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An anesthesia delivery system consists of the anesthesia
workstation (anesthesia machine) and anesthetic breathing system (circuit), which permit delivery of known
concentrations of inhaled anesthetics and oxygen to the
patient, as well as removal of the patient’s carbon dioxide. Carbon dioxide can be removed either by washout
(delivered gas flow greater than 5 L/min from the anesthesia machine) or by chemical neutralization.

ANESTHESIA WORKSTATION
The anesthesia machine has evolved from a simple
pneumatic device to a complex integrated computercontrolled multicomponent workstation (Figs. 15.1 and
15.2).1 The components within the anesthesia workstation function in harmony to deliver known concentrations of inhaled anesthetics to the patient. The multiple
components of the anesthesia workstation include what
was previously recognized as the anesthesia machine (the
pressure-regulating and gas-mixing components), vaporizers, anesthesia breathing circuit, ventilator, scavenging system, and respiratory and physiologic monitoring
systems (electrocardiogram, arterial blood pressure, temperature, pulse oximeter, and inhaled and exhaled concentrations of oxygen, carbon dioxide, anesthetic gases,
and vapors) (Box 15.1).1 Alarm systems to signal apnea
or disconnection of the anesthetic breathing system from
the patient are included. The alarms present on the workstation including pulse oximeter and capnograph must
be active and audible to the anesthesia provider. Most
anesthesia machines are powered by both electric and
pneumatic power.
The anesthesia workstation ultimately provides delivery of medical gases and the vapors of volatile anesthetics at known concentrations to the common gas outlet.
These gases enter the anesthetic breathing system to be
delivered to the patient by spontaneous or mechanical
ventilation. Exhaled gases either exit the system via the
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Fig. 15.2 Dräger Apollo Anesthesia Workstation. (Courtesy of
Dräger, Lübeck, Germany.)
Fig. 15.1 GE Aisys Anesthesia Delivery System. (Courtesy of GE
Healthcare, Little Chalfont, UK.)

scavenging system or are returned to the patient after
passing through a CO2 absorbent.

Fail-Safe Valve
Anesthesia machines are equipped with a fail-safe valve
designed to prevent the delivery of hypoxic gas mixtures
from the machine in the event of failure of the oxygen
supply. This valve shuts off or proportionally decreases the
flow of all gases when the pressure in the oxygen delivery
line decreases to less than 30 psi. This safety measure is
designed to protect against unrecognized exhaustion of
oxygen delivery from a cylinder attached to the anesthesia machine or from a central source. This valve, however,
does not prevent the delivery of 100% nitrous oxide when
the oxygen flow is zero but gas pressure in the circuit of
the anesthesia machine is maintained. In this situation,
an oxygen analyzer is necessary to detect the delivery of
a hypoxic gas mixture. Far superior to the fail-safe valve
or an oxygen analyzer is the continuous presence of a
vigilant anesthesia provider.!

Compressed Gases
Gases used in the administration of anesthesia (oxygen,
nitrous oxide, air) are most often delivered to the anesthesia machine from a central supply source located in
the hospital (Fig. 15.3).2 Hospital-supplied gases enter
the operating room from a central source through

Box 15.1 Common Features of Anesthesia Machines
• Inlet of hospital pipeline for compressed gases (oxygen,
nitrous oxide, and air)
• Inlet of compressed gas cylinders
• Pressure regulators to reduce pipeline and cylinder pressure to safe and consistent levels
• Fail-safe device
• Flowmeters to control the amount of gases delivered to
the breathing limb
• Vaporizers for adding volatile anesthetic gas to the carrier
gas
• Common gas line through which compressed gases mixed
with a volatile agent enter the breathing limb
• Breathing limb, including an oxygen analyzer, inspiratory
one-way valve, circle system, gas sampling line, spirometer to measure the respiratory rate and volume, expiratory
one-way valve, adjustable pressure-limiting valve, carbon
dioxide absorbent, reservoir bag, mechanical ventilator,
and scavenging system

pipelines to color-coded wall outlets (green for oxygen, blue for nitrous oxide, and yellow for air). Colorcoded pressure hoses are connected to the wall outlets
by fittings that are noninterchangeable (diameter index
safety system [DISS] or quick connects), which are
designed to prevent misconnections of pipeline gases.
Oxygen or air from a central supply source may also be
used to pneumatically drive the ventilator on the anesthesia machine.
Gas enters the anesthesia machine through pipeline
inlet connections that are gas specific (threaded noninterchangeable connections) to minimize the possibility
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Fig. 15.3 Schematic diagram of the internal circuitry of an anesthesia machine. Oxygen and nitrous oxide
enter the anesthesia machine through a central supply line (most common); alternatively (infrequently),
they are provided from gas cylinders attached to pin-indexed yokes on the machine. Check valves prevent
transfilling of gas cylinders or flow of gas from cylinders into the central supply line. Pressure regulators
decrease pressure in the tubing from the gas cylinders to about 50 psi. The fail-safe valve prevents flow
of nitrous oxide if the pressure in the oxygen supply circuit decreases to less than 30 psi. Needle valves
control gas flow to rotameters (flowmeters). Agent-specific vaporizers provide a reliable means to deliver
preselected concentrations of a volatile anesthetic. An interlock system allows only one vaporizer to be
in the “on” (delivery) setting at a time. After mixing in the manifold of the anesthesia machine, the total
fresh gas flow enters the common outlet for delivery to the patient through the anesthetic breathing
system (circuit). (Modified from American Society of Anesthesiologists. Check-Out. A Guide for Preoperative Inspection of an Anesthetic Machine. Park Ridge, IL: American Society of Anesthesiologists; 1987:1-14,
used with permission.)

of a misconnection. The gas must be delivered from the
central supply source at an appropriate pressure (about
50 psi) for the flowmeters on the anesthesia machine to
function properly.
Anesthesia machines are also equipped with cylinders of oxygen and nitrous oxide for use should the
central gas supply fail (see Fig. 15.3).2 Color-coded
cylinders are attached to the anesthesia machine by
a hanger yoke assembly, which consists of two metal
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pins that correspond to holes in the valve casing of the
gas cylinder (pin indexed safety system [PISS]) (Table
15.1). This design makes it impossible to attach an oxygen cylinder to any yoke on the anesthesia machine
other than that designed for oxygen. Otherwise, a cylinder containing nitrous oxide could be attached to
the oxygen yoke, which would result in the delivery
of nitrous oxide when the oxygen flowmeter was activated. Color-coded pressure gauges (green for oxygen,
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Characteristics of Compressed Gases Stored in E Size Cylinders Attached to the Anesthesia Machine

Characteristic

Oxygen

Nitrous Oxide

Carbon Dioxide

Air

Cylinder color

Greena

Blue

Gray

Yellowa

Physical state in cylinder

Gas

Liquid and gas

Liquid and gas

Gas

Cylinder contents (L)

625

1590

1590

625

Cylinder weight empty (kg)

5.90

5.90

5.90

5.90

Cylinder weight full (kg)

6.76

8.80

8.90

Cylinder pressure full (psi)

2000

750

838

1800

aThe

World Health Organization specifies that cylinders containing oxygen for medical use be painted white, but manufacturers in the United
States use green. Likewise, the international color for air is white and black, whereas cylinders in the United States are color-coded yellow.

blue for nitrous oxide) on the anesthesia machine indicate the pressure of the gas in the corresponding gas
cylinder (see Table 15.1).
Calculation of Cylinder Contents

The pressure in an oxygen cylinder is directly proportional to the volume of oxygen in the cylinder. For
example, a full E size oxygen cylinder contains about
625 L of oxygen at a pressure of 2000 psi and half
this volume when the pressure is 1000 psi. Therefore,
how long a given flow rate of oxygen can be maintained before the cylinder is empty can be calculated.
In contrast to oxygen, the pressure gauge for nitrous
oxide does not indicate the amount of gas remaining
in the cylinder because the pressure in the gas cylinder remains at 750 psi as long as any liquid nitrous
oxide is present. When nitrous oxide leaves the cylinder
as a vapor, additional liquid is vaporized to maintain
an unchanging pressure in the cylinder. After all the
liquid nitrous oxide is vaporized, the pressure begins
to decrease, and it can be assumed that about 75% of
the contents of the gas cylinder have been exhausted.
Because a full nitrous oxide cylinder (E size) contains
about 1590 L, approximately 400 L of nitrous oxide
remains when the pressure gauge begins to decrease
from its previously constant value of 750 psi. Vaporization of a liquefied gas (nitrous oxide), as well as expansion of a compressed gas (oxygen), absorbs heat, which
is extracted from the metal cylinder and the surrounding atmosphere. For this reason, atmospheric water
vapor often accumulates as frost on gas cylinders and
in valves, particularly during high gas flow from these
tanks. Internal icing does not occur because compressed
gases are free of water vapor.!

Flowmeters
Flowmeters on the anesthesia machine precisely control and
measure gas flow to the common gas inlet (see Fig. 15.3).2

Measurement of the flow of gases is based on the principle
that flow past a resistance is proportional to pressure. Typically, gas flow enters the bottom of a vertically positioned
and tapered (the cross-sectional area increases upward from
site of gas entry) glass flow tube. Gas flow into the flowmeter tube raises a bobbin or ball-shaped float. The float
comes to rest when gravity is balanced by the decrease in
pressure caused by the float. The upper end of the bobbin
or the equator of the ball indicates the gas flow in milliliters or liters per minute. Proportionality between pressure
and flow is determined by the shape of the tube (resistance)
and the physical properties (density and viscosity) of the
gas. The flowmeters are initially calibrated for the indicated
gas at the factory. Because few gases have the same density and viscosity, flowmeters are not interchangeable with
other gases. The scale accompanying an oxygen flowmeter
is green, whereas the scale for the nitrous oxide flowmeter
is blue.
Gas flow exits the flowmeters and passes into a manifold (mixing chamber) located at the top of the flowmeters (see Fig. 15.3).2 The oxygen flowmeter should be
the last in the sequence of flowmeters, and thus oxygen should be the last gas added to the manifold. This
arrangement reduces the possibility that leaks in the
apparatus proximal to oxygen inflow can diminish the
delivered oxygen concentration, whereas leaks distal to
that point result in loss of volume without a qualitative
change in the mixture. Nevertheless, an oxygen flowmeter tube leak can produce a hypoxic mixture regardless
of the flowmeter tube arrangement (Fig. 15.4).3 Indeed,
flowmeter tube leaks are a hazard, reflecting the fragile construction of this component of the anesthesia
machine. Subtle cracks may be overlooked and result in
errors in delivered flow.
Gases mix in the manifold and flow to an outlet port
on the anesthesia machine, where they are directed into
either a vaporizer or an anesthetic breathing system (see
Fig. 15.3).2 For emergency purposes, provision is made
for delivery of a large volume of oxygen (35 to 75 L/
223
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Fig. 15.4 Oxygen flow tube leak. An oxygen flow tube leak can
produce a hypoxic mixture regardless of the flow tube arrangement. (From Brockwell RC. Inhaled anesthetic delivery systems.
In Miller RD, ed. Miller’s Anesthesia. 7th ed. Philadelphia: Churchill Livingstone; 2010:680, used with permission.)

min) to the outlet port through an oxygen flush valve that
bypasses the flowmeters and manifold. The oxygen flush
valve allows direct communication between the oxygen
high-pressure circuit and the low-pressure circuit (see
Fig. 15.3).2 Activation of the oxygen flush valve during
a mechanically delivered inspiration from the anesthesia
machine ventilator permits the transmission of high airway pressure to the patient’s lungs, with the possibility
of barotrauma.!

VAPORIZERS
Volatile anesthetics are liquids at room temperature and
atmospheric pressure. Vaporization, which is the conversion of a liquid to a vapor, takes place in a closed container, referred to as a vaporizer. The vapor concentration
resulting from vaporization of a volatile liquid anesthetic
must be delivered to the patient with the same accuracy
and predictability as other gases (oxygen, nitrous oxide).

Physics of Vaporization
The molecules that make up a liquid are in constant
random motion. In a vaporizer containing a volatile
liquid anesthetic, there is an asymmetric arrangement
of intermolecular forces applied to the molecules at the
liquid-oxygen interface. The result of this asymmetric
arrangement is a net attractive force pulling the surface molecules into the liquid phase. This force must be
overcome if surface molecules are to enter the gas phase,
where their relatively sparse density constitutes a vapor.
The energy necessary for molecules to escape from the
liquid is supplied as heat. The heat of vaporization of
a liquid is the number of calories required at a specific
temperature to convert 1 g of a liquid into a vapor. The
heat of vaporization necessary for molecules to leave the
liquid phase is greater when the temperature of the liquid
decreases.
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Vaporization in the closed confines of a vaporizer
ceases when equilibrium is reached between the liquid and
vapor phases such that the number of molecules leaving
the liquid phase is the same as the number reentering. The
molecules in the vapor phase collide with each other and
the walls of the container, thereby creating pressure. This
pressure is termed vapor pressure and is unique for each
volatile anesthetic. Furthermore, vapor pressure is temperature dependent such that a decrease in the temperature of the liquid is associated with a lower vapor pressure
and fewer molecules in the vapor phase. Cooling of the
liquid anesthetic reflects a loss of heat (heat of vaporization) necessary to provide energy for vaporization. This
cooling is undesirable because it lowers the vapor pressure and limits the attainable vapor concentration.!

Vaporizer Classification and Design
Vaporizers are classified as agent-specific, variablebypass, flow-over, temperature-compensated (equipped
with an automatic temperature-compensating device that
helps maintain a constant vaporizer output over a wide
range of temperatures), and out of circuit (Fig. 15.5).1
These contemporary vaporizers are unsuitable for the
controlled vaporization of desflurane, which has a vapor
pressure near 1 atm (664 mm Hg) at 20° C. For this reason, a desflurane vaporizer is electrically heated to 23° C
to 25° C and pressurized with a backpressure regulator
to 1500 mm Hg to create an environment in which the
anesthetic has relatively lower, but predictable, volatility.
Variable bypass describes dividing (splitting) the total
fresh gas flow through the vaporizer into two portions.
The first portion of the fresh gas flow (20% or less) passes
into the vaporizing chamber of the vaporizer, where it
becomes saturated (flow-over) with the vapor of the liquid anesthetic. The second portion of the fresh gas flow
passes through the bypass chamber of the vaporizer. Both
portions of the fresh gas flow mix at the patient outlet
side of the anesthesia machine. The proportion of fresh
gas flow diverted through the vaporizing chamber, and
thus the concentration of volatile anesthetic delivered to
the patient, is determined by the concentration control
dial. The scale on the concentration control dial is in volume percent for the specific anesthetic drug. A temperature-sensitive bimetallic strip or an expansion element
influences proportioning of total gas flow between the
vaporizing and bypass chambers as the vaporizer temperature changes (temperature compensated) (see Fig. 15.5).1
For example, as the temperature of the liquid anesthetic
in the vaporizer chamber decreases, the temperaturesensing elements allow increased gas inflow into this
chamber to offset the effect of decreased anesthetic liquid
vapor pressure.
Vaporizers are often constructed of metals with high
thermal conductivity (copper, bronze) to further minimize
heat loss. As a result, vaporizer output is nearly linear
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Fig. 15.5 Simplified schematic of the Ohmeda Tec-type vaporizer. Rotation of the concentration control
dial diverts a portion of the total fresh gas flow through the vaporizing chamber, where wicks saturated with
liquid anesthetic ensure a large gas-liquid interface for efficient vaporization. A temperature-compensating
valve diverts more or less fresh gas flow through the vaporizing chamber to offset the effects of changes in
temperature on the vapor pressure of the liquid anesthetic (temperature-compensated vaporizer). Gases
saturated with the vapor of the liquid anesthetic join gases that have passed through the bypass chamber
for delivery to the machine outlet check valve. When the concentration control dial is in the off position, no
fresh gas inflow enters the vaporizing chamber.

between 20° C and 35° C.3 Designation of vaporizers as
agent specific and out of circuit emphasizes that these
devices are calibrated to accommodate a single volatile
anesthetic and are isolated from the anesthetic breathing
system.
Tipping of vaporizers can cause liquid anesthetic to
spill from the vaporizing chamber into the bypass chamber, with a resultant increased vapor concentration exiting from the vaporizer. Nevertheless, the likelihood of
tipping is minimized because vaporizers are secured to
the anesthesia machine and there is little need to move
them. Leaks associated with vaporizers are most often due
to a loose filler cap.
Commonly, two to three anesthetic-specific vaporizers
are present on the anesthesia machine. A safety interlock
mechanism ensures that only one vaporizer at a time can
be turned on. Turning on a vaporizer requires depression
of a release button on the concentration dial, followed by
counterclockwise rotation of the dial. This prevents accidental movement of the dial from the off to the on position. The location of the filler port on the lower portion of
the vaporizer minimizes the likelihood of overfilling of the
vaporizing chamber (>125 mL) with liquid anesthetic. A
window near the filler port permits visual verification of

the level of liquid anesthetic in the vaporizing chamber. Use
of an anesthetic-specific keyed filler device prevents placement of a liquid anesthetic into the vaporizing chamber
that is different from the anesthetic for which the vaporizer
was calibrated. This is uniquely important for desflurane
because its vapor pressure is near 1 atm and accidental
placement of desflurane in a contemporary vaporizer
could result in an anesthetic overdose.4 As with anesthesia
machines, periodic maintenance (usually every 12 months)
is recommended by the manufacturers of vaporizers.!

ANESTHETIC BREATHING SYSTEMS
The function of anesthetic breathing systems is to deliver
oxygen and anesthetic gases to the patient and to eliminate carbon dioxide. Conceptually, the anesthetic breathing system is a tubular extension of the patient’s upper
airway. Anesthetic breathing systems can add considerable resistance to inhalation because peak flows as high
as 60 L/min are reached during spontaneous inspiration.
This resistance is influenced by unidirectional valves
and connectors. The components of the breathing system, particularly the tracheal tube connector, should have
225
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Table 15.2

Classification of Anesthetic Breathing Systems

System

Gas
Rebreathing of
Reservoir Bag Exhaled Gases

Chemical Neutralization Unidirectional
of Carbon Dioxide
Valves

Fresh Gas Inflow
Ratea

Open
Insufflation
Open drop

No
No

No
No

No
No

None
None

Unknown
Unknown

Semiopen
Mapleson A, B, C, D
Bain
Mapleson E
Mapleson F
(Jackson-Rees)

Yes
Yes
No
Yes

Nob
Nob
Nob
Nob

No
No
No
No

One
One
None
One

High
High
High
High

Semiclosed circle

Yes

Partial

Yes

Three

Moderate

Closed circle

Yes

Total

Yes

Three

Low

aHigh,
bNo

greater than 6 L/min; moderate, 3 to 6 L/min; low, 0.3 to 0.5 L/min.
rebreathing of exhaled gases only when fresh gas inflow is adequate.

the largest possible lumen to minimize this resistance to
breathing. Right-angle connectors should be replaced
with curved connectors to minimize resistance. Substituting controlled ventilation of the patient’s lungs for spontaneous breathing can offset the increased resistance to
inhalation imparted by anesthetic breathing systems.
Anesthetic breathing systems are classified as open,
semiopen, semiclosed, and closed according to the presence or absence of (1) a gas reservoir bag in the circuit,
(2) rebreathing of exhaled gases, (3) means to chemically
neutralize exhaled carbon dioxide, and (4) unidirectional
valves (Table 15.2). The most commonly used anesthetic
breathing systems are the (1) Mapleson F (Jackson-Rees)
system, (2) Bain circuit, and (3) circle system.

Mapleson Breathing Systems
In 1954, Mapleson analyzed and described five different
arrangements of fresh gas inflow tubing, reservoir tubing, face mask, reservoir bag, and an expiratory valve to
administer anesthetic gases (Fig. 15.6).5 These five different semiopen anesthetic breathing systems are designated Mapleson A to E. The Mapleson F system, which is
a Jackson-Rees modification of the Mapleson D system,
was added later. The Bain circuit is a modification of the
Mapleson D system (Fig. 15.7).6
Flow Characteristics

The Mapleson systems are characterized by the absence
of valves to direct gases to or from the patient and
the absence of chemical carbon dioxide neutralization.
Because of no clear separation of inspired and expired
gases, rebreathing occurs when inspiratory flow exceeds
the fresh gas flow. The composition of the inspired mixture depends on how much rebreathing takes place. The
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amount of rebreathing associated with each system is
highly dependent on the fresh gas flow rate. The optimal
fresh gas flow may be difficult to determine. The fresh
gas flow should be adjusted when changing from spontaneous and controlled ventilation. Monitoring end-tidal
CO2 is the best method to determine the optimal fresh gas
flow. The performance of these circuits is best understood
by studying the gas disposition at end exhalation during
spontaneous and controlled ventilation (Fig. 15.8).7!

Mapleson F (Jackson-Rees) System
The Mapleson F (Jackson-Rees) system is a T-piece
arrangement with a reservoir bag and an adjustable pressure-limiting overflow valve on the distal end of the gas
reservoir bag (see Fig. 15.6).5 The degree of rebreathing
when using this anesthetic breathing system is influenced
by the method of ventilation (spontaneous versus controlled) and adjustment of the pressure-limiting overflow
valve (venting). Fresh gas flow equal to two to three times
the patient’s minute ventilation is recommended to prevent rebreathing of exhaled gases.
Flow Characteristics

During spontaneous ventilation, exhaled gases pass down
the expiratory limb and mix with fresh gases (see Fig. 15.8).7
The expiratory pause allows the fresh gas to push the exhaled
gases down the expiratory limb. With the next inspiration,
the inhaled gas mixture comes from the fresh gas flow and
from the expiratory limb, including the reservoir bag.!
Clinical Uses

The Mapleson F system is commonly used for controlled ventilation during transport of tracheally intubated
patients. Because there are no moving parts except the
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Fig. 15.6 Anesthetic breathing systems classified as semiopen Mapleson A through F. FGF, Fresh gas flow. (Modified from
Willis BA, Pender JW, Mapleson WW. Rebreathing in a T-piece:
volunteer and theoretical studies of Jackson-Rees modification
of Ayre’s T-piece during spontaneous respiration. Br J Anaesth.
1975;47:1239-1246, used with permission.)

pressure-limiting overflow valve, circuit dead space and
resistance are minimal. This is ideal for pediatric anesthesia
(see Chapter 34). The Mapleson F system may be used for
both spontaneous and controlled ventilation. It is inexpensive, can be used with a face mask or endotracheal tube, is
lightweight, and can be repositioned easily. Pollution of the
atmosphere with anesthetic gases when using this system
can be decreased by adapting it to scavenging systems.!
Disadvantages

Disadvantages of the Mapleson F system include (1) the
need for high fresh gas inflow to prevent rebreathing, (2)
the possibility of high airway pressure and barotrauma
should the overflow valve become occluded, and (3) the
lack of humidification. Lack of humidification can be

Face mask

(C)

Fig. 15.7 Schematic diagram of the Bain system showing fresh
gas flow (FGF) entering a narrow tube within the larger corrugated expiratory limb (A). The only valve in the system (B) is an
adjustable pressure-limiting (overflow) valve located near the
FGF inlet and reservoir bag (C). (Modified from Bain JA, Spoerel WE. A streamlined anaesthetic system. Can Anaesth Soc J.
1972;19:426-435, used with permission.)

offset by allowing the fresh gas to pass through an inline heated humidifier.!

Bain System
The Bain circuit is a coaxial version of the Mapleson D
system in which the fresh gas supply tube runs coaxially
inside the corrugated expiratory tubing (see Fig. 15.7).6
The fresh gas tube enters the circuit near the reservoir bag,
but the fresh gas is actually delivered at the patient end of
the circuit. The exhaled gases are vented through the overflow valve near the reservoir bag. The Bain circuit may
be used for both spontaneous and controlled ventilation.
Prevention of rebreathing during spontaneous ventilation
requires a fresh gas flow of 200 to 300 mL/kg/min and a
flow of only 70 mL/kg/min during controlled ventilation.
Advantages

Advantages of the Bain circuit include (1) warming of the
fresh gas inflow by the surrounding exhaled gases in the
corrugated expiratory tube, (2) conservation of moisture
as a result of partial rebreathing, and (3) ease of scavenging waste anesthetic gases from the overflow valve. It is
lightweight, easily sterilized, reusable, and useful when
access to the patient is limited, such as during head and
neck surgery.!
Disadvantages

Hazards of the Bain circuit include unrecognized disconnection or kinking of the inner fresh gas tube. The outer
expiratory tube should be transparent to allow inspection
of the inner tube.!

Circle System
The circle system is the most popular anesthetic breathing system in the United States. It is so named because its
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Fig. 15.8 Gas disposition at end exhalation during spontaneous ventilation (left) or controlled ventilation
(right) of the lungs in semiopen Mapleson A through F anesthetic breathing systems. The relative efficiency of different Mapleson systems for preventing rebreathing during spontaneous ventilation is A > DF
> C > B. The relative efficiency of different Mapleson systems for preventing rebreathing during controlled
ventilation is DF > B > C > A. FGF, Fresh gas flow. (Modified from Sykes MK. Rebreathing circuits. A review.
Br J Anaesth. 1968;40:666-674, used with permission.)

essential components are arranged in a circular manner
(Fig. 15.9).3 The circle system prevents rebreathing of carbon dioxide by chemical neutralization of carbon dioxide
with carbon dioxide absorbents.
Classification

A circle system can be classified as semiopen, semiclosed, or closed, depending on the amount of fresh
gas inflow (see Table 15.2). In a semiopen system, very
high fresh gas flow is used to eliminate rebreathing of
gases. A semiclosed system is associated with rebreathing of gases and is the most commonly used approach.
In a closed system, the inflow gas exactly matches that
being consumed by the patient. Rebreathing of exhaled
gases in the semiclosed and closed circle systems
results in (1) some conservation of airway moisture and
body heat and (2) decreased pollution of the surrounding atmosphere with anesthetic gases when the fresh
gas inflow rate is set at less than the patient’s minute
ventilation.!
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Disadvantages

Disadvantages of the circle system include (1) increased
resistance to breathing because of the presence of unidirectional valves and carbon dioxide absorbent, (2)
bulkiness with loss of portability, and (3) enhanced
opportunity for malfunction because of the complexity
of the apparatus.!
Impact of Rebreathing

Rebreathing of exhaled gases in a semiclosed circle system influences the inhaled anesthetic concentrations of
these gases. For example, when uptake of the anesthetic
gas is high, as during induction of anesthesia, rebreathing of exhaled gases depleted of anesthetic greatly dilutes
the concentration of anesthetic in the fresh gas inflow.
This dilutional effect of uptake is offset clinically by
increasing the delivered concentration of anesthetic. As
uptake of anesthetic diminishes, the impact of dilution
on the inspired concentration produced by rebreathing of
exhaled gases is lessened.!
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The inspiratory and expiratory corrugated tubes serve as
conduits for delivery of gases to and from the patient.
Their large bore provides minimal resistance, and the
corrugations provide flexibility, resist kinking, and promote turbulent instead of laminar flow. During positivepressure ventilation, some of the delivered gas distends
the corrugated tubing and some is compressed within the
circuit, which leads to a smaller delivered tidal volume.!
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A Y-piece connector at the patient end of the circuit has
(1) a curved elbow, (2) an outer diameter of 22 mm to fit
inside a face mask, and (3) an inner diameter of 15 mm to
fit onto an endotracheal tube connector.!
Adjustable Pressure-Limiting Valve

Fig. 15.9 Schematic diagram of the components of a circle absorption anesthetic breathing system. Rotation of the bag/vent
selector switch permits substitution of an anesthesia machine
ventilator (V) for the reservoir bag (B). The volume of the reservoir bag is determined by the fresh gas inflow and adjustment of
the adjustable pressure-limiting (APL) valve. (From Brockwell RC,
Andrews JJ. Delivery systems for inhaled anesthetics. In Barash
PG, Cullen BF, Stoelting RK, eds. Clinical Anesthesia. Philadelphia:
Lippincott Williams & Wilkins; 2006:557-594, used with permission.)

Components

The circle system consists of (1) a fresh gas inlet, (2)
inspiratory and expiratory unidirectional check valves,
(3) inspiratory and expiratory corrugated tubing, (4) a
Y-piece connector, (5) an adjustable pressure-limiting
(APL) valve, also referred to as an overflow or pop-off
valve, (6) a reservoir bag, (7) a canister containing carbon
dioxide absorbent, (8) a bag/vent selector switch, and (9)
a mechanical anesthesia ventilator (see Fig. 15.9).3
Fresh Gas Inlet and Unidirectional Valves

Fresh gas enters the circle system through a connection
from the common gas outlet of the anesthesia machine.
Two unidirectional valves are situated in different limbs
of the corrugated tubing such that one functions for
inhalation and the other for exhalation. These valves
(1) permit positive-pressure breathing and (2) prevent
the rebreathing of exhaled gases until they have passed
through the carbon dioxide absorbent canister and have
had their oxygen content replenished. Rebreathing and
hypercapnia can occur if the unidirectional valves stick
in the open position, and total occlusion of the circuit
can occur if they are stuck in the closed position. If the
expiratory valve is stuck in the closed position, breath
stacking and barotrauma can occur. If the unidirectional
valves are functioning properly, the only dead space in
the circle system is between the Y-piece and the patient.!

When the bag/vent selector switch is set to “bag,” the
APL (overflow or pop-off) valve (1) allows venting of
excess gas from the breathing system into the waste gas
scavenging system and (2) can be adjusted to allow the
anesthesia provider to provide assisted or controlled
ventilation of the patient’s lungs by manual compression of the gas reservoir bag. The APL valve should be
fully open during spontaneous ventilation so that circuit
pressure remains negligible throughout inspiration and
expiration.!
Reservoir Bag

When the bag/vent selector switch is set to “bag,” the gas
reservoir bag maintains an available reserve volume of
gas to satisfy the patient’s spontaneous inspiratory flow
rate (up to 60 L/min), which greatly exceeds conventional fresh gas flows (commonly 3 to 5 L/min) from the
anesthesia machine. The bag also serves as a safety device
because its distensibility limits pressure in the breathing
circuit to less than 60 cm H2O, even when the APL valve
is closed.!

Closed Anesthetic Breathing System
In a closed anesthetic breathing system, there is total
rebreathing of exhaled gases after absorption of carbon
dioxide, and the APL valve or relief valve of the ventilator is closed. A closed system is present when the fresh
gas inflow into the circle system (150 to 500 mL/min) satisfies the patient’s metabolic oxygen requirements (150 to
250 mL/min during anesthesia) and replaces anesthetic
gases lost by virtue of tissue uptake. If sidestream gas
analyzers are used, the analyzed gas exiting the analyzer
must be returned to the breathing system to maintain a
closed system.
Advantages

Advantages of a closed circle anesthetic breathing system over a semiclosed circle anesthetic breathing system
229

III

Section III PREOPERATIVE PREPARATION AND INTRAOPERATIVE MANAGEMENT

include (1) maximal humidification and warming of
inhaled gases, (2) less pollution of the surrounding atmosphere with anesthetic gases, and (3) economy in the use
of anesthetics.!
Disadvantages

A disadvantage of a closed circle anesthetic breathing
system is an inability to rapidly change the delivered concentration of anesthetic gases and oxygen because of the
low fresh gas inflow.!
Dangers of Closed Anesthetic Breathing System

The principal dangers of a closed anesthetic breathing
system are delivery of (1) unpredictable and possibly
insufficient concentrations of oxygen and (2) unknown
and possibly excessive concentrations of potent anesthetic gases.
Unpredictable Concentrations of Oxygen

Unpredictable and possibly insufficient delivered concentrations of oxygen when using a closed anesthetic breathing system are more likely if nitrous oxide is included in
the fresh gas inflow. For example, decreased tissue uptake
of nitrous oxide with time in the presence of unchanged
uptake of oxygen can result in a decreased concentration
of oxygen in the alveoli (Box 15.2). Therefore, the use of
an oxygen analyzer placed on the inspiratory or expiratory
limb of the circle system is mandatory when nitrous oxide
is delivered through a closed anesthetic breathing system.!
Unknown Concentrations of Potent Anesthetic Gases

Exhaled gases, devoid of carbon dioxide, form a major
part of the inhaled gases when a closed anesthetic breathing system is used. This means that the composition of
the inhaled gases is influenced by the concentration

Box 15.2 Alveolar Gas Concentration With a Closed Circle
Anesthetic Breathing System
Example 1
Gas inflow is nitrous oxide, 300 mL/min, and oxygen, 300
mL/min, for 15 minutes. Nitrous oxide uptake by tissues at
the time is 200 mL/min, and oxygen consumption is 250
mL/min. Alveolar gas after tissue uptake consists of 100 mL
nitrous oxide and 50 mL oxygen. The alveolar concentration
of oxygen (Fao2) is
Fao2 = 50 mL oxygen/(100 mL nitrous oxide + 50 mL oxygen) × 100 = 33%!
Example 2
Gas inflow as in Example 1, but the duration of administration is 1 hour. At this time, tissue uptake of nitrous oxide
has decreased to 100 mL/min, but oxygen consumption
remains unchanged at 250 mL/min. Alveolar gas after tissue
uptake consists of 200 mL nitrous oxide and 50 mL oxygen.
The alveolar concentration of oxygen (Fao2) is
Fao2 = 50 mL oxygen/(200 mL nitrous oxide + 50 mL oxygen) × 100 = 20%
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present in the exhaled gases. The concentration of anesthetic in exhaled gases reflects tissue uptake of anesthetic.
Initially, tissue uptake is maximal, and the concentration
of anesthetic in the exhaled gases is minimal. Subsequent
rebreathing of these exhaled gases dilutes the inhaled
concentration of anesthetic delivered to the patient.
Therefore, high inflow concentrations of anesthetic are
necessary to offset maximal tissue uptake. Conversely,
only small amounts of anesthetic need to be added to
the inflow gases when tissue uptake has decreased. The
unknown impact of tissue uptake on the concentration
of anesthetic in exhaled gases makes it difficult to estimate the inhaled concentration delivered to the patient
through a closed anesthetic breathing system. This disadvantage can be partially offset by administering higher
fresh gas inflow (3 L/min) for about 15 minutes before
instituting the use of a closed anesthetic breathing system. This approach permits elimination of nitrogen from
the lungs and corresponds to the time of greatest tissue
uptake of anesthetic.!

ANESTHESIA MACHINE VENTILATORS
When the bag/vent selector switch is set to “vent,” the
gas reservoir bag and APL valve are eliminated from the
circle anesthetic system, and the patient’s ventilation
is delivered from the mechanical anesthesia ventilator.
Anesthesia ventilators are powered by compressed gas,
electricity, or both. Most conventional anesthesia machine
ventilators are pneumatically driven by oxygen or air that
is pressurized and, during the inspiratory phase, routed to
the space inside the ventilator casing between the compressible bellows and the rigid casing. Pressurized air or
oxygen entering this space forces the bellows to empty
its contents into the patient’s lungs through the inspiratory limb of the breathing circuit. This pressurized air or
oxygen also causes the ventilator relief valve to close,
thereby preventing inspiratory anesthetic gas from escaping into the scavenging system.
Oxygen is preferable to air as the ventilator driving
gas because if there is a leak in the bellows, the fraction
of inspired oxygen will be increased. If there is a leak in
the bellows in a ventilator driven by 50 psi oxygen or air,
peak inspiratory pressures will rise. During exhalation,
the driving gas is either vented into the room or directed
to the scavenging system, and the bellows refills as the
patient exhales. Some newer anesthesia machines have
mechanically driven piston-type ventilators. The piston
operates much like the plunger of a syringe to deliver the
desired tidal volume or airway pressure to the patient.

Bellows
Ventilators with bellows that rise during exhalation
(standing or ascending bellows) are preferred because the
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bellows will not rise (fill) if there is a leak in the anesthesia breathing system or the system becomes accidentally
disconnected (Fig. 15.10).8 Ventilators with bellows that
descend during exhalation (hanging or descending bellows) are potentially dangerous because the bellows will
continue to rise and fall during a disconnection. Whenever a ventilator is used, a disconnect alarm must be activated and audible.!

Anesthesia Delivery Systems

Humidity and Heat Exchange in the
Breathing Circuit
The upper respiratory tract (especially the nose) functions as the principal heat and moisture exchanger (HME)
to bring inspired gas to body temperature and 100%
relative humidity in its passage to the alveoli. Water is
removed from medical gases (cylinders or piped) to prevent corrosion and condensation. Tracheal intubation or

INSPIRATORY PHASE
+30 cm H2O
Open
Closed
Closed

III
A

EXPIRATORY PHASE—LATE
+3 cm H2O
Closed
+3 cm
H2O

Open

Open

B
Fig. 15.10 Inspiratory (A) and expiratory (B) phases of gas flow in a traditional circle system with an
ascending bellows anesthesia ventilator. The bellows physically separates the driving gas circuit from the
patient’s gas circuit. The driving gas circuit is located outside the bellows, and the patient’s gas circuit
is inside the bellows. During the inspiratory phase (A), the driving gas enters the bellows chamber and
causes the pressure within it to increase. This increased pressure causes the ventilator’s relief valve to
close, thus preventing anesthetic gas from escaping into the scavenging system, and the bellows to compress, thereby delivering the anesthetic gas within the bellows to the patient’s lungs. During the expiratory phase (B), the driving gas exits the bellows chamber. The pressure within the bellows chamber and
the pilot line decline to zero, which causes the mushroom portion of the ventilator’s relief valve to open.
Gas exhaled by the patient fills the bellows before any scavenging occurs because a weighted ball is incorporated into the base of the ventilator’s relief valve. Scavenging occurs solely during the expiratory phase
because the ventilator’s relief valve is open only during expiration. (From Andrews JJ. The Circle System.
A Collection of 30 Color Illustrations. Washington, DC: Library of Congress; 1998, used with permission.)
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the use of a laryngeal mask airway bypasses the upper
airway and thus leaves the tracheobronchial mucosa
the burden of heating and humidifying inspired gases.
Humidification of inspired gases by the lower respiratory tract in intubated patients can lead to dehydration
of the mucosa, impaired ciliary function, impaired surfactant function, inspissation of secretions, atelectasis,
and a rise in the alveolar-to-arterial gradient. Breathing
of dry and room-temperature gases in intubated patients
is associated with water and heat loss from the patient.
Heat loss is more important than water loss, and the
most important reason to provide heated humidification
in intubated patients is to decrease heat loss and associated decreases in body temperature, especially in infants
and children, who are rendered poikilothermic by general anesthesia.!

Humidification
Humidification is a form of vaporization in which water
vapor (moisture) is added to the gases delivered by the
anesthetic breathing system to minimize water and heat
loss. The water formed and the heat generated by chemical neutralization of carbon dioxide help humidify and
heat the gases in the breathing circuit. Humidifiers used
for anesthesia and in the intensive care unit include (1)
HME humidifiers, (2) heated water vaporizers and humidifiers, and (3) nebulizers.
Heat and Moisture Exchanger Humidifiers

HME humidifiers are devices that, when placed between
the endotracheal tube and Y-piece of the circle system,
conserve some of the exhaled water and heat and return it
to the inspired gases. They contain a porous hydrophobic
or hygroscopic membrane that traps exhaled humidified
gases and returns them to the patient on inspiration. Bacterial and viral filters can be incorporated in HME humidifiers to convert them into heat and moisture exchanging
filters (HMEFs).
Advantages

The advantages of HME humidifiers over other types of
humidifiers are that they are (1) simple and easy to use,
(2) lightweight, (3) not dependent on an external power
source, (4) disposable, and (5) low cost.!
Disadvantages

The disadvantages of HME humidifiers are that they (1) are
not as effective as heated water vaporizers and humidifiers in maintaining patient temperature, (2) add resistance and increase the work of breathing and therefore
should be used with caution in spontaneously ventilating patients, (3) can become clogged with patient secretions or blood, and (4) can increase dead space, which can
cause significant rebreathing in pediatric patients. Special
low-volume HMEs are available for pediatric patients.!
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Heated Water Vaporizers and Humidifiers

Heated water vaporizers and humidifiers are used to
deliver a relative humidity higher than that delivered by
HME humidifiers. Heated water vaporizers are more frequently used in pediatric anesthesia and intensive care unit
patients. Risks from heated water vaporizers and humidifiers include (1) thermal injury, (2) nosocomial infection,
(3) increased work of breathing, and (4) increased risk of
malfunction due to the complexity of these systems.!
Nebulizers

Nebulizers produce a mist of microdroplets of water
suspended in a gaseous medium. The quantity of water
droplets delivered is not limited by the temperature of the
carrier gas. In addition to water, nebulizers can deliver
medications to peripheral airways.!

POLLUTION OF THE ATMOSPHERE WITH
ANESTHETIC GASES
Chronic exposure to low concentrations of inhaled anesthetics may pose a health hazard to operating room personnel. The Occupational Safety and Health Administration
(OSHA) presently has no required exposure limits regulating nitrous oxide and volatile anesthetics. In the operating
room, OSHA recommends that the concentration of nitrous
oxide not exceed 25 ppm and exposure concentrations of
volatile anesthetics not exceed 2 ppm. Recommendations
regarding waste anesthetic gases have been made by the
American Society of Anesthesiologists (Box 15.3).9
Control of pollution of the atmosphere with anesthetic
gases requires (1) scavenging of waste anesthetic gases,
Box 15.3 Recommendations of the American Society of
Anesthesiologists Task Force on Waste Anesthetic Gases
• Waste anesthetic gases should be scavenged.
• Appropriate work practices should be used to minimize
exposure to waste anesthetic gases.
• Personnel working in areas where waste anesthetic gases
may be present should be educated regarding (1) current
studies on the health effects of exposure to waste anesthetic gases, (2) appropriate work practices to minimize
exposure, and (3) machine checkout and maintenance
procedures.
• There is insufficient evidence to recommend routine
monitoring of trace concentrations of waste anesthetic
gases in the operating room and postanesthesia care unit.
• There is insufficient evidence to recommend routine
medical surveillance of personnel exposed to trace
concentrations of waste anesthetic gases, although each
institution should have a mechanism for employees to
report suspected work-related health problems.
From McGregor DG, Baden JM, Bannister C, et al. Waste Anesthetic
Gases: Information for the Management in Anesthetizing Areas and the
Postanesthesia Care Unit (PACU). Park Ridge, IL: American Society of
Anesthesiologists; 1999.
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(2) periodic preventive maintenance of anesthesia equipment, (3) attention to the anesthetic technique, and (4)
adequate ventilation of the operating rooms.

anesthetic gas exits the scavenging system through the
positive-pressure relief valve and pollutes the operating
room.!

Scavenging Systems

Periodic Preventive Maintenance of
Anesthesia Equipment

Scavenging is the collection and subsequent removal of
vented gases from the operating room. The excess gas
comes from either the APL valve if the bag/vent selector
switch is set to “bag” or from the ventilator relief valve if
the bag/vent selector switch is set to “vent.” All excess gas
from the patient exits the breathing system through these
valves. In addition, when the bag/vent selector switch is
set to “vent,” some anesthetic breathing systems direct the
drive gas inside the bellows canister to the scavenging
system. The amount of delivered gas used to anesthetize
a patient commonly far exceeds the patient’s needs. The
anesthesia provider must be certain that the scavenging
system is operational and adjusted properly to ensure adequate scavenging. If sidestream gas analyzers are used, the
analyzed gas exiting the analyzer must be directed to the
scavenging system or returned to the breathing system.
Scavenging systems may be characterized as active or
passive. An active system, is connected to the hospital’s
vacuum system, and gases are drawn from the machine by
a vacuum. A passive system is connected to the hospital’s
ventilation duct, and waste gases flow out of the machine
on their own.
Many anesthesia machines provide scavenging with
a waste gas receiver mounted on the side of the anesthesia machine. Advantages of this system include (1) a
needle valve that allows the clinician to manually adjust
the amount of vacuum flow through the scavenging system, (2) a needle valve that can be adjusted such that
the 3-L reservoir bag will be slightly inflated and appear
to “breathe” with the patient, and (3) unlike other active
scavenging systems, a waste gas receiver that does not
require a strong vacuum to operate.
Hazards

Hazards of scavenging systems include (1) obstruction
of the scavenging pathways, which can result in excessive positive pressure in the breathing circuit and possible barotrauma, and (2) excessive vacuum applied to the
scavenging system, which can cause negative pressures
in the breathing system. Scavenging systems contain two
relief valves to minimize these hazards. If gas accumulates in the scavenging system and cannot leave the anesthesia machine properly, the positive-pressure scavenge
relief valve opens when the pressure reaches 10 cm H2O
to allow the gas to escape into the room. If negative pressure is applied to the scavenging system, the negativepressure scavenge relief valve opens and allows room air
to be drawn in (instead of drawing gas from the patient).
Additionally, if the amount of fresh gas flow exceeds
the capacity of the scavenging system, the excess waste

High-pressure leakage of nitrous oxide can occur as a
result of faulty yokes attaching the nitrous oxide tank
to the anesthesia machine or faulty connections from
the central nitrous oxide gas supply to the anesthesia
machine. Low-pressure leakage of anesthetic gases can
occur because of leaks inside the anesthesia machine and
leaks between the machine and patient. Periodic preventive maintenance of the anesthesia machine by qualified
service representatives is recommended.!

Anesthetic Technique
Anesthetic techniques that can lead to operating room
pollution include (1) poorly fitting face masks, (2) flushing the anesthetic delivery circuit, (3) filling anesthetic
vaporizers, (4) the use of uncuffed endotracheal tubes, (5)
failure to turn off the nitrous oxide flow or vaporizers
at the end of the anesthetic, and (6) the use of semiopen
breathing circuits such as the Jackson-Rees, which are
difficult to scavenge.!

Adequate Room Ventilation
The air in the operating room should be exchanged at
least 15 times per hour by the operating room ventilation
system. This rate should be checked periodically by the
hospital’s clinical engineering department.!

ELIMINATION OF CARBON DIOXIDE
Open and semiopen breathing systems eliminate carbon
dioxide by venting all exhaled gases to the atmosphere.
Semiclosed and closed breathing systems eliminate carbon dioxide by chemical neutralization. Chemical neutralization is accomplished by directing the exhaled gases
through a carbon dioxide absorber, which consists of a
canister containing carbon dioxide absorbent granules.
Gas flow through the absorber during exhalation is usually
from top to bottom. A space below the canister at the base
of the absorber allows the collection of dust and water.

Carbon Dioxide Absorbents
All carbon dioxide absorbents use calcium hydroxide
(Ca[OH]2) as the neutralizing base for carbon dioxide produced during respiration. Water is an essential ingredient
common to all carbon dioxide absorbents, and is necessary for efficient and safe carbon dioxide absorption.
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Table 15.3

Comparison of Carbon Dioxide Absorbents

Feature

Soda Lime

Amsorb Plus

Litholyme

Contents
Ca(OH)2 (%)
Water (%)
NaOH (%)
KOH (%)
CaCl2 (%)
LiCl (%)

76-81
14-19
4
1
0
0

>80
13-18
0
0
4
0

>75
12-19
0
0
0
3

Mesh size

4-8

4-8

4-10

Generation of compound A with sevoflurane

Yes

No

No

Generation of carbon monoxide with inhaled anesthetics

Yes

No

No

Risk of exothermic reactions and fire in the presence of sevoflurane

No

No

No

Carbon dioxide absorbents also contain catalysts that are
responsible for the differences in absorptive properties
and safety profiles between individual absorbents.
Traditional Carbon Dioxide Absorbents: Soda Lime

Soda lime granules consist of calcium hydroxide, water,
and small amounts of the strong bases sodium hydroxide (NaOH) and potassium hydroxide (KOH) that serve
as catalysts for carbon dioxide absorption (Table 15.3).
Soda lime granules fragment easily and produce alkaline
dust, which can lead to bronchospasm if inhaled. Silica is
added to the granules to provide hardness and minimize
alkaline dust formation.
Neutralization of carbon dioxide with soda lime begins
with reaction of carbon dioxide with water present in the
soda lime granules and the subsequent formation of carbonic acid. Carbonic acid then reacts with the hydroxides
present in the soda lime granules to form carbonates (with
bicarbonates as intermediates), water, and heat (Box 15.4).
The water formed from the neutralization of carbon
dioxide, the water present in the soda lime granules, and the
water condensed from the patient’s exhaled gases leach the
alkaline bases from the soda lime granules and produce a
slurry containing NaOH and KOH in the bottom of the canister. These monovalent bases can be corrosive to the skin.
The strong base NaOH and KOH catalysts in soda lime
can lead to degradation of sevoflurane to compound A
and degradation of inhaled anesthetics to clinically significant concentrations of carbon monoxide.!
New-Generation Carbon Dioxide Absorbents: Amsorb Plus
and Litholyme

Amsorb Plus and Litholyme are new-generation carbon
dioxide absorbents that consist of calcium hydroxide
and water, but unlike soda lime, they do not contain the
strong bases NaOH or KOH. Instead they contain catalysts
that are chemically inert and do not degrade sevoflurane
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Box 15.4 Chemical Neutralization of Carbon Dioxide
Soda Lime
CO2 + H2O → H2CO3
H2CO3 + 2NaOH (or KOH) → Na2CO3 (or K2CO3) + 2H2O + Heat
Na2CO3 (or K2CO3) + Ca(OH)2 → CaCO3 + 2NaOH (or KOH)
H2CO3 + Ca(OH)2 → CaCO3 + 2H2O + Heat!
Amsorb Plus and Litholyme
CO2 + H2O → H2CO3
H2CO3 + Ca(OH)2 → CaCO3 + 2H2O + Heat

to compound A or degrade inhaled anesthetics to carbon
monoxide.
Neutralization of carbon dioxide with Amsorb Plus or
Litholyme begins with reaction of carbon dioxide with
water present in the granules and the subsequent formation of carbonic acid. Carbonic acid then reacts with the
calcium hydroxide present in the granules to form calcium carbonate, water, and heat (see Box 15.4).!
Heat of Neutralization

The water formed by the neutralization of carbon dioxide
with soda lime, Amsorb Plus, and Litholyme is useful for
humidifying the gases and for dissipating some of the
heat generated in these exothermic reactions. The heat
generated during the neutralization of carbon dioxide
can be detected by warmness of the canister. Failure of
the canister to become warm should alert the anesthesia
provider to the possibility that chemical neutralization of
carbon dioxide is not taking place.!

Efficiency of Carbon Dioxide Neutralization
The efficiency of carbon dioxide neutralization is influenced by the size of the carbon dioxide granules and the
presence or absence of channeling in the carbon dioxide
canister.
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Absorbent Granule Size

The optimal absorbent granule size represents a compromise between absorptive efficiency and resistance to
airflow through the carbon dioxide absorbent canister.
Absorbent efficiency increases as absorbent granule size
decreases because the total surface area coming in contact with carbon dioxide increases. The smaller the absorbent granules, however, the smaller the interstices through
which gas must flow and the greater the resistance to flow.
Absorbent granule size is designated as mesh size,
which refers to the number of openings per linear inch in
a sieve through which the granular particles can pass. The
granular size of carbon dioxide absorbents in anesthesia
practice is between 4 and 10 mesh, a size at which absorbent efficiency is maximal with minimal resistance. A
4-mesh screen means that there are 4 quarter-inch openings per linear inch. A 10-mesh screen has 10 tenth-inch
openings per linear inch.!
Channeling

Channeling is the preferential passage of exhaled gases
through the carbon dioxide absorber canister via pathways
of low resistance such that the bulk of the carbon dioxide
absorbent granules are bypassed. Channeling resulting from
loose packing of absorbent granules can be minimized by
gently shaking the canister before use to ensure firm packing of the absorbent granules. Carbon dioxide absorbent
canisters are designed to facilitate uniform dispersion of
exhaled gas flow through the absorbent granules.!
Absorptive Capacity

Absorptive capacity is determined by the maximum
amount of carbon dioxide that can be absorbed by 100 g
of carbon dioxide absorbent. Channeling of exhaled gases
through the absorbent granules can substantially decrease
their efficiency. Carbon dioxide absorbent canister design
also influences the absorptive capacity of the carbon
dioxide absorbent.!
Indicators

Carbon dioxide absorbents contain a pH-sensitive indicator dye that changes color when the carbon dioxide
absorbent granules are exhausted. When the absorptive
components of the granules are exhausted, carbonic acid
accumulates and produces a change in the pH and thus in
the indicator dye color.
The indicator dye in soda lime changes granule color
from white to purple when exhausted. However, over
time, exhausted soda lime granules may revert to their
original white color even though absorptive capacity does
not recover with time. On reuse, the dye quickly produces
the purple color change again.
In contrast, Amsorb Plus and Litholyme each contain
an indicator dye that changes granule color from white
to purple when exhausted and, once changed, does not
revert to its original color.!
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Degradation of Inhaled Anesthetics
Soda lime, either moist and containing a normal water
complement or dry, degrades sevoflurane to nephrotoxic
compounds (compound A). Desiccated soda lime may
degrade desflurane, enflurane, or isoflurane to carbon
monoxide. In contrast, Amsorb Plus and Litholyme,
either desiccated or moist, do not degrade inhaled
anesthetics.
Generation of Compound A

Degradation of sevoflurane by soda lime can result in the
production of compound A, which is a dose- and timedependent nephrotoxin. Production of compound A with
soda lime increases with (1) low fresh gas flows, (2) higher
concentrations of sevoflurane, and (3) higher absorbent
temperatures. To date, no clinically significant renal toxicity has been associated with the use of sevoflurane.10
In contrast, Amsorb Plus and Litholyme do not degrade
sevoflurane to compound A.!
Generation of Carbon Monoxide

Carbon monoxide (CO) is an odorless, colorless, gas that
is poisonous because it displaces oxygen from hemoglobin in blood and thereby leads to the formation
of carboxyhemoglobin. Degradation of inhaled anesthetics by desiccated soda lime can lead to significant
concentrations of carbon monoxide that can produce
carboxyhemoglobin concentrations reaching 30% or
higher.11 Production of carbon monoxide and carboxyhemoglobin increases with (1) the inhaled anesthetic
used (desflurane = enflurane > isoflurane >> halothane
= sevoflurane), (2) low fresh gas flows, (3) higher concentrations of inhaled anesthetics, (4) higher absorbent
temperatures, and most important, (5) the degree of dryness of the absorbent (desiccation).
Desiccation of soda lime increases the degradation
of inhaled anesthetics to carbon monoxide. Desiccation
requires a prolonged period (usually 48 hours) of high
dry gas flow between cases. Desiccation is worsened if
the breathing bag is left off the circuit. In this circumstance the inspiratory valve produces resistance to forward flow and the fresh gas takes the retrograde path
of least resistance through the bottom to the top of the
absorbent canister and out the 22 mm breathing bag
mount. Accordingly, most instances of increased blood
concentrations of carboxyhemoglobin occur in patients
anesthetized on a Monday after continuous flow of oxygen (flowmeter accidentally left on) through the soda lime
carbon dioxide absorbent over the weekend. In contrast,
Amsorb Plus and Litholyme do not degrade inhaled anesthetics to carbon monoxide.!
Fire and Extreme Heat in the Breathing System

Desiccation of the carbon dioxide absorbent Baralyme (no
longer clinically available) can lead to fire within the circle system with sevoflurane use.12 A poorly characterized
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Box 15.5 Consensus Statement and Recommendations
of the Anesthesia Patient Safety Foundation (APSF) Task
Force on Carbon Dioxide Absorbent Desiccation
The APSF recommends the use of carbon dioxide absorbents
whose composition is such that exposure to volatile anesthetics does not result in significant degradation of the volatile anesthetic.
The APSF further recommends that there should be institutional, hospital, and/or departmental policies regarding
steps to prevent desiccation of carbon dioxide absorbent
should they choose conventional carbon dioxide absorbents
that may degrade volatile anesthetics when absorbent desiccation occurs.
When absorbents are used that may degrade volatile anesthetics, conference attendees generally agreed that users
could take the following steps, consistent with Emergency
Care Research Institute (ECRI) recommendations:
1. Turn off all gas flow when the machine is not in use.
2. Change the absorbent regularly, on Monday morning for
instance.
3. Change absorbent whenever the color change indicates
exhaustion.
4. Change all absorbent, not just one canister in a
two-canister system.
5. Change the absorbent when uncertain of the state of
hydration, such as if fresh gas flow has been left on for an
extensive or indeterminate period.
6. If compact canisters are used, consider changing them
more frequently.
From Olympio MA. Carbon dioxide absorbent desiccation safety
conference convened by APSF. Anesth Pat Saf Found Newsletter.
2005;Summer:25-29 (www.apsf.org).

chemical reaction between sevoflurane and Baralyme can
produce sufficient heat and combustible degradation products to lead to the spontaneous generation of fires within
the carbon dioxide absorber canister and breathing circuit.
Cases of extreme heat without fire associated with desiccated soda lime have been reported in Europe. To avoid this
problem, anesthesia providers should make every effort to
not use desiccated carbon dioxide absorbents.!
Recommendations Regarding Safe Use of Carbon Dioxide
Absorbents

The Anesthesia Patient Safety Foundation (see Chapter 1)
has published suggested steps regarding the selection of
carbon dioxide absorbents and steps to take should desiccation of the carbon dioxide absorbent be a potential risk
(Box 15.5).13!

CHECKING ANESTHESIA MACHINE AND
CIRCLE SYSTEM FUNCTION
Improperly checking anesthesia equipment prior to use
can lead to patient injury and has also been associated
with an increased risk of severe morbidity and mortality
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related to anesthesia care.14,15 In 1993 a preanesthesia
checkout (PAC) was developed by the Food and Drug
Administration and widely accepted to be an important
step in the process of preparing to deliver anesthesia
care.16 Since that time anesthesia delivery systems have
evolved to the point that one checkout procedure is not
applicable to all anesthesia delivery systems currently on
the market.

ASA 2008 Recommendations for Preanesthesia
Checkout Procedures
In 2008 the American Society of Anesthesiologists
developed new Recommendations for Pre-Anesthesia
Checkout Procedures in order to provide guidelines
applicable to all anesthesia delivery systems so that
individual departments could develop a PAC specific to
the anesthesia delivery systems currently used at their
facilities that could be performed consistently and expeditiously. Specifically, for newer anesthesia delivery
systems that incorporate automated checkout features,
items that are not evaluated by the automated checkout
need to be identified, and supplemental manual checkout procedures included as needed. This information is
available on the ASA website in the Clinical Information
Section (Box 15.6).17
A complete anesthesia machine and circle system
function checkout procedure should be performed each
day before the first case (see Box 15.6, items 1-15).17 An
abbreviated checkout should be performed before each
subsequent use that day (see Box 15.6, items 2, 4, 7,
11-15).17 The most important preoperative checks are (1)
verification that an auxiliary oxygen cylinder and selfinflating manual ventilation device (Ambu bag) are available and functioning, (2) a leak check of the machine’s
low-pressure system, (3) calibration of the oxygen monitor, and (4) a positive-pressure leak check of the breathing
system.
Verification That Auxiliary Oxygen Cylinder and Manual
Ventilation Device Are Available and Functioning

Failure to ventilate is a major cause of morbidity and
death related to anesthesia care. Because equipment failure with resulting inability to ventilate the patient can
occur at any time, a self-inflating manual ventilation
device (e.g., Ambu bag) should be present at every anesthetizing location for every case and should be checked
for proper function. In addition, a source of oxygen
separate from the anesthesia machine and pipeline supply, specifically an oxygen cylinder with regulator and a
means to open the cylinder valve, should be immediately
available and checked (see Box 15.6, item 1).17!
Leak Check of the Machine’s Low-Pressure System

A leak check of the machine’s low-pressure system is performed to confirm the integrity of the anesthesia machine
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Box 15.6 American Society of Anesthesiologists 2008
Recommendations for Preanesthesia Checkout Procedures
To Be Completed Daily
Item 1: Verify that auxiliary oxygen cylinder and self-inflating
manual ventilation device are available and functioning.
Item 2: Verify that patient suction is adequate to clear the
airway.
Item 3: Turn on anesthesia delivery system and confirm that
AC power is available.
Item 4: Verify availability of required monitors, including
alarms.
Item 5: Verify that pressure is adequate on the spare oxygen
cylinder mounted on the anesthesia machine.
Item 6: Verify that the piped gas pressures are ≥50 psig.
Item 7: Verify that vaporizers are adequately filled and, if applicable, that the filler ports are tightly closed.
Item 8: Verify that there are no leaks in the gas supply lines
between the flowmeters and the common gas outlet.
Item 9: Test scavenging system function.
Item 10: Calibrate, or verify calibration of, the oxygen monitor
and check the low oxygen alarm.
Item 11: Verify that carbon dioxide absorbent is not exhausted.
Item 12: Perform breathing system pressure and leak testing.
Item 13: Verify that gas flows properly through the breathing
circuit during both inspiration and exhalation.
Item 14: Document completion of checkout procedures.
Item 15: Confirm ventilator settings and evaluate readiness to
deliver anesthesia care. (anesthesia time out)!
To Be Completed Before Each Procedure
Item 2: Verify that patient suction is adequate to clear the
airway.
Item 4: Verify availability of required monitors, including
alarms.
Item 7: Verify that vaporizers are adequately filled and, if applicable, that the filler ports are tightly closed.
Item 11: Verify that carbon dioxide absorbent is not exhausted.
Item 12: Perform breathing system pressure and leak testing.
Item 13: Verify that gas flows properly through the breathing
circuit during both inspiration and exhalation.
Item 14: Document completion of checkout procedures.
Item 15: Confirm ventilator settings and evaluate readiness to
deliver anesthesia care. (anesthesia time out)
From American Society of Anesthesiologists Committee on Equipment
and Facilities. Recommendations for Pre-Anesthesia Checkout Procedures.
2008. https://www.asahq.org/resources/clinical-information/2008asa-recommendations-for-pre-anesthesia-checkout.

from the flowmeters to the common gas outlet (see Box
15.6, item 8).17 It evaluates the portion of the anesthesia machine that is downstream from all safety devices,
except the oxygen monitor. The low-pressure circuit is the
most vulnerable part of the anesthesia machine because
the components located within this area are the ones
most subject to breakage and leaks. (Fig. 15.11).18 The
machine’s low-pressure system must be checked because
leaks in this circuit can lead to hypoxia or patient awareness, or both.

Anesthesia Delivery Systems

The leak test of the low-pressure system for some
anesthesia machine designs varies, and the anesthesia
provider must refer to the operator’s manual for instructions. Newer anesthesia machines use automated checks
of the machine’s low-pressure system, but internal vaporizer leaks may not be detected unless each vaporizer is
turned on individually during the low-pressure system
self-test.!
Calibration of the Oxygen Monitor

The oxygen monitor is the only machine safety device
that detects problems downstream from the flowmeters (see Box 15.6, item 10).17 The other machine safety
devices (the fail-safe valve, the oxygen supply failure
alarm, and the proportioning system) are all upstream
from the flowmeters.!
Positive-Pressure Leak Check of the Breathing System

A positive-pressure leak check of the breathing system
must be performed before every procedure (see Box 15.6,
item 12).17 This test does not check the integrity of the
unidirectional valves because a breathing system will
pass the leak check even if the unidirectional valves are
incompetent or stuck shut (see Box 15.6, item 13).17!

QUESTIONS OF THE DAY
1. What features of the anesthesia workstation are
designed to prevent delivery of a hypoxic gas mixture?
2. A tracheally intubated patient who is receiving 10
L/min oxygen via Jackson-Reese breathing circuit
requires transport from the operating room to the
intensive care unit. The oxygen E-cylinder has pressure of 1000 psi. How many minutes of oxygen remain
in the cylinder?
3. What are the advantages and disadvantages of the
Mapleson F (Jackson-Rees) breathing system compared to a simple face mask or nasal cannula? Under
what circumstances would use of a Jackson-Rees system lead to rebreathing of carbon dioxide?
4. What are the advantages and potential dangers of a
closed anesthetic breathing system?
5. What gases are removed by the anesthesia workstation scavenging system? What are the potential hazards of the scavenging system, and how can they be
prevented?
6. What are the advantages of Amsorb Plus or Litholyme
versus soda lime for carbon dioxide removal in a circle
breathing system?
7. What are the most important components of the ASA
Recommended Preanesthesia Checkout Procedure?
For the anesthesia delivery system in your institution,
which (if any) of these items are performed by the
automated machine check function?
237
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Fig. 15.11 Food and Drug Administration negative-pressure leak test. Left, A negative-pressure leaktesting device is attached directly to the machine outlet. Squeezing the bulb creates a vacuum in the
low-pressure circuit and opens the check valve. Right, When a leak is present in the low-pressure circuit,
room air is entrained through the leak and the suction bulb inflates. (From Andrews JJ. Understanding
anesthesia machines. In 1988 Review Course Lectures. Cleveland, OH: International Anesthesia Research
Society; 1988:78, reprinted with permission.)
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