Flexible guidewires may reduce the 
potential trauma associated with catheters negotiating tortuous 
vessels. After arterial cannulation has been performed, the tissues 
that are perfused by that artery should be examined intermit-
tently for signs of thromboembolism or ischemia. During cannula 
removal, the potential for thromboembolism may be diminished 
by compressing the proximal and distal arterial segment while 
aspirating the cannula during withdrawal.

Indications

The standards for basic monitoring1 stipulate that arterial blood 
pressure shall be determined and recorded at least every 5 minutes. 
This standard is usually met by intermittent, noninvasive blood 
pressure monitoring. However, continuous monitoring may be 
indicated by patient comorbidities or by the nature of the surgery 
to be performed.

Arterial catheters provide continuous monitoring of blood 
pressure and convenient vascular access to obtain blood sam-
ples for laboratory assays, including blood gas analysis to assess 

6
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 respiratory function. Placement of an arterial catheter can there-
fore be indicated by the need to meet any of these contingencies:

 1. Rapid changes in blood pressure or extremes of blood pres-
sure are anticipated.

  High-risk vascular surgeries, trauma surgeries, neurosurgical 
procedures, intrathoracic and cardiac procedures are associ-
ated with the risk of sudden blood loss and rapid changes in 
blood pressure. These procedures may also involve periods of 
deliberate hypotension or hypertension.

 2. the ability of the patient to tolerate hemodynamic instabil-
ity is impaired.

  Patients with clinically signiicant cardiac disease, such as 
coronary artery disease, valvular disease, or heart failure may 
require continuous monitoring in order to allow treatment 
for hypotension to be implemented rapidly and minimize the 
risk of coronary ischemia. Similar concerns apply to patients 
with a history of cerebrovascular disease. Procedures that 
involve potential compromise to the vascular supply of the 
spinal cord indicate the use of an arterial catheter to main-
tain adequate perfusion and decrease the risk of postoperative 
paraplegia from spinal cord infarction.32

   Critically ill patients may already be hemodynamically 
unstable at the time of presentation, and require the administra-
tion of inotropes and vasopressors. Continuous blood pressure 
monitoring is indicated to manage the titration of these agents.

 3. Compromise of the patient’s respiratory function, oxygen-
ation or ventilation is anticipated.

  Mismatch between pulmonary ventilation and perfusion will 
impair the ability of ETCO2 to predict PACO2. This may arise 
iatrogenically during procedures that require single lung ven-
tilation. Patients may present with pulmonary comorbidities 
such as ARDS, pulmonary embolism, and pulmonary hyper-
tension with consequent ventilation–perfusion mismatch 
and impaired alveolar diffusion. Arterial catheters provide 
a means to obtain arterial blood gas samples frequently to 
assess changes in respiratory function.

 4. Metabolic derangements are anticipated.
  Surgical procedures that are anticipated to produce large 

volume luid shifts may indicate the placement of an arterial 
catheter to enable laboratory samples to be drawn frequently 
and to allow electrolyte and acid–base disturbances to be 
detected and corrected.

Contraindications

Arterial cannulation is regarded as an invasive procedure with doc-
umented morbidity. Ischemia after radial artery cannulation result-
ing from thrombosis, proximal emboli, or prolonged shock has 
been described.33 Contributing factors include severe atheroscle-
rosis, diabetes, low CO, and intense peripheral vasoconstriction. 
Ischemia, hemorrhage, thrombosis, embolism, cerebral air embo-
lism (retrograde low associated with lushing), aneurysm forma-
tion, arteriovenous istula formation, skin necrosis, and infection 
have reportedly occurred as the direct result of arterial cannula-
tion, arterial blood sampling, or high-pressure lushing. Patients 
with compromised collateral arterial supply, such as those with 
Reynaud’s phenomenon or thromboangiitis obliterans (Buerger’s 
disease), are at increased risk for ischemic complications.29

Common problems and Limitations

The idelity of the transducer system is optimized when catheters 
and tubing are stiff, the mass of the luid is small, the number of 

10
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stopcocks is limited, and the connecting tubing is not excessive. 
Figure 25-4 demonstrates the effect of damping on the character 
of the arterial pressure trace. In clinical practice, under-damped 
transducer systems tend to overestimate the systolic pressure by 15 
to 30 mm Hg and amplify artifacts. Likewise, excessive increases in 
ζ reduce idelity and underestimate systolic pressure.

Continuous-lush devices are incorporated into disposable 
transducer kits and infuse at 3 to 6 mL/hr. In neonates, the infu-
sion volume may contribute to luid overload. Continuous-lush 
devices have little effect on the blood pressure measurement. 
However, pressurized lush systems may serve as a source of an 
air embolism. Removing air from the pressurized infusion bag, 
stopcocks, and tubing minimizes the potential for air embolism.

A satisfactory Allen test does not rule out the possibility of 
formation of thrombus on the catheter and subsequent distal 
embolic complications. Although an intact palmar arch will 
provide some collateralization of arterial blood supply to the 
hand, this does not protect against emboli to the distal digital 
arteries.35

InterMIttent nonInvasIve 

MonItorIng of systeMIc  

blood pressure

principles of Operation

The simplest method of blood pressure determination estimates 
systolic blood pressure by palpating the return of an arterial pulse 
while a more proximal occluding cuff is delated. Modiications 
of this technique include the observance of the return of Doppler 
sounds, the transduced arterial pressure trace, or a photoplethys-
mographic pulse wave as produced by a pulse oximeter.

Auscultation of the Korotkoff sounds permit estimation of 
both systolic (SP) and diastolic (DP) blood pressures. Korotkoff 
sounds result from turbulent low within an artery created by the 
mechanical deformation from the blood pressure cuff. Systolic 
blood pressure is signaled by the appearance of the irst Korotkoff 
sound. Disappearance of the sound or a mufled tone signals the 
diastolic blood pressure. The mean arterial pressure (MAP) can 
be calculated using an estimating equation:

 SP – DP
MAP = DP + 
 3

In contemporary practice, automated noninvasive blood 
pressure monitors (also known as automated sphygmoma-
nometers) employ the oscillometric method36 to estimate the 
 arterial blood pressure. The oscillometric method uses an 
occluding cuff to measure the pressure luctuations that occur 
due to arterial pulsations. The systolic blood pressure is esti-
mated using the maximum cuff pressure at which pressure 
oscillations can be perceived. The MAP is estimated by the cuff 
pressure at which the amplitude of the oscillations is great-
est. The diastolic pressure is estimated using the minimum 
cuff pressure at which pressure luctuations can be perceived. 
Some automated noninvasive blood pressure monitors reine 
these estimates using proprietary, empirical formulae,37 and 
so results may not be consistent from device to device.38 The 
operation of automated blood pressure cuffs is covered by US39 
and international40 standards.

proper Use and Interpretation

In the anesthetized patient, automated oscillometry is usually 
accurate and versatile. A variety of cuff sizes make it possible 
to use oscillometry in all age groups. Different strategies of 
cuff inlation and delation may be used to obtain blood pres-
sure measurements. A common approach is for the cuff to be 
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fIgure 25-4. The relationship 
between the frequency of fluid-
filled transducing systems and 
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rapidly inlated to a predetermined initial pressure expected 
to be above systolic blood pressure. A sensor checks to ensure 
that pressure luctuations are not present. The cuff is then 
decrementally delated. At each interval, the sensor measures 
the magnitude of oscillations that are present in the cuff pres-
sure. Once the cuff pressure falls below the point at which 
oscillations can be detected, the cuff is rapidly and completely 
delated (Fig. 25-5).

Another common strategy involves the opposite approach 
of incrementally inlating the cuff. Once the cuff pressure has 
increased above the systolic blood pressure, the sensor no lon-
ger perceives oscillations, and the cuff is rapidly and completely 
delated.

Indications

ASA1 Standard 4.2.2 mandates that “Every patient receiving 
anesthesia shall have arterial blood pressure and heart rate deter-
mined and evaluated at least every ive minutes.” The use of an 
oscillometric noninvasive blood pressure cuff usually provides a 
straightforward method for satisfying this requirement for those 
patients whose medical comorbidities do not require continuous 
monitoring of blood pressure.

Contraindications

Noninvasive blood pressure cuffs apply force to the encircled 
limb that is suficient to occlude blood low. Contraindications 
to their use therefore exist in circumstances where the patient is 
likely to sustain traumatic injury from this repeated mechanical 
process. Examples include local bone fracture (such as a humeral 
fracture), open injuries to the extremity, local presence of an 
arteriovenous dialysis istula or indwelling PICC (peripherally 
inserted central catheter) line. The site of measurement should 
also be carefully chosen in patients who have undergone axil-
lary lymph node dissection as these patients may have impaired 

11

 lymphatic drainage from the associated limb and be susceptible to 
limb edema from repeated vascular occlusion.

Noninvasive blood pressure cuffs can potentially become a 
source of iatrogenic injury even in normal use on a healthy limb. 
The repeated cycling of the blood pressure cuff during very pro-
longed surgical cases may lead to local skin abrasion or contusion; 
applying a light dressing underneath the cuff may mitigate these 
side-effects. The radial nerve describes a spiraling path around 
the humerus and is also potentially susceptible to neurapraxia 
from mechanical compression.42,43 During very prolonged surgi-
cal cases, it may be prudent to relocate the blood pressure cuff 
every few hours.

Common problems and Limitations

The American Heart Association recommends that the bladder 
width for indirect blood pressure monitoring should approximate 
40% of the circumference of the extremity. Bladder length should 
be suficient to encircle at least 80% of the extremity. Falsely high 
estimates result when cuffs are too small, when cuffs are applied 
too loosely, or when the extremity is below heart level. Falsely low 
estimates result when cuffs are too large, when the extremity is 
above heart level, or after quick delations.44

The detection of changes in Korotkoff sounds is subjective and 
prone to errors based on deiciencies in sound transmission or 
hearing. Cuff delation rate also inluences accuracy; quick dela-
tions underestimate blood pressure. Noninvasive blood pressure 
cuffs are also subject to signiicant wear-and-tear from repeated 
use in the operating room. The development of a small air leak in 
the hose or cuff will often prevent the device from following its 
inlation strategy and render it inoperative.45

Palpation, auscultatory, and oscillometric techniques require 
pulsatile blood low and may be unreliable during conditions of 
low low, patients with nonpulsatile left ventricular assist devices, 
or if the arterial walls are suficiently sclerotic or stiffened such 
that pulsations are not readily transmitted.

Automated oscillometry has been demonstrated to correlate 
well with direct intra-arterial measurement of MAP and diastolic 
blood pressure.46–48 Oscillometry does require additional signal 
processing to smooth out pronounced respiratory variations or 
motion artifacts, but these events tend to occur at frequencies that 
are distinct from pulsatile variations in pressure. Cuff movement, 
erratic pulse transmission, arrhythmias and inadvertent occlu-
sion of the pressure tubing may inluence accuracy. Periods of 
signiicant hemodynamic variability may require more frequent 
measurement of blood pressure to guide optimal intraoperative 
management.49 This problem can be approached statistically by 
assessing the ability of a blood pressure measurement to predict 
the next blood pressure measurement, and hence the ability of the 
anesthesiologist to infer and intervene upon unacceptable trends 
in the blood pressure. Although Standard 4.2.2 mandates that 
blood pressure be measured only every 5 minutes, some evidence 
exists that this predictive ability may begin to decline for mea-
surement intervals of greater than 3 minutes.50

Automated noninvasive blood pressure cuffs are usually 
placed around the upper arm, but it is usually acceptable to place 
the cuff around the forearm, wrist or ankle if the upper arm is 
inaccessible or if the patient’s body habitus is otherwise unfavor-
able.51–53 As the site of measurement is moved more peripherally, 
the measured systolic pressure tends to increase, and the dia-
stolic pressure tends to decrease. An exception is the parturient 
undergoing cesarean section; the correlation between calf and 
upper arm blood pressures was found to be poor in this patient 
 population.54
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MonItorIng of central venous 

and rIght heart pressures

principles of Operation

Central venous cannulas are important portals for intraoperative 
vascular access and for the assessment of changes in vascular vol-
ume. Central venous cannulas permit the rapid administration 
of luids, insertion of pulmonary artery catheters (PACs) or cen-
tral venous O2 (ScvO2) catheters, insertion of transvenous elec-
trodes, monitoring of central venous pressure (CVP), and a site 
for observation and treatment of venous air embolism. The main 
value of monitoring central venous and right heart pressures lies 
in their ability to approximate or trend in conjunction with the 
left ventricular end-diastolic volume (LVEDV) because left ven-
tricular end-diastolic pressure (LVEDP) predicts left-ventricular 
illing (i.e., LVEDV) through the Frank–Starling mechanism.

Figure 25-6 demonstrates the progression of pressures from 
CVP through to the pulmonary artery occlusion pressure (PAOP) 
which relects LVEDP. Ideally, all proximal pressures relect 
changes in LVEDP. The CVP is the easiest to measure as it does 
not require that any portion of the catheter to be placed within 
the heart. The CVP is essentially equivalent to right atrial pressure 
and serves as a relection of right ventricular preload.57 The out-
put of the right ventricle and the output of the left ventricle must 
be approximately the same in a structurally normal cardiopul-
monary system, not withstanding a small amount of physiologic 
shunt caused by the bronchial arteries. However, it has been well 
demonstrated that right-sided pressures in the heart often are 
poor indicators of left ventricular illing, either as absolute num-
bers or in terms of the direction of change in response to therapy. 
The correlation of these pressures as estimates of LVEDP (and, 
by extension, LVEDV) is directly related to their proximity to 
the left ventricle and the status of ventricular compliance. PACs 
therefore provide more clinical information than central venous 
monitoring alone; PACs are able to separate the behavior of the 
right side of the heart, the lung parenchyma, and the left side of 
the heart. Pulsatile pressures in the pulmonary artery provide an 
assessment of right ventricular function. The pulmonary capillary 
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occlusion pressure (PCOP) provides the closest approximation to 
LVEDP. The PAC is allowed to “wedge” (i.e., occlude the pulmo-
nary artery in which it resides), with the balloon inlated, in the 
pulmonary vasculature. During end-diastole, there is cessation 
of forward blood low, and a static luid column is presumed to 
exist from the left ventricle to the PAC tip with no pressure drop  
(Fig. 25-6).

The measurement of right heart pressures can therefore indi-
rectly assess left ventricular preload, diagnose the existence of 
pulmonary hypertension, or differentiate cardiac and noncardiac 
causes of pulmonary edema.

proper Use and Interpretation

Careful leveling and zeroing of the pressure transducers is essen-
tial, as described earlier for invasive arterial pressure monitoring. 
The normal CVP waveform consists of three peaks (a, c, and v 
waves) and two descents (x, y), each resulting from the ebb and 
low of blood in the right atrium. The character of the CVP 
trace depends on many factors, including heart rate, conduc-
tion disturbances, tricuspid valve function, normal or abnormal 
intrathoracic pressure changes, and changes in right ventricular 
compliance. In patients with atrial ibrillation, a waves are absent. 
When resistance to the emptying of the right atrium is present, 
large a waves are often observed. Examples include tricuspid 
stenosis, right ventricular hypertrophy as a result of pulmonic 
stenosis, or acute or chronic lung disease associated with pul-
monary hypertension. Large a waves may also be observed when 
right ventricular compliance is impaired.

Tricuspid regurgitation typically produces giant v waves that 
begin immediately after the QRS complex. Large v waves are 
often observed when right ventricular ischemia or failure is pres-
ent or when ventricular compliance is impaired by constrictive 
pericarditis or cardiac tamponade. A prominent v wave during 
CVP monitoring may suggest right ventricular papillary muscle 
ischemia and tricuspid regurgitation. When right ventricular 
compliance decreases, the CVP often increases with prominent 
a and v waves fusing to form an m or w coniguration (Fig. 25-7).

CVP monitoring can be unreliable for estimating left ven-
tricular illing pressures, especially when cardiac or pulmonary 
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fIgure 25-6. The progression of intracardiac pressures from 
central venous pressure to end-diastolic left ventricular pres-
sure. The anatomic position of a pulmonary artery catheter 
in the pulmonary artery is shown. The dashed line shows the 
position of the inflated pulmonary artery catheter balloon in 
the “wedged” position. CVP, central venous pressure; RA, right 
atrium; RV, right ventricle; PA, pulmonary artery; Alv, alveolus; 
PCap, pulmonary capillary; PV, pulmonary vein; LA, left atrium; 
LV, left ventricle. I, II, and III characterize the relationship of Palveolar, 
Parterial, and Pvenous as described by West et al.55 The bottom of 
the figure shows a progressive correlation of vascular pressures. 
(Reproduced from Vender JS. Invasive cardiac monitoring. Crit 
Care Clin 1988;4:455–477.)
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parenchymal disease processes alter the normal cardiovascular 
pressure–volume relationships. However, CVP monitoring is 
less invasive and less costly than pulmonary artery monitoring 
and offers an understanding of right-sided hemodynamic events 
and the status of vascular volume. The validity of PAC moni-
toring depends on a properly functioning pressure monitoring 
system, correctly identifying the “true” PCOP, and integration 
of the various factors that affect the relationship of PAOP, and 
the other cardiac pressures and volumes that are determinants of 
ventricular function. Figure 25-8 depicts the transduced pressure 
waves observed as a PAC is loated to the wedged position. Cath-
eter placement is most commonly performed by observing the 
pressure waves as the catheter is loated from the CVP position 
through the right heart chambers into the pulmonary artery.

West et al.55 described a gravity-dependent difference between 
ventilation and perfusion in the lung. The variability in pulmo-
nary blood low is a result of differences in pulmonary artery 

(PA), alveolar (Palv), and venous pressures (PV) and is categorized 
into three distinct zones, as shown in Figure 25-6. Only Zone III 
(PA > PV > Palv) meets the criteria for uninterrupted blood low 
and for a continuous communication via a static luid column 
with distal intracardiac pressures. Flow-directed PACs usually 
advance to gravity-dependent areas of highest blood low. How-
ever, increases in alveolar pressure, decreases in perfusion, or 
changes in the position of the patient can convert areas of zone 
III into either zone II or I. The following characteristics suggest 
that the PAC tip is not in zone III: PAOP > PAEDP (pulmonary 
artery end-diastolic pressure), nonphasic PAOP tracing, and 
inability to aspirate blood from the distal port when the catheter 
is wedged.

Indications

Even without the monitoring of pressures, central venous access 
may be indicated to provide a route of administration for vaso-
active drugs, for parenteral nutrition, for higher-concentration 
electrolyte solutions, for prolonged vascular access, or for a tem-
porary pacemaker.

CVPs correlate well with right ventricular preload and so 
provide a quantitative, direct means of assessing the volumetric 
status of a patient. CVP monitoring may be indicated in cases in 
which there are expected to be rapid or large shifts in intravas-
cular volume. CVP monitoring may also be useful in assessing 
volumetric status when other clinical signs of volumetric status, 
such as urine output, may be inaccurate or unavailable due either 
to the procedure or to the patient’s comorbidities.

PACs have not been shown to improve outcomes.59 The deci-
sion to place a PAC therefore requires careful individualization 
of patient care. There must be a speciic question regarding the 
patient’s management that can only be addressed with the data 
that the catheter will provide. This question should be of sufi-
cient importance that the plan of management will potentially be 
altered depending on the results of PAC monitoring. The infor-
mation that PACs provide may be particularly informative in the 
management of patients with severe pulmonary hypertension, or 
to help differentiate noncardiogenic and cardiogenic shock.

Contraindications

Obstruction at the mitral valve from mitral stenosis, atrial myx-
oma, or clot can interfere with the ability of left atrial pressure 
to relect LVEDP. Similarly, mitral regurgitation, a noncompliant 
left atrium, or left-to-right intracardiac shunting often is associ-
ated with large v waves. Decreases in left ventricular compliance, 
aortic regurgitation, or premature closure of the mitral valve 
may reverse the left atrial pressure–LVEDP gradient. When these 
comorbidities occur, PAOP is not a valid relection of LVEDP.

Central venous access represents an invasive process with 
inherent risks, some of which are rare but are potentially life-
threatening. Adverse effects from CVP or PAC monitoring can be 
a result of accessing the central venous circulation, the catheter-
ization procedure, or from use or presence of the catheter after 
placement. Unintentional puncture of nearby arteries, bleeding, 
neuropathy, and pneumothorax may result from needle inser-
tion into adjacent structures. Air embolism may occur if a can-
nula is open to the atmosphere and air is entrained during or 
after catheter placement. Dysrhythmias are common during the 
catheterization procedure, with a reported incidence of 4.7% to 
68.9%. Ventricular tachycardia or ibrillation may be induced 
during catheter advancement. Catheter advancement has been 
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fIgure 25-7. The normal central venous pressure (CVP) trace. ECG, 
electrocardiogram. (Redrawn from Mark JB. Central venous pressure 
monitoring: Clinical insights beyond the numbers. J Cardiothorac Vasc 
Anesth. 1991;5:163–173.)
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fIgure 25-8. Pressure tracing observed during the flotation of a pul-
monary artery catheter. RA, right atrium; RV, right ventricle; PA, pulmo-
nary artery; PCW, pulmonary capillary wedge pressure. (Reproduced 
from Dizon CT, Barash PG. The value of monitoring pulmonary artery 
pressure in clinical practice. Conn Med 1977;41:622–625.)
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associated with right bundle-branch block and may precipitate 
complete heart block in patients with pre-existing left bundle-
branch block. The most dreaded complication associated with 
PAC monitoring is pulmonary artery rupture. Pulmonary hyper-
tension, coagulopathy, and heparinization are often present in 
patients who have died of pulmonary artery rupture. Perfora-
tions and subsequent hemorrhage can be avoided by restricting 
“overwedging,” minimizing the number of balloon inlations, 
and using proper technique during balloon inlations. Table 25-4 
summarizes the adverse effects as reported by the ASA Task Force 
on pulmonary artery catheterization.60

Common problems and Limitations

The right internal jugular vein is the most common site for can-
nulation by anesthesiologists because it is accessible from the 
head of the operating table, has a predictable anatomy, and has 
a high success rate in both adults and children.61 The left-sided 
internal jugular vein is also available but is less desirable because 
of the potential for damaging the thoracic duct or dificulty in 
maneuvering catheters through the jugular–subclavian junction. 
Accidental carotid artery puncture is a potential problem with 
either location. Use of an ultrasound-guided technique is now 
strongly recommended to reduce complications and improve 
irst-attempt success rates.62

15

Alternatives to the internal jugular vein include the external 
jugular, subclavian, antecubital, and femoral veins. Although 
the Centers for Disease Control and Prevention suggests that 
the preferred site for central venous cannulation should be the 
subclavian site to potentially reduce bloodstream infections, 
this recommendation must be taken in context of the particular 
clinical situation.62 The internal jugular approach may be supe-
rior in those patients with coagulopathies (where bleeding at the 
subclavian site may be more dificult to stop) or patients with 
severe acute lung injury (where the risk of pneumothorax may be 
heightened). When comparing the subclavian approach with the 
femoral approach, the reported reduction in infection risk favors 
subclavian. However, there is a paucity of prospective random-
ized data when comparing subclavian to internal jugular.63 Infec-
tion is a potential complication of the continued use of CVP and 
PAC catheters, although ongoing research suggests that this com-
plication may be preventable with scrupulous attention to sterile 
technique.64

MonItorIng of cardIac output by 

pulMonary arterIal catheter

principles of Operation

Provided that the heart is structurally normal, without septal 
defects and without a patent ductus, so that no intracardiac recir-
culation or shunting of blood can occur, the time-averaged low 
of blood through the right ventricular outlow tract (RVOT) will 
accurately approximate the CO. A small amount of venous return 
to the left side of the heart from the bronchial circulation and 
thebesian veins is ignored. Time averaging suppresses the effects 
of beat-to-beat pulsatility.

A properly positioned PAC passes through the RVOT. CO 
monitoring using a PAC therefore depends on assessing the rate 
of blood low through the right side of the heart and using this as 
a measure of CO. Techniques to measure the low rate are based 
upon the idea of measuring the dilution by the passing blood low 
of some known quantity of an indicator.65 This indicator could 
be a dye, or oxygen content (Fick’s method), or carbon dioxide 
content (indirect Fick’s method).66 However, the most com-
monly used technique in clinical practice is based upon thermo-
dilution.67 Thermodilution cardiac output (TCO) depends on 
the measurement of temperature near the tip of the PAC using 
a thermistor.

CO can be assessed intermittently by using a bolus injection of 
room-temperature or chilled luid as the indicator. The thermis-
tor on the PAC records the fall in temperature as this bolus is 
injected via a more proximal port on the PAC and mixes with the 
surrounding blood low. The total low through the RVOT, and 
hence the CO, can be estimated from the area under this blood 
temperature curve, combined with knowledge of the speciic heat 
capacity and gravity of blood and the injectate, the volume of the 
injectate, and the size of the catheter. When performed properly, 
TCO measurements correlate well with direct Fick or dye dilution 
estimates of CO.68

Continuous CO monitoring offers the potential to identify acute 
changes in ventricular performance as they occur. Pulsed thermo-
dilution uses a coiled ilament that applies a low-power heating 
signal within the right atrium and ventricle in a cyclical manner 
based on a proprietary, pseudorandom sequence. The thermistor 
at the tip of the PAC detects these changes in blood temperature 
and sends the temperature information to a microcomputer that 

16

From: American Society of Anesthesiologists Task Force on Pulmonary Artery 
C. Practice guidelines for pulmonary artery catheterization: An updated report 
by the American Society of Anesthesiologists Task Force on Pulmonary Artery 
Catheterization. Anesthesiology 2003;99:988–1014.

table 25-4.  ADVERSE EFFECTS ASSOCIATED 

WITH PULMONARY ARTERY 

MONITORING

Complication

Reported 

Incidence (%)

Central venous access

 Arterial puncture 0.1–13

 Postoperative neuropathy 0.3–1.1

 Pneumothorax 0.3–4.5

 Air embolism 0.5

Flotation of pulmonary artery catheter (PAC)

 Minor dysrhythmias 4–68.9

 Ventricular tachycardia or ibrillation 0.3–62.7

 Right bundle-branch block 0.1–4.3

 Complete heart block (prior left  
 bundle-branch block)

0–8.5

Complications associated with catheter residence

 Pulmonary artery rupture 0.03–1.5

 Positive cultures from catheter tip 1.4–34.8

 Sepsis secondary to catheter resistance 0.7–11.4

 Thrombophlebitis 6.5

 Venous thrombosis 0.5–66.7

 Pulmonary infarction 0.1–5.6

 Mural thrombus 28–61

 Valvular or endocardial vegetations 2.2–100

 Deaths attributed to pulmonary artery  
 catheter

0.02–1.5
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uses stochastic analysis to create a thermodilution curve. CO is 
then computed in a similar fashion to the bolus technique, using a 
conservation of heat equation, although effectively using a warmed 
bolus rather than a chilled bolus.69 Another technique applies heat 
to a thermistor located at the tip of a PAC. The blood low through 
the RVOT subsequently cools the tip, and the temperature changes 
registered are proportional to the rate of blood low. Although a 
time lag can exist, continuous CO monitoring compares favorably 
with bolus CO measurements, even under conditions of varying 
patient temperature and CO.

proper Use and Interpretation

TCO estimates can vary with the respiratory cycle. Performing 
measurements at peak inspiration or end expiration can reduce 
this variability. Ensuring that the rate of injection and the volume 
are constant enhances precision. Most TCO computers require 
that repeat measurements be delayed for 30 to 90 seconds to sta-
bilize the thermal environment of the PAC thermistor. The TCO 
computer displays the CO directly in L/min.

TCO measurements depend on the assumption that changes 
in thermal energy are carried forward to the thermistor, and so 
the measurements depend on the correct positioning of the cath-
eter. If the catheter is insuficiently advanced such that the port 
through which a bolus injectate is administered is still within the 
introducer sheath, then there will be relux of the injectate within 
the introducer sheath. This will result in some of the change in 
thermal energy being “lost” into the sheath. A smaller-than-
expected change in temperature will then be seen at the thermis-
tor, appearing as if the injectate had been injected into a larger 
volume of blood low. The TCO computer will interpret and pres-
ent this as an erroneously high CO. Similarly erroneous readings 
may be produced if the catheter is advanced too far, such that the 
heating ilament of a continuous TCO catheter lies beyond the 
pulmonic valve. Hypothermia and the rapid concurrent admin-
istration of unwarmed intravenous luids may affect the accuracy 
of TCO measurements.

Indications

Measurement of CO is required to determine physiologic factors 
such as the rate of oxygen delivery to peripheral tissues, possible 
clinical indications include severe sepsis, cardiogenic shock, and 
dependence on inotropes. An additional technologic reinement 
of the PAC is the oximetric PAC, which uses relectance spec-
trophotometry to identify the saturation of the mixed venous 
blood surrounding the tip of the PAC, SvO2. Three-wavelength 
in vivo systems correlate well with simultaneous samples mea-
sured by co-oximetry.70 Knowledge of the SvO2 allows the rate of 
extraction of oxygen by peripheral tissues ( &

2oψ ) to be calculated. 
Neglecting the small amount of oxygen dissolved in blood:

& 13 8 [Hgb] ( )2o . CO S O S O2 v 2ψ = × × × −α

Where [Hb] is the concentration of hemoglobin, the amount of 
O2 carried by 100% saturated Hb is 13.8 mL O2/unit Hb and is 
the oxygen-carrying capacity of hemoglobin, CO is the cardiac 
output in L/min and ( )S O S Ovα 2 2−  is the difference between the 
arterial and mixed venous oxygen saturations.

The use of PACs in practice has diminished over the last  
5 years,71 and this may partly be due to the greater use of techniques 
such as transesophageal echocardiography and arterial waveform 
analysis that can estimate CO in a less-invasive manner. However, 

thermodilution via a PAC remains the clinical gold standard for 
the determination of CO and should be considered when knowl-
edge of the CO is necessary for the patient’s management and 
when other comorbidities would render less invasive techniques 
inaccurate.

Contraindications

Measurement of CO requires a PAC that is designed for the 
 purpose. Other than contraindications to the PAC, there are no 
additional contraindications for CO monitoring.

Common problems and Limitations

The intermittent TCO technique assumes that there is adequate 
mixing of the cooled injectate with the surrounding blood low. 
It is necessary that the temperature of the injectate be distinct 
from the temperature of the blood in order to generate a change 
in the distal temperature measurement. Improved measure-
ments can be obtained by using a cooler injectate, producing 
a greater temperature change to detect and hence an improved 
signal-to-noise ratio.72

The presence of intracardiac shunts or signiicant tricuspid 
regurgitation can invalidate the assumptions underlying TCO. 
Intracardiac shunts allow accessory blood low paths, such 
that low through the RVOT may no longer approximate CO 
accurately. Signiicant tricuspid regurgitation can compromise 
thermodilution methods by permitting retrograde blood low, 
invalidating the assumption that all changes in thermal energy 
caused by the indicator are carried forward to the detecting 
thermistor.

MonItorIng of cardIac output  

by arterIal WaveforM analysIs

principles of Operation

The use of a PAC remains the gold standard for the determina-
tion of CO, but the use of PACs in the management of patients 
requiring intensive care has not been demonstrated to be asso-
ciated with reduced mortality.73 PACs can be associated with 
a high rate of iatrogenic complications,74 and the ASA recom-
mends that only clinicians with regular, ongoing experience of 
the procedure60 should place pulmonary catheters. Neverthe-
less, the determination of CO allows more accurate assessment  
of the hemodynamic status of a critically ill patient than can be 
obtained by clinical assessment alone. This notion has created 
increasing interest in biomedical devices that can estimate CO 
in a less invasive manner; arterial waveform analysis is one such 
technique.75

There are presently three well-established arterial wave-
form devices on the market: FloTrac (Edwards Lifesciences, 
Irvine, CA), PiCCO (PULSION Medical Systems AG, Munich, 
 Germany), and LiDCOrapid (LiDCO Ltd., London, England).76 
These devices attach to a peripheral arterial line and measure the 
luctuations in arterial pressure, measuring the heart rate (HR) 
and estimating the beat-to-beat variation in stroke volume (SV). 
The CO is given by the product of the heart rate and stroke  volume  
(CO = HR × SV).

17
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It is a straightforward matter to measure HR from an arte-
rial waveform tracing; it is the estimation of beat-to-beat SV that 
presents the technical challenge. The irst modern mathematical 
description of the shape of the arterial waveform was described 
by Otto Frank,77 and gave rise to the “Windkessel” (German: Air 
chamber) model for arterial behavior. Usually when considering 
the low of an incompressible luid, such as blood, in a section of 
tube, the assumption is made that the volume of the luid enter-
ing the tube is the same as the volume of the luid leaving the 
tube. This assumption allows a continuity equation to be created, 
from which models of luid low can be derived. The basis of 
the Windkessel model is the realization that, although blood is 
incompressible, the artery itself is distensible and so the volumes  
of blood entering and leaving an arterial segment at any given 
moment may be different. There is storage of blood and dis-
tension of the artery during systole, and ejection of blood and 
relaxation of the artery during diastole. The volumes of blood 
entering and leaving are only the same when averaged over the 
cardiac cycle (Fig. 25-9).

This behavior is mathematically similar to that seen in the 
modeling of a compressible luid, such as air, when lowing in 
rigid vessels, hence the name the “Windkessel” model. The air 
may store and release energy through changes in pressure and 
compression. In arterial waveform analysis, it is the luid that is 
incompressible, and it is the nonrigid arterial vessel that may store 
and release energy by elastic deformation. The behavior of the 
artery is dependent on its resistance to low R and its compliance 
C and, from cadaveric studies of the human aorta,78 these values 
are known to be predictable.

The total stroke volume SV must be equal to the forward low 
in systole (Qs) plus the forward low in diastole (Qd), assuming 
the aortic valve is competent.

SV Q= +s dQ

At the beginning of diastole, there is no further inlow into 
the aorta, and so Qd is proportional to the difference between the 

pressure in the aorta and the pressure in the arterial beds. This 
is described as the end-systolic mean distending pressure Pmd, 
equivalent to the idea of a “pressure head.” Therefore:

Q Pd md= ×k

where k is a constant of proportionality dependent on the prop-
erties of resistance and compliance as described above. As the 
peripheral vascular resistance should not change over a single 
cardiac cycle, the values of Qs and Qd should be proportional to 
As and Ad, the areas under the pressure curve during systole and 
diastole respectively. Therefore:

Q /A Q /A or, alternatively Q Qs s d d= =s d

A

A

s

d

Rearranging these model equations:
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This model (Fig. 25-10) demonstrates how, in principle, 
a beat-to-beat estimate of stroke volume SV can be generated 
from measurements of the arterial waveform. The algorithms 
used by actual clinical devices are more complex and propri-
etary. Although the analysis above is necessarily simpliied, it 
nevertheless illustrates the fundamental principles and require-
ments of these devices. For instance, the model depends on an 
additional value k, which has to be determined either by cali-
brating the prediction of this model to another measurement of 
stroke volume (such as TEE [transesophageal echocardiogram] 
or thermodilution) or in an uncalibrated manner by estimating 
its value from biophysical models based on variables such as the 
patient’s age, sex, height, and weight.80 The PiCCO device makes 
use of an external calibration reading, whereas the FloTrac and 
LiDCOrapid devices use an uncalibrated, biophysical model 
approach.

(less than
inflow)

(more than
inflow)

(inflow
from heart)

(zero inflow)

Blood stored during systole
(∆V = C/∆P)

Blood stored during systole
(∆V = C/∆P)

Blood ejected during diastole (∆V = C/∆P)

Blood ejected during diastole (∆V = C/∆P)

∆V = ∆P/R

∆V = ∆P/R

fIgure 25-9. Depiction of blood flow into and out of 
a prototypical “Windkessel artery.” Several points are to 
be noted: First, during systole, inflow into the artery is 
less than outflow, because some of the blood is stored 
in the expanding, compliant vessel. Second, during dias-
tole, inflow into the artery is zero and outflow is enhanced 
by the contracting vessel. (Reproduced from: Thiele RH, 
Durieux ME. Arterial waveform analysis for the anesthesi-
ologist: Past, present, and future concepts. Anesth Analg 
2011;113:766–776.)
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proper Use and Interpretation

Arterial Waveform CO monitors make use of standard equip-
ment for arterial cannulation. A stiff arterial line, lushed from 
a pressurized luid source, is attached to the arterial cannula in 
the usual fashion. However, in place of the usual piezoelectric 
pressure sensor with a single electrical connection, a specialized 
sensor is used with two connectors so that pressure information 
can be supplied simultaneously to the anesthesia monitor and 
to the CO monitor. The arterial line is zeroed in the usual fash-
ion. The display of arterial pressures by the anesthesia monitor 
is unaffected by the presence of the CO monitor. It is possible to 
transduce arterial pressures alone, without connecting the CO 
monitor. Uncalibrated devices, such as the FloTrac and LiDCOr-
apid, require information about the patient such as age, height, 
weight, and sex in order to estimate the physiologic properties 
of the patient’s arterial system and estimated body surface area. 
The device may require a brief interval of time to gather initial 
arterial pressure data, but will shortly begin to report CO and 
other indices such as cardiac index, stroke volume, stroke vol-
ume variation, and stroke volume index. These indices represent 
various combinations of stroke volume, heart rate, and body 
surface area. Further, user intervention is not generally required. 
These values, in the manner estimated by the device, are most 
useful for assessing relative volume status and for assessing the 
response to luid resuscitation.81–84 The ability of the device to 
respond to changes in CO caused by inotropes or vasopressors.81,85 
is uncertain; the limits of its reliability, accuracy, and utility in 
this setting are the subject of ongoing research and algorithmic  
reinement.

Indications

The use of an arterial waveform CO monitor is not mandated, 
and so the indications for use are at the discretion of the prac-
titioner. The device is likely to be most helpful to the clinician 

in cases where there are expected to be large luid shifts and 
in which the patient’s volemic status may become dificult to 
determine by clinical assessment and usual monitoring tech-
niques. It may be preferable, and less invasive, to guide luid 
resuscitation with arterial waveform CO measurements rather 
than placing a central venous catheter or a PAC. This approach 
is particularly attractive if the patient already requires an arte-
rial line for other indications, or if the patient’s comorbidities 
relatively contraindicate the placement of a central line or PAC. 
The FloTrac device has been demonstrated to show excellent 
concordance with TEE in measuring CO under conditions of 
changing luid preload.81

It is possible to extract other indices from analysis of the arte-
rial waveform, and measurements such as systolic pulse variation 
(SPV) and stroke volume variation (SVV) may also be useful in 
predicting responsiveness to luid resuscitation.86,87

Contraindications

Devices such as the FloTrac and LiDCOrapid that do not require 
additional calibration are no more invasive than the arterial 
line to which they are attached. The same contraindications 
that apply to arterial lines, such as poor or absent collateral-
ization of arterial supply to the extremity, also apply to these  
devices.

Devices that estimate CO from the arterial waveform do so 
based upon a number of physiologic assumptions that were 
touched upon during the derivation of the simpliied model 
above. There are many disease states, some common, which 
violate these assumptions and can signiicantly compromise the 
accuracy of the device; these are discussed below.

Common problems and Limitations

All arterial waveform CO monitors are dependent on accurate, 
high idelity measurement of arterial pressures. Satisfactory 
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fIgure 25-10. A graphical depiction of the compo-
nents of the arterial waveform used by the Windkes-
sel-based area under the curve method. Note that Pmd 
represents the increment in mean pressure over the 
whole arterial bed at the end of systole79 and that Tw 
represents the transmission time (from the aorta to 
the periphery). (Reproduced from: Thiele RH, Durieux 
ME. Arterial waveform analysis for the anesthesiolo-
gist: Past, present, and future concepts. Anesth Analg 
2011;113:766–776.)
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operation depends upon good arterial perfusion to the site of 
measurement and good peripheral arterial cannulation. The 
pressure transducer system must use appropriate tubing and 
be lushed and zeroed correctly so that bias, signal dampen-
ing, or lail are not seen in the arterial waveform. These artifacts 
corrupt the frequency spectrum of the arterial waveform, and 
impair accurate measurement. The use of an intra-aortic balloon 
pump may distort the arterial waveform to such an extent that 
the resulting waveform is uninterpretable, rendering the device 
inoperative.88

The simpliied model of arterial waveform analysis above 
made use of information obtained from only a single cardiac cycle. 
Unlike this, all of the current monitors make use of algorithms 
that depend on information obtained over many cardiac cycles. 
The FloTrac monitor depends, for example, upon the standard 
deviation, skewness, and kurtosis of the statistical distribution of 
arterial pressures obtained over the preceding 20 seconds.80 This 
implicitly assumes that the CO remains relatively beat-to-beat  
constant over the sampling interval. This assumption can be vio-
lated in the presence of irregular heart rhythms, in which the 
preload of the left ventricle and hence the stroke volume can 
demonstrate signiicant beat-to-beat variability. Arterial wave-
form CO monitors are therefore known to be prone to inaccuracy 
in the setting of atrial ibrillation.89

In the simpliied model above, the properties of systemic 
vascular resistance (SVR) and arterial compliance (C) were sub-
sumed into the parameter k, and it was proposed that k might be 
obtained from a population-based biophysical model. However, 
in the presence of sepsis85,90 or some other high-output state such 
as liver transplantation surgery,84 the deviation of these values 
from the expected population norms can cause inaccuracy when 
compared to the measurement of CO by PAC. With ongoing 
research and reinement of the devices and their algorithms, this 
situation appears to be improving.83 However, a similar problem 
applies to the iatrogenic reduction of the compliance of arterial 
vessels through the administration of vasopressors. Arterial wave-
form CO devices appear to be reliable at assessing changes in CO 
caused by luid resuscitation, of some utility at detecting changes 
caused by inotropes,81 but poor at assessing changes caused by 
alteration in vascular tone by agents such as phenylephrine81 or 
norepinephrine.82

Finally, arterial waveform analysis depends upon the 
assumption that there is no further inlow into the arterial sys-
tem at the end of systole, as used in the analysis based on the 
parameter Pmd above. This assumption is violated in the setting 
of aortic insuficiency, in which there is negative, regurgitant 
low to the left ventricle. Arterial waveform analysis is expected 
to demonstrate inaccuracy in this presentation.88 Conversely, 
aortic stenosis does not appear to impair the accuracy of mea-
surement of CO.

In summary, arterial waveform analysis has been demon-
strated in many studies to provide a reasonable estimate of CO, 
in reasonable approximation to more invasive techniques. The 
degree to which a new monitoring technique must agree with 
the “gold standard” to be clinically useful is a matter of clinical 
judgment and not a question that can be deinitively addressed 
by statistics alone. Presently, the devices appear to be most use-
ful as a guide to luid resuscitation, rather than as a guide to the 
administration of inotropes or vasopressors. There are a num-
ber of relatively common clinical scenarios in which the accuracy 
of these devices can be anticipated to be impaired, based upon 
violation of the underlying physiologic assumptions on which 
their algorithms depend, and the clinician must exercise caution 
in interpreting the measurements of CO obtained under those 
 circumstances.

MonItorIng of body teMperature

principles of Operation

Heat is produced as a consequence of cellular metabolism. In 
adults, thermoregulation involves the control of basal metabolic 
rate, muscular activity, sympathetic arousal, vascular tone, and 
hormone activation balanced against exogenous factors that 
determine the need for the body to create heat or to adjust the 
transfer of heat to the environment.

Heat losses may result from radiation, conduction, convec-
tion, and evaporation. Radiation refers to the infrared rays ema-
nating from all objects above absolute temperature. Conduction 
refers to the transfer of heat from contact with objects. Convec-
tion refers to the transfer of heat from air passing by objects. 
Evaporation represents the heat loss that results when water 
vaporizes. For every gram of water evaporated, 0.58 kcal of heat is 
lost. Perioperative hypothermia predisposes patients to increases 
in metabolic rate (shivering) and cardiac work, decreases in drug 
metabolism and cutaneous blood low, and creates impairments 
of coagulation. Anesthesiologists frequently monitor temperature 
and attempt to maintain central core temperature at near-normal 
values in all patients undergoing anesthesia.

Temperature is usually measured using electrical probes con-
taining calibrated thermistors or thermocouples that serve as 
temperature transducers. Thermistors respond to temperature 
changes by changing their electrical resistance. Thermocouples are 
constructed by passing current through a circuit where the elec-
trodes are made of two dissimilar metals. The current measured 
is directly proportional to the temperature difference between the 
two metal junctions. Thermocouple temperature probes maintain 
one junction at a known temperature and place the second junc-
tion on the temperature probe tip. Skin temperature can also be 
monitored using liquid crystal thermometry.

proper Use and Interpretation

Central core temperatures can be estimated using probes that can 
be placed into the bladder, distal esophagus, ear canal, trachea, 
nasopharynx, or rectum.91 Pulmonary artery blood temperature 
is also a good estimate of central core temperature. Thermoregu-
latory responses are based on a physiologically weighted average 
relecting changes in the mean body temperature. Mean body 
temperature is estimated by the following equation:

T 0.85T 0.15Tmean body core skin= +

Indications

Humans maintain their core temperature by balancing heat pro-
duction from metabolism and the many environmental factors 
that supply heat or cool the body. Regional temperature infor-
mation from the skin, muscle, body cavities, spinal cord, and 
brain are integrated in the central nervous system. Conceptually, 
thermoregulation involves the integration of “set points,” which, 
when exceeded, trigger temperature-dissipating, temperature-
conserving, or heat-producing mechanisms. Both general and 
regional anesthesia inhibit afferent and efferent control of thermo-
regulation.92,93 In addition, the operating room environment and 
surgical exposure often contribute to excessive heat losses. Heat 
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loss is common during surgery because the surgical environment 
transfers heat from the patient, and anesthesia reduces heat pro-
duction and diminishes the capability of patients to monitor and 
maintain thermoregulation. Clinical studies have demonstrated 
that patients in whom intraoperative hypothermia develops  
are at a higher risk for development of postoperative myocardial 
ischemia and wound infection compared with patients who are 
normothermic in the perioperative period.94,95

The ability to monitor body temperature is a standard of anes-
thesia care.1 The continual observation of temperature changes in 
anesthetized patients allows for the detection of accidental heat 
loss or malignant hyperthermia.

Contraindications

There are no absolute contraindications to temperature moni-
toring. In patients whose thermoregulatory responses are intact, 
such as conscious patients or patients receiving light or mod-
erate sedation, continuous temperature monitoring is usually 
uninformative.

Common problems and Limitations

Skin temperature monitoring has been advocated to identify 
peripheral vasoconstriction but is not adequate to determine 
alterations in mean body temperature that may occur during 
surgery. Core temperature sites have been established as reliable 
indicators of changes in mean temperature. During routine non-
cardiac surgery, temperature differences between these sites are 
small. When anesthetized patients are being cooled, changes in 
rectal temperature often lag behind those of other probe loca-
tions, and the adequacy of rewarming is best judged by measuring 
temperature at several locations.

Although liquid crystal skin temperature strips are convenient to 
apply, they do not correlate with core temperature measurements.96

MonItorIng of processed  

eeg sIgnals

principles of Operation

EEG monitoring initially entered anesthetic practice as a highly 
sensitive and moderately speciic means of monitoring for cere-
bral ischemia, and as such found use in carotid surgery. Occlu-
sion of one of the carotid arteries for surgery makes the ipsilateral 
side of the brain dependent on perfusion from the contralateral 
carotid artery via the Circle of Willis, creating a risk of ipsilateral 
ischemia. In this form, a dedicated technician usually performs 
intraoperative EEG monitoring.

More recently, EEG monitoring has begun to gain acceptance 
as a means of estimating depth of anesthesia. Statistical signal-
processing techniques have been developed and embodied as bio-
medical devices that are able to take an ensemble of EEG data and, 
in real-time, display an estimate of “anesthetic depth.” The two 
most commonly used processed EEG monitors are the BIS (Covi-
dien) and SedLine (Masimo), and the operation of these devices 
is similar. After irst cleaning the patient’s forehead, a single-use 
set of small, adhesive electrical sensors are applied. The sensors 
are positioned to enable the device to detect EEG activity in the 
frontal lobes of the brain. The sensors are attached to the main 
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device via a single connector. The device checks the quality of the 
electrical connection to the sensors, and checks that each of the 
sensors has made a good electrical contact with the patient’s fore-
head, and that the sensors are not in inadvertent electrical con-
nection with each other. In the event that the coniguration of the 
sensors is unacceptable, the device displays a pictorial indication 
of the problem so that the practitioner can attempt to remedy the 
problem. If the electrical connection between the sensor and the 
skin is poor, signal reception will be impaired and the device will 
warn that the sensor impedance (i.e., its electrical resistance) is 
too high. The sensors make use of a conductive electrical gel, and 
so this can often be remedied by applying irm but careful pres-
sure to the affected sensor to produce a better electrical contact. 
However, too much pressure may cause the gel to leak out from 
under the sensor and cause a “gel bridge,” an inadvertent direct 
electrical connection to a neighboring electrode. In this case, 
the surplus gel may be wiped away, or a new set of sensors may  
be required. When all the electrical connections are satisfactory, 
the device will begin to acquire and process EEG data.

Although the algorithms used by processed EEG monitors are 
proprietary, the general features of the EEG that they use are well 
described.97 Processed EEG monitors make use of the following 
statistical measures:

 ■ Zero crossing frequency (ZXF). An estimate of the “average” 
frequency of the EEG, obtained by calculating the number 
of times the EEG voltage crosses the zero voltage level per 
second.98

 ■ Burst suppression ratio (BSR). During periods of deep anes-
thesia, the EEG may demonstrate periods of low voltage or 
even zero (isoelectric) voltage, and bursts of higher voltage 
activity are no longer seen. Suppressed states are deined as 
those periods for which the EEG demonstrates a voltage of less 
than 5 mV for a period of at least 0.5 seconds, and the BSR is 
deined as the ratio of that time fraction to the overall EEG 
recording. Profoundly burst suppressed (isoelectric) states are 
sometimes induced as part of neuroanesthesia,99 as they may 
provide some protection against cerebral ischemia by reducing 
cellular metabolic demand. Burst suppression is also seen in 
unanesthetized comatose patients, although in these patients it 
carries a grave prognosis.100

 ■ Median power frequency (MPF) and spectral edge frequency 
(SEF). The EEG signal can be converted to a frequency spec-
trum using the fast Fourier transform,101 making it possible 
to describe the amount of signal power present at various fre-
quencies. The MPF is the frequency at which the power in the 
signal can be split into two equal frequency bands, above and 
below. The SEF is the frequency below which 95% of the total 
signal power can be found.97

 ■ Beta (β) power ratio. The β power ratio describes the relative 
amount of β2 wave activity in the EEG signal (signal power 
between 30 to 47 Hz) compared to the amount of β wave activ-
ity (signal power between 11 to 20 Hz). Changes in this ratio 
appear to correlate clinically with the onset of light sedation.

 ■ Bispectrum. The bispectrum is a second-order property of 
the frequency spectrum of the EEG signal.102 The bispectrum 
can be used to calculate bicoherence, a mathematical prop-
erty that describes the similarity in phase between signals at 
three different frequencies, f1, f2, and f1 + f2. A high level of 
bicoherence is suggestive that the signals may be generated 
from a common underlying rhythm. As sedation is increased, 
local cortical activity becomes suppressed and the EEG activ-
ity begins to demonstrate a greater underlying cortical syn-
chronization, which can be detected as increased bicoherence 
in the EEG signal.

9
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proper Use and Interpretation

Both the BIS and SedLine devices display a unitless number in the 
range of 0 to 100, which is derived from the measured EEG data 
by the device’s proprietary algorithms. A value of 0 corresponds 
to an absence of any discernable electrical activity. A value of 100 
corresponds to the EEG activity seen in a fully awake and alert 
individual. The algorithms used in the devices specify a differing 
“optimal range” for general anesthesia; for the BIS it is deined as 
between 40 and 60, for the SedLine it is 25 to 50.

The algorithms used in the devices appear to correlate best 
with clinical assessment of the depth of anesthesia when anes-
thetic agents such as volatile gases or propofol are used. Although, 
increasing concentrations of these agents do not always reliably 

lower the reported number further103–105 if the patient is already 
deeply anesthetized. This relationship between concentration and 
effect is not seen for all anesthetic agents (Fig. 25-11).

Dissociative intravenous agents such as ketamine can actively 
confound processed EEG monitors through paradoxical cortical 
excitation; the monitor tends to misread the increased cortical 
activity as a sign of lessened anesthesia.106 Lower doses of ketamine 
may be desirable as part of an overall anesthetic plan to reduce 
opioid administration; appropriate quantities of ketamine can be 
infused more slowly without apparently affecting the processed 
EEG reading.107 Propofol and remifentanil are often used in com-
bination for total intravenous anesthesia (TIVA), but processed 
EEG monitors can be insensitive to the administration of even 
high concentrations of opioids.108 The monitor may therefore 
relect mostly the action of the propofol on the anesthetic state.

fIgure 25-11. Representative data from a single human volunteer demonstrating changes in EEG with increasing serum 
concentrations of propofol. In each of the four concentrations, 4 seconds of raw EEG data is plotted in the top half of the 
figure. In the lower left is the corresponding power spectrum and spectral parameters computed from the same EEG epoch. 
The lower right quadrant displays the bispectrum for the same raw data. The final BIS score is shown. Modified from: Rampil 
IJ. A primer for EEG signal processing in anesthesia. Anesthesiology. 1998;89:980–1002, Figure 16.
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Indications

The use of processed EEG monitors is not mandated, and so the 
indications for use are at the discretion of the practitioner. Pro-
cessed EEG monitors have not been demonstrated to be superior 
to end-tidal agent concentration monitoring in the prevention of 
awareness under anesthesia. However, the use of end-tidal agent 
concentration monitoring assumes that volatile anesthetic gases 
are used, and that their end-tidal concentrations provide a rea-
sonable surrogate for their action on consciousness. Processed 
EEG monitoring may be useful as a guide when a total intrave-
nous anesthetic approach is planned, since it can provide some 
degree of feedback on the current pharmacodynamics effects of 
the administered agents when there is no end-tidal agent concen-
tration to measure.

Patients with pre-existing cognitive deicits, sensory impair-
ment,109 or known risk of post-operative delirium may beneit 
from the administration of less anesthesia than would be indi-
cated by end-tidal agent monitoring alone.110 Processed EEG 
monitoring may be useful in satisfactorily titrating their anes-
thetic plan to permit faster recovery from anesthesia.111

For types of emergent surgery, such as cesarean sections 
under GA,112 trauma laparotomies, or surgery in the critically ill 
hemodynamically unstable patient, it may not be physiologically 
possible to administer the usual quantities of anesthesia, placing 
these patients at a greater risk of intraoperative awareness. Pro-
cessed EEG monitoring may provide some assistance in titrating 
anesthesia in these vulnerable patients, and some reassurance that 
explicit recall will be unlikely. A prior history of intraoperative 
awareness may therefore also be an indication.

Mechanically ventilated patients in the intensive care unit 
are usually assessed clinically for their level of sedation, but the 
use of the standard Sedation–Agitation Scale or the Richmond 
Agitation–Sedation Scale may be impossible in some patients 
due to therapeutic neuromuscular paralysis. Processed EEG 
monitors may provide some guidance to sedation management 
under these circumstances.113,114

Contraindications

Use of a processed EEG device may be contraindicated in a 
patient with signiicant craniofacial trauma, such that the physi-
cal pressure required to place the sensors cannot be safely applied. 
Placement may also be relatively contraindicated in patients with 
existing supericial injury to the forehead in the region where the 
sensors will be applied.

The use of processed EEG sensors for patients who will be in 
prone position for surgery is controversial, and may be a rela-
tive contraindication. In prone position, the patient’s head may 
rest such that excessive continuous pressure is applied to the skin 
underneath the sensors. Disiguring injury to the forehead has 
been reported,115 perhaps related to a combination of pressure 
and irritation from the conductive gel on the sensors. This can 
lead to a dilemma: Prolonged spinal surgery performed using 
somatosensory or motor evoked potential monitoring can rela-
tively contraindicate the use of volatile gases and neuromuscu-
lar blockers, and make a propofol–remifentanil TIVA technique 
attractive. This anesthetic technique provides an indication for 
processed EEG monitoring, but the prolonged prone positioning 
provides a relative contraindication. Prone positioning requires 
vigilant attention to facial features such as the eyes and nose to 
avoid injury by pressure and impingement. Therefore, if it is 
determined that processed EEG monitoring is to be applied to a 

prone patient, it is recommended that equally vigilant attention 
be paid to the condition of the forehead.

Common problems and Limitations

It has been suggested that processed EEG monitoring devices may 
reduce the risk of intraoperative awareness.116 However, subse-
quent studies have either failed to demonstrate a reduction117 
in intraoperative awareness or even, conversely, have found an 
increase in intraoperative awareness25 when compared to anes-
thetic practice guided by the end-tidal agent concentrations19 of 
anesthetic gases.24

Cases of intraoperative awareness were found when using 
either end-tidal agent concentration monitoring or processed 
EEG monitoring; neither technique was suficient to avoid aware-
ness with complete reliability. This dificulty may relate to our lack 
of understanding of what “anesthetic depth” even means.110,118 
Intraoperative awareness as a phenomenon is dependent on the 
interaction of consciousness, memory, and the biologic action 
of anesthetic agents. These, even taken individually, are com-
plex and incompletely understood processes.119–121 It should not 
therefore be surprising that any device or algorithm that seeks to 
reduce these processes to a single numerical readout may prove 
to be fallible.

future trends In MonItorIng

Anesthesiologists have been at the forefront of the incorpora-
tion of innovative biomedical devices and technologies into 
their practice. We will continue to adapt our practice to make 
use of new technologies to enhance patient safety. There are three 
trends in device design that appear most likely to lead to further 
improvements in our practice: Greater automated marshaling of 
monitoring and clinical data, the dissemination of our current 
devices into wider hospital use, and the development of devices 
with greater algorithmic sophistication to obtain clinical data less 
invasively.

Anesthesia information management systems (AIMS) will 
continue to become more interconnected with patient monitor-
ing devices, and also with drug delivery systems such as infusion 
pumps and vaporizers. AIMS will also begin to interface more 
deeply with hospital-wide computerized provider order entry 
(CPOE) systems, allowing patient clinical data and documentation 
to be available immediately to the anesthesiologist. The safety of 
the administration of intravenous medications will be enhanced 
by the routine use of machine-readable labels, whether by barcod-
ing or RFID (Radio frequency Identiication), so that the intended 
administration of a medication will be known to the AIMS sys-
tem prior to the actual administration. AIMS will make use of 
this information to alert to the potential for drug interactions and 
allergies during the case itself, immediately prior to administration. 
The automatic availability of this data will allow the AIMS to pro-
vide decision support to the anesthesiologist, tracking the admin-
istration of intravenous medications and providing predictions of 
plasma and effect-site concentrations to improve dose titration. 
Overall, improvements in the automated marshaling and display 
of patient data will assist the anesthesiologist with situational 
awareness, involving more intelligent alarm systems to decrease 
false positive alerts and more accurately guide the anesthesiologist 
to aspects of the patient’s management that require attention. The 
sophistication of AIMS user interfaces will continue to improve, 
so that the interaction between the anesthesiologist and the tasks 
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of computer-based monitoring and charting will become smooth, 
fast, natural, and eficient.

In the recent revision of the ASA Standards for Basic Moni-
toring,1 the indications for capnography have been broadened 
to include the evaluation of ventilation during moderate or deep 
sedation. Moderate sedation may be performed by clinicians 
untrained in the practice of anesthesia, and so the effect of this 
standard will be the dissemination of capnographic equipment 
previously used only by anesthesiologists to the wider care envi-
ronment. Anesthesiologists should be at the forefront of edu-
cational efforts to ensure that our medical colleagues use these 
devices appropriately, enhancing patient safety.

A trend in the development of biomedical devices is toward 
devices that use complex algorithmic models to infer clinical data 
in a less invasive or more rapid manner. Examples are arterial 
waveform CO monitors that produce an estimate of CO from the 
arterial pressure tracing alone, noninvasive hemoglobin monitors 
that estimate serum hemoglobin from infrared pulse oximetry, 
target-controlled infusion pumps which make use of  population 
pharmacokinetic and pharmacodynamic data to estimate the 
redistribution and effect of a medication, and processed EEG 
monitors which attempt to reduce an ensemble of EEG data to a 
quantitated endpoint of consciousness. These devices are exam-
ples of incredible biomedical sophistication, usually the prod-
uct of decades of scientiic research and subsequent engineering 
reinement. However, the algorithms that these devices use are 
generally derived from the responses of healthy volunteers. The 
protocols used for the development of the algorithms are often 
seemingly simplistic or artiicial when compared to the complex-
ity of actual anesthetic practice. The result is that, during their 
initial introduction to practice, the functionality of the devices 
in the sickest of patients is not necessarily well characterized or 
understood. To put it more briely: It may work, but does it really 
work? It is our sickest patients who have the most to gain from 
devices that allow us to assess their clinical condition more rap-
idly and less invasively, but it is our sickest patients who are the 
most vulnerable should the devices tend to become inaccurate 
under just those clinical conditions. The limits of the reliability 
and clinical applicability of these devices must be a matter of 
concern for the practicing anesthesiologist. Though devices are 
becoming “smarter,” it will not excuse us of the knowledge to 
know how to employ them wisely.
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