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1 At equilibrium, the CNS partial pressure of inhaled anesthetics
equals their arterial partial pressure, which in turn equals their
alveolar partial pressure if cardiopulmonary function is normal.
2 The inspired concentration and the blood:gas solubility of an
inhaled anesthetic are the major determinants of the speed of
induction. Solubility alone determines the rate of elimination,
provided there is normal cardiopulmonary function.
3 Isolurane is the most potent of the volatile anesthetics in
clinical use, deslurane is the least soluble, and sevolurane is
the least irritating to the airways.
4 Nitrous oxide (N2O) can expand a pneumothorax to double
or triple its size in 10 to 30 minutes, and washout of N2O can
lower alveolar concentrations of oxygen and carbon dioxide, a
phenomenon called diffusion hypoxia.
5 Minimum alveolar concentration (MAC) is the alveolar
concentration of an inhaled anesthetic at one atmosphere that
prevents movement in response to a surgical stimulus in 50%
of patients. Concentrations of inhaled anesthetics that provide
loss of awareness and recall are about 0.4 to 0.5 MAC.

6 Excluding data in patients <1 year of age (where MAC is lower
than in older children), MAC decreases approximately 6% per
decade.
7 Volatile anesthetics depress cerebral metabolic rate and increase
cerebral blood low (CBF) in a dose-dependent manner. The
latter effect may increase intracranial pressure in patients with
a mass-occupying lesion of the brain.
8 Hypocapnia may blunt or abolish volatile anesthetic-induced
increases in CBF depending on when the hypocapnia is
produced and the nature of the cerebral disease process.
9 Volatile anesthetics produce dose-dependent depression of the
electroencephalogram, sensory-evoked potentials, and motorevoked potentials.
10 Volatile anesthetics in current use decrease arterial blood
pressure, systemic vascular resistance, and myocardial function
comparably and in a dose-dependent fashion.
11 Volatile anesthetics decrease tidal volume, decrease ventilatory
response to hypercarbia and hypoxia, increase respiratory rate,
and relax airway smooth muscle in a dose-dependent fashion.
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12 Unlike halothane, volatile anesthetics in current use have
minimal adverse effects on the liver and might afford some
protection for hepatocytes from ischemic and/or hypoxic injury.
13 Volatile anesthetics are potent triggers for malignant
hyperthermia in genetically susceptible patients.

14 CO2 absorbents degrade sevolurane, deslurane, and isolurane
to carbon monoxide when the normal water content of the
absorbent (13% to 15%) is markedly decreased (<5%).

Mult imedia
2 Inhaled Anesthetic Rate of Rise

1 Inhaled Anesthetic Formulas

Inhalation anesthetics are the most common drugs used for the
provision of general anesthesia. Adding only a fraction of a volatile
anesthetic to the inspired oxygen results in a state of unconsciousness and amnesia. When combined with intravenous adjuvants,
such as opioids and benzodiazepines, a balanced technique is
achieved that results in analgesia, further sedation/hypnosis, and
amnesia. Inhaled anesthetics for surgical procedures are popular
because of their ease of administration and the clinician’s ability
to reliably monitor their effects with both clinical signs and endtidal concentrations. In addition, the volatile anesthetic gases are
relatively inexpensive in terms of overall cost.
1
Sevolurane, deslurane, and isolurane are the most popular potent inhaled anesthetics used in adult surgical procedures
(Fig. 17-1). In pediatric cases, sevolurane is the most commonly
employed. Although there are many similarities in terms of the
overall effects of the volatile anesthetics (e.g., they all have a dosedependent effect to decrease blood pressure [BP]), there are some
unique differences that might inluence the clinician’s selection
process depending on the patient’s health and the surgical procedure. Discussion of these three most popular inhaled anesthetics
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provides the major emphasis of this chapter. For the sake of completeness and for historical perspective related to metabolism and
toxicity, comments on halothane, enlurane, and methoxylurane
are also included.

pHARMACOKINETIC pRINCIpLES
Kety in 1950 was the irst to examine the pharmacokinetics of
inhaled agents in a systematic fashion.1 Eger accomplished much
of the early research in the ield, leading to his landmark text on
the subject in 1974.2 The inhaled anesthetics differ substantially
from nearly all other drugs because they are gases given via inhalation. This makes their pharmacokinetics unique as well, and
discussion of pharmacokinetic principles of currently used agents
necessary for understanding and predicting their effects.
Drug pharmacology is classically divided into two disciplines,
pharmacodynamics and pharmacokinetics. Pharmacodynamics can be deined as what drugs do to the body. It describes the
desired and undesired effects of drugs, as well as the cellular and
molecular changes leading to these effects. Pharmacokinetics can
be deined as what the body does to drugs. It describes where
drugs go, how they are transformed, and the cellular and molecular mechanisms underlying these processes.
Tissues are often grouped into hypothetical compartments
based on perfusion. An important implication of different compartments and perfusion rates is the concept of redistribution.
After a given amount of drug is administered, it reaches highly
perfused tissue compartments irst, where it can equilibrate rapidly and exert its effects. With time, however, compartments with
lower perfusion rates receive the drug and additional equilibria
are established between blood and these tissues. As the tissues
with lower perfusion rates absorb the drug, maintenance of equilibria throughout the body requires drug transfer from highly
perfused compartments back into the bloodstream. This lowering of drug concentration in one compartment by delivery into
another compartment is called redistribution.
In discussions of the inhaled anesthetics, the absorption phase is
usually called uptake, the metabolic phase is usually called biotransformation, and the excretion phase is usually called elimination.

H

F
F
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FIgURE 17-1. Chemical structure of inhaled anesthetics. Halothane is
an alkane, a halogen-substituted ethane derivative. It is no longer available commercially. Isoflurane and enflurane are isomers that are methyl
ethyl ethers. Desflurane differs from isoflurane in the substitution of a
fluorine for a chlorine atom and sevoflurane is a methyl isopropyl ether.

unique Features of Inhaled Anesthetics
Speed, Gas State, and Route of Administration
The inhaled anesthetics are among the most rapidly acting drugs
in existence, and when administering a general anesthetic, this
speed provides a margin of safety. The ability to quickly increase
or decrease anesthetic levels as necessary can mean the difference
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between an anesthetic state and an anesthetic misadventure. Speed
also means eficiency. Rapid induction and recovery may lead to
faster operating room turnover times, shorter recovery room
stays, and earlier discharges to home.
Technically, of the inhaled anesthetics only N2O and xenon are
true gases, while the so-called potent agents are the vapors of volatile liquids. But for simplicity, all of them are referred to as gases
because they are all in the gas phase when administered via the
lungs. As gases, none deviate signiicantly from ideal gas behavior.
These agents are all nonionized and have low molecular weights.
This allows them to diffuse rapidly without the need for facilitated
diffusion or active transport from bloodstream to tissues. The
other advantage of gases is that they can be delivered to the bloodstream via a unique route available in all patients: the lungs.
Speed, gaseous state, and route of administration combine to
form the major beneicial feature of the inhaled anesthetics: The
ability to decrease plasma concentrations as easily and as rapidly
as they are increased.

Physical Characteristics of
Inhaled Anesthetics
The physical characteristics of inhaled anesthetics are shown in
Table 17-1. The goal of delivering inhaled anesthetics is to produce the anesthetic state by establishing a speciic concentration
of anesthetic molecules in the central nervous system (CNS). This
is done by establishing the speciic partial pressure of the agent in
the lungs, which ultimately equilibrates with the brain and spinal
1 cord. At equilibrium, CNS partial pressure equals blood partial
pressure, which in turn equals alveolar partial pressure:
PCNS = Pblood = Palveoli

(17-1)

2. Plasma and tissues have a low capacity to absorb the inhaled
anesthetics relative to the amount we can deliver to the lungs,
allowing us to quickly establish or abolish anesthetizing concentrations of anesthetic in the bloodstream and ultimately
the CNS.
3. Metabolism, excretion, and redistribution of the inhaled
anesthetics are minimal relative to the rate at which they are
delivered or removed from the lungs. This permits easy maintenance of blood and CNS concentrations.
The so-called permanent gases, such as oxygen and nitrogen,
exist only as gases at ambient temperatures. Gases such as N2O
can be compressed into liquids under high pressure at ambient
temperature. Most potent volatile anesthetics are liquids at ambient temperature and pressure. If the system in which the volatile
liquid resides is a closed container, molecules of the substance
will equilibrate between the liquid and gas phases. At equilibrium,
the pressure exerted by molecular collisions of the gas against the
container walls is the vapor pressure. One important property of
vapor pressure is that as long as any liquid remains in the container, the vapor pressure is independent of the volume of that
liquid. As with any gas, however, vapor pressure is proportional
to temperature.
For all of the potent agents, at 20°C the vapor pressure is below
atmospheric pressure. If the temperature is raised, the vapor pressure increases. The boiling point of a liquid is the temperature at
which its vapor pressure exceeds atmospheric pressure in an open
container. Deslurane is bottled in a special container because its
boiling point of 23.5°C makes it boil at typical room temperatures. Boiling does not occur within the bottle because it is countered by buildup of vapor pressure within the bottle, but once
opened to air, the deslurane would quickly boil away. The bottle
is designed to allow transfer of deslurane from bottle to vaporizer
without exposure to the atmosphere.

where P is partial pressure. Equilibration is a result of three
factors:
1. Inhaled anesthetics are gases rapidly transferred bidirectionally
via the lungs to and from the bloodstream and subsequently to
and from CNS tissues as partial pressures equilibrate.

Gases in mixtures
For any mixture of gases in a closed container, each gas exerts a pressure proportional to its fractional mass. This is its partial pressure.

Property
Boiling point (°C)
Vapor pressure at 20°C (mm Hg)
Molecular weight (g)
Oil:gas partition coeficient
Blood:gas partition coeficient
Brain:blood solubility
Fat:blood solubility
Muscle:blood solubility
MAC in O2 30–60 years, at 37°C PB 760 (%)
MAC in 60–70% N2O (%)
MAC, >65 years (%)
Preservative
Stable in moist CO2 absorber
Flammability (%) (in 70% N2O/30% O2)
Recovered as metabolites (%)
MAC, minimum alveolar concentration; N2O, nitrous oxide.

Sevoflurane

Desflurane

Isoflurane

Enflurane

Halothane

N2 O

59
157
200
47
0.65
1.7
47.5
3.1
1.8
0.66
1.45
No
No
10
2–5

24
669
168
19
0.42
1.3
27.2
2.0
6.6
2.38
5.17
No
Yes
17
0.02

49
238
184
91
1.46
1.6
44.9
2.9
1.17
0.56
1.0
No
Yes
7
0.2

57
172
184
97
1.9
1.4
36
1.7
1.63
0.57
1.55
No
Yes
5.8
2.4

50
243
197
224
2.50
1.9
51.1
3.4
0.75
0.29
0.64
Thymol
No
4.8
20

–88
38,770
44
1.4
0.46
1.1
2.3
1.2
104
—
No
Yes
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The sum of the partial pressures of each gas in a mixture of gases
equals the total pressure of the entire mixture (Dalton’s law).
Ptotal = Pgas1 + Pgas 2 + . . . +PgasN

(172)

Another way to state this is that each gas in a mixture of gases
at a given volume and temperature has a partial pressure that is
the pressure it would have if it alone occupied the volume. The
entire mixture behaves just as if it were a single gas according to
the ideal gas law.

Gases in Solution
Partial pressure of a gas in solution is a bit complex because pres
sure can only be measured in the gas phase, while in solution the
amount of gas is measured as a concentration. Partial pressure of
a gas in solution refers to the pressure of the gas in the gas phase
(if it were present) in equilibrium with the liquid. It is important
to talk of partial pressures, however, because gases equilibrate
based on partial pressures, not concentrations.
Gas molecules within a liquid interact with solvent molecules
to a much larger extent than do molecules in the gas phase. Solubility is the term used to describe the tendency of a gas to equili
brate with a solution, hence determining its concentration in
solution. Henry’s law expresses the relationship of concentration
of a gas in solution to the partial pressure of the gas with which
the solution is in equilibrium:
C g = kPg

1. Inhaled anesthetics equilibrate based on their partial pressures in each tissue (or tissue compartment), not based on
their concentrations.
2. The partial pressure of a gas in solution is deined by the partial pressure in the gas phase with which it is in equilibrium.
Where there is no gas phase the partial pressure relects a
force to escape out of solution.
3. The concentration of anesthetic in a tissue depends on its
partial pressure and tissue solubility.
Finally, the particular terminology used when referring to
gases in the gas phase or absorbed in plasma or tissues is important. Inspired concentrations or fractional volumes of inhaled
anesthetic are typically used rather than partial pressure. Partial
pressure is expressed in millimeters of mercury (mm Hg) or torr
(1 torr = 1 mm Hg) or kilopascals (kPa). For most drugs, concentration is expressed as mass (milligram [mg]) per volume (milliliter [mL]), but it can also be expressed in percent by weight or
volume. Since volume of a gas in the gas phase is directly proportional to mass according to the ideal gas law, it is easier to express
this fractional concentration as a percent by volume. In the gas
phase, fractional concentration is equal to the partial pressure
divided by ambient pressure, usually atmospheric, or:
Fractional Volume = Panesthetic / Pbarometric

(17-5)

(173)

where Cg is concentration of gas in solution, k is a solubility con
stant, and Pg is the partial pressure of the gas. From Eq. 173 one
can see that doubling the pressure of a gas doubles its concentra
tion in solution. A more clinically useful expression of solubility
is the solubility coeficient, λ:

λ = Vdissolved gas / Vliquid at 37°C

concentration of inhaled anesthetics provides an index of their effects
in the brain.
In summary:

(17-4)

where V = volume. This equation states that for any gas in equilibrium with a liquid, a certain volume of that gas dissolves in a
given volume of liquid.
The principles of partial pressures and solubility apply in
mixtures of gases in solution. That is, the concentration of any
one gas in a mixture of gases in solution depends on two factors:
(1) its partial pressure in the gas phase in equilibrium with the
solution, and (2) its solubility within that solution.
The implications of these properties are that anesthetic gases
administered via the lungs diffuse into blood until the partial
pressures in alveoli and blood are equal. The concentration of
anesthetic in the blood depends on the partial pressure at equilibrium and the blood solubility. Likewise, transfer of anesthetic
from blood to target tissues also proceeds toward equalizing
partial pressures, but at this interface there is no gas phase. A
partial pressure still exists to force anesthetic molecules out of
solution and into a gas phase but there is no gas phase because
blood (outside the lungs) and tissues are like closed, liquid-illed
containers. Remember the principle: The partial pressure of a gas
in solution represents the pressure that the gas in equilibrium
with the liquid would have if a gas phase existed in contact with
the liquid phase.
The concentration of anesthetic in target tissue depends on
the partial pressure at equilibrium and the target tissue solubility.
Because inhaled anesthetics are gases, and because partial pressures
of gases equilibrate throughout a system, monitoring the alveolar

Anesthetic Transfer: machine to
Central Nervous System
When the fresh gas low and the vaporizer are turned on, fresh
gas with a ixed fractional concentration of anesthetic leaves the
fresh gas outlet and mixes with the gas in the circuit—the bag,
tubing, absorbent canister, and piping. It is immediately diluted
to a lower fractional concentration, then slowly rises as this compartment equilibrates with the fresh gas low. With spontaneous
patient ventilation by mask, the anesthetic gas passes from circuit
to airways. The fractional concentration of anesthetic leaving the
circuit is designated as FI (fraction inspired). In the lungs the gas
comprising the dead space in the airways (trachea, bronchi) and
the alveoli further dilutes the circuit gas. The fractional concentration of anesthetic present in the alveoli is FA (fraction alveolar).
The anesthetic then passes across the alveolar–capillary membrane and dissolves in pulmonary blood according to the partial
pressure of the gas and its blood solubility. It is further diluted
and travels via bulk blood low throughout the vascular tree. The
anesthetic then passes via simple diffusion from blood to tissues
as well as between tissues.
The vascular system delivers blood to three physiologic tissue
groups: the vessel-rich group (VRG), the muscle group, and the
fat group. The VRG includes the brain, heart, kidney, liver, digestive tract, and glandular tissues. The percent of body mass and
perfusion of each group are shown in Table 17-2. The CNS tissues
of the VRG are referred to as tissues of desired effect. The other tissues of the VRG that comprise the compartment are referred to as
tissues of undesired effects. The tissues of the muscle and fat groups
comprise the tissues of accumulation.
Anesthetic is delivered most rapidly to the VRG because of
high blood low. Here it diffuses according to partial pressure
gradients. CNS tissue takes in the anesthetic according to the
tissue solubility, and at a high enough tissue concentration,
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TAbLE 17-2. distribution of CardiaC
outPut by tissue grouP

Vessel-rich
Muscle
Fat

% Body
Mass

% Cardiac
Output

Perfusion
(mL/min/100 g)

10
50
20

75
19
6

75
3
3

Sevoflurane

0.8

Isoflurane
0.6
FA/F I

Group

Desflurane

unconsciousness and anesthesia are achieved. Increasing CNS tis
sue concentrations cause progressively deeper stages of anesthesia.
As this is occurring, anesthetic is also distributing to other VRG
tissues. Also coincident with delivery to the CNS, anesthetic is
being delivered—albeit more slowly because of lower perfusion—
to muscle and fat, where it accumulates and may affect the speed of
emergence from the anesthetic. In reality, the fat solubilities pro
vide little inluence on emergence in cases lasting <4 hours since
the delivery of anesthetic to fat tissue is extremely slow as a result
of low blood low. The concentration of inhaled anesthetic in a
given tissue at a particular time during the administration depends
not only on tissue blood low, but also on tissue solubility, which
governs how the inhaled anesthetics partition themselves between
blood and tissue. Partitioning depends on the relative solubilities
of the anesthetic for each compartment. These relative solubilities are expressed by a partition coeficient, δ, which is the ratio of
dissolved gas (by volume) in two-tissue compartments at equilibrium. Some of the partition coeficients for the inhaled anesthetics
are shown in Table 17-1.

Halothane
0.4

0.2

0

0

10
20
Minutes of Administration

30

FIgURE 17-2. The rise in alveolar (FA) anesthetic concentration
toward the inspired (FI) concentration is most rapid with the least soluble anesthetics, N2O (nitrous oxide), desflurane, and sevoflurane. It rises
most slowly with the more soluble anesthetics, such as halothane. All
data are from human studies. (Adapted from: Yasuda N, Lockhart SH,
Eger EI 2nd, et al. Comparison of kinetics of sevoflurane and isoflurane
in humans. Anesth Analg. 1991;72:316; and Yasuda N, Lockhart SH,
Eger EI 2nd, et al. Kinetics of desflurane, isoflurane, and halothane in
humans. Anesthesiology. 1991;74:489.)

FA/FI
2 A simple, common way to assess anesthetic uptake is to follow the
ratio of fractional concentration of alveolar anesthetic to inspired
anesthetic (FA/FI) over time. Experimentally derived data for
FA/FI versus time during induction are shown in Figure 17-2. The
faster FA rises relative to FI, the faster the speed of induction since
FA is proportional to PA (FA = PA/Pbarometric) and PA = Pblood = PCNS;
that is, the alveolar fraction is directly proportional to the partial
pressure of anesthetic in the CNS.
As fresh gas carrying anesthetic begins to low into the air2 illed circuit (assuming complete mixing), the concentration in
the circuit (FI) will rise according to irst-order kinetics:

FI = FFGO (1 − e −T / τ )

(17-6)

FFGO is the fraction of inspired anesthetic in the gas leaving the fresh
gas outlet (i.e., the vaporizer setting), T is time, and τ is a time constant. The time constant is simply the volume or “capacity” of the
circuit (VC) divided by the fresh gas low (FGF) or τ = VC/FGF.
For example, if the bag, tubing, absorbent canister, and piping
comprise 8 L, and the fresh gas low is 2 L, the time constant τ =
8/2 = 4. One of the characteristics of irst-order kinetics is that
95% of maximum is reached after three time constants—in this
case, 3 × 4 = 12 minutes.
Since 12 minutes is relatively long, starting with a higher FFGO
can increase the rate of rise of FI. Using the earlier example with
τ = 4, by irst-order kinetics 63% of maximum is reached after one
time constant, or 4 minutes. To attain an FI of 2% at 4 instead of

12 minutes, the FFGO can be set to 3.2% (2% divided by 0.63) and
then lowered to 2% at the 4-minute mark.
Other ways to speed the increase in FI include increasing the
fresh gas low, thus decreasing τ. Furthermore, the rebreathing
bag can be collapsed prior to starting the fresh gas low, such
that the capacity in the circuit (VC) is less, which also decreases τ.
Finally, at high lows (>4 L/min) there is far less mixing because
fresh gas pushes “old” gas out of the circuit via the pop-off valve
before complete mixing occurs, causing FI to increase at a greater
rate; this is the most important factor in rapidly increasing FI to
the desired concentration.
One factor that delays the rate of rise of FI is that CO2 absorbent can adsorb and decompose the inhaled anesthetics. From
a practical standpoint, this does not affect the rate of rise in FI
to a signiicant extent compared with other factors. Another factor that delays the rate of rise of FI is solubility of the inhaled
anesthetics in some of the plastic and rubber parts of the anesthesia circuit. This absorption has been quantiied, but plays only a
small role in decreasing the rate of rise of FI.

Rise in FA in the Absence of uptake
The rate of rise in FI discussed earlier assumes that no anesthetic
is mixing with gas in the patient’s lungs. In reality, circuit gas
mixes with exhaled gases from the lung with each breath, thus
lowering FI within the circuit. If high fresh gas lows (>4 L/min),
which produce a high volume of gas at the desired concentration,
are used, little mixing with exhaled air occurs and FI is relatively
ixed. In this situation, circuit gas enters the lungs where it mixes
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with alveolar gas. If there were no blood low to the lungs, FA
would rise in a fashion analogous to FI; that is:
(17-7)

FA = FI (1 − e −T / τ )

In this equation, τ is the time constant for alveolar rise in anesthetic concentration and equals the functional residual capacity
⋅
(FRC) of the patient’s lungs divided by minute ventilation, VA.
There are two ways to speed the equilibration of FA with FI, that
is, to decrease τ. One way is to increase minute ventilation, and
the other is to decrease FRC. Both of these methods can be used
to speed induction by mask; the patient can exhale deeply before
applying the mask (to decrease the initial FRC), and the patient
can breathe deeply and rapidly (to increase) after the mask is
applied. Importantly, high alveolar ventilation relative to uptake
from the lungs to the bloodstream generates the initial high slope
to the curves shown in Figure 17-2.
One of the reasons that pediatric inductions by spontaneous
breathing of inhaled anesthetics are so much quicker than adult
⋅
inductions is that the low FRC relative to VA of children makes
for a low time constant, and hence a more rapid increase in FA/FI.
One important caveat about the relationship of FA to FRC is that
FRC includes airway dead space; thus, in reality, FA by Eq. 17-7
is not just the concentration of inhaled anesthetic in the alveoli
but also the concentration in the entire lung. However, it is simply called the alveolar concentration because the dead space in
the airways is relatively insigniicant and only the alveolar gas is
exchanging anesthetic with the blood.

Rise in FA in the Presence of uptake
Anesthetics are soluble in tissues, thus uptake of anesthetic from
alveoli to blood is again characterized by irst-order kinetics:
Pbl (blood) = PA (alveoli) × (1 − e −T / τ ),
where
PA = FA × PB (barometric)

(17-8)

Here, PB is the barometric pressure and the time constant,
τ, equals “capacity” (volume of anesthetic dissolved in blood at
the desired alveolar partial pressure) divided by low (volume
of anesthetic delivered per unit time). For any given low of
anesthetic into the system, this capacity for the more soluble
halothane is greater than the capacity for the less soluble deslurane; thus, τ for halothane is greater than that for deslurane. The

more soluble the inhaled anesthetic, the larger the capacity of the
blood and tissues for that anesthetic, and the longer it takes to
saturate at any given delivery rate.
The most important factor in the rate of rise of FA/FI is uptake
of anesthetic from the alveoli into the bloodstream. The rate of
rise of FA/FI (especially the position of the “knees” in the curves
of Fig. 17-2) relects the speed at which alveolar anesthetic (FA)
equilibrates with that being delivered to the lungs (FI). Since
there is uptake from alveoli to blood, FA is not solely a function of FI and time. The greater the uptake, the slower the rate
of rise of FA/FI, and vice versa. Since uptake is proportional to
tissue solubility, the less soluble the anesthetic (such as deslurane), the lesser its uptake and the faster it reaches equilibrium,
PA = Pblood = PCNS.
Consider a hypothetical example. Suppose that halothane
and deslurane are soluble in blood, but insoluble in all other
tissues. Suppose further that total lung capacity and blood volume were both 5 L. If a ixed volume of anesthetic is delivered
to the lungs (by asking the patient to take one deep breath and
hold it), according to the blood:gas partition coeficients for
halothane (2.5) and deslurane (0.42), 71.4% of the delivered
halothane will be transferred to the blood while 28.6% remains
in the alveoli (71.4/28.6 = 2.5). In contrast, 29.6% of the deslurane will be transferred to the blood while 70.4% remains in the
alveoli (29.6/70.4 = 0.42). Therefore, 2.4 times (71.4/29.6) more
halothane than deslurane (by volume or number of molecules)
will be transferred from alveoli to bloodstream before partial
pressures equilibrate. At equilibrium, the alveolar partial pressures of halothane and deslurane are 28.6% and 70.4% of their
inhaled values, respectively. This means that FA rises faster with
deslurane than halothane, as does FA/FI.
Blood uptake of anesthetic is expressed by the equation:
.
(17-9)
VB = δb/g ∗ Q × ((PA − PV )/ PB )
⋅
where VB is blood uptake, δb/g is the blood:gas partition coeficient, Q is cardiac output, PA is alveolar partial pressure of
anesthetic, Pv is mixed venous partial pressure of anesthetic,
and PB is barometric pressure. This is the Fick equation applied
to blood uptake of inhaled anesthetics. The greater the value of
⋅
VB, the greater the uptake from alveoli to blood, and the slower the
rise in FA/FI.
From the preceding paragraphs, the parameters that increase
or decrease the rate of rise in FA/FI during induction can now be
clearly delineated and these important factors have been substantiated in experimental models (Table 17-3).

TAbLE 17-3. faCtors that inCrease or deCrease the rate of
rise of Fa/Fi
Increase

Decrease

Low λB
Low Q
⋅
High VA
High (PA – Pv)

High λB
High Q
⋅
Low VA
Low (PA – Pv)

High FI

Low FI
⋅

The lower the blood:gas solubility, the faster the rise in FA/FI
The lower the cardiac output, the faster the rise in FA/FI
The higher the minute ventilation, the faster the rise in FA/FI
At the beginning of induction, Pv is zero but rises rapidly (thus
[PA – Pv] falls rapidly) and FA/FI increases rapidly. Later during
induction and maintenance Pv rises more slowly and so FA/FI
rises more slowly.
A high FI (high anesthetic concentration) speeds the rate of increase
of FA/FI

λB = blood solubility; Q = cardiac output; V = minute ventilation; PA, PV = pulmonary arterial and venous blood partial pressures,
respectively.
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The maximum FA/FI at a given inspired concentration of anesthetic,
cardiac output, and minute ventilation depends entirely on the sol
ubility of that drug in the blood as characterized by the blood:gas
partition coeficient δ b/g. This can be seen in the time curves for the
rise in FA/FI during induction for the various inhalation anesthetics
shown in Figure 17-2. The irst “knee” in each curve in Figure 17-2
represents the point at which the rapid rise in Pv begins to taper off;
that is, when signiicant inhaled anesthetic concentrations begin to
build up in the bloodstream because of distribution to and equilibration with the various tissue compartments.
As blood is equilibrating with alveolar gas, it also begins to
equilibrate with the VRG, muscle, and, more gradually, the fat
compartments based on perfusion. Muscle is not that different
from the VRG, having partition coeficients that range from 1.2
(N2O) to 3.4 (halothane), just under a threefold difference; and
for each anesthetic except N2O, the muscle partition coeficient is
approximately double that for the VRG. Although both VRG and
muscle are lean tissues, the muscle compartment equilibrates far
more slowly than the VRG. The explanation comes in part due to
the mass of the compartments relative to perfusion. The perfusion of the VRG is about 75 mL/min/100 g of tissue, whereas it
is only 3 mL/min/100 g of tissue in the muscle (Table 17-2). This
25-fold difference in perfusion between VRG (especially brain)
and muscle means that even if the partition coeficients were
equal, the muscle would still take 25 times longer to equilibrate
with blood.
Fat is perfused to a lesser extent than muscle and its time for
equilibration with blood is considerably slower because the partition coeficients are so much greater. All of the potent agents are
highly lipid-soluble. Partition coeficients range from 27 (deslurane) to 51 (halothane). On average, the solubility for these agents
is about 25 times greater in fat than in the VRG group. Thus, fat
equilibrates far more slowly with the blood and does not play a signiicant role in determining speed of induction. After long anesthetic exposures (>4 hours), the high saturation of fat tissue may
play a role in delaying emergence.
Nitrous oxide represents an exception. Its partition coeficients are fairly similar in each tissue: It does not accumulate
to any great extent and is not a very potent anesthetic. Its utility
lies as an adjunct to the potent agents, and as a vehicle to speed
induction.

metabolism
Data suggest that enzymes responsible for biotransformation of
inhaled anesthetics become saturated at less than anesthetizing
doses of these drugs, such that metabolism plays little role in
opposing induction. It may, however, have some signiicance to
recovery from anesthesia, as discussed later.

Overpressurization and the
Concentration Effect
There are several ways to speed uptake and induction of anesthesia with the inhaled anesthetics. The irst is overpressurization,
which is analogous to an intravenous bolus. This is the administration of a higher partial pressure of anesthetic than the alveolar concentration (FA) actually desired for the patient. Inspired
anesthetic concentration (FI) can inluence both FA and the rate of
rise of FA/FI. The greater the inspired concentration of an inhaled

anesthetic, the greater the rate of rise. This concentration effect
has two components: The concentrating effect and an augmented
gas inlow effect.
For example, consider the administration of 10% anesthetic
(10 parts anesthetic and 90 parts other gas) to a patient in whom
50% of the anesthetic in the alveoli is absorbed by the blood. In
this case, ive parts (0.5 × 10) anesthetic remain in the alveoli,
ive parts enter the blood, and 90 parts remain as other alveolar gas. The alveolar concentration is now 5/(90 + 5) = 5.3%.
Consider next administering 50% anesthetic with the same 50%
uptake. Now 25 parts anesthetic remain in alveoli, 25 parts pass
into blood, and 50 parts remain as other alveolar gas. The alveolar concentration becomes 25/(50 + 25) = 33%. Giving ive times
as much anesthetic will lead to a 33%/5.3% = 6.2 times greater
alveolar concentration. The higher the FI, the greater the effect.
Thus N2O, typically given in concentrations of 50% to 70%, has
the greatest concentrating effect. This is why the FA/FI versus time
curve in Figure 17-2 rises the most quickly with N2O, even though
deslurane has a slightly lower blood:gas solubility.
This is not the complete picture; there is yet another factor
to consider. As gas is leaving the alveoli for the blood, new gas at
the original FI is entering the lungs to replace that which is taken
up by the blood. This other aspect of the concentration effect has
been called augmented gas inlow. Again, take the example of 10%
anesthetic delivered with 50% uptake into the bloodstream. The
ive parts anesthetic absorbed by the bloodstream are replaced by
gas in the circuit that is still 10% anesthetic. The ive parts anesthetic and 90 parts other gas left in the lungs mix with ive parts
replacement gas, or 5 × 0.10 = 0.5 parts anesthetic. Now the alveolar concentration is (5 + 0.5)/(100) = 5.5% (as compared to 5.3%
without augmented inlow). For 50% anesthetic and 50% uptake,
25 parts of anesthetic removed from the alveoli are replaced with
25 parts of 50% anesthetic, giving a new alveolar concentration of (25 + 12.5)/(100) = 37.5% (as compared to 33% without
augmented inlow). Thus, 5 times the FI leads to 37.5/5.5 = 6.8
times greater FA (compared to 6.2 times without augmented gas
inlow). Of course, this cycle of absorbed gas being replaced by
fresh gas inlow is continuous and has a inite rate, so our example
is a simpliication.

Second Gas Effect
A special case of concentration effect applies to administration of
a potent anesthetic with N2O, that is, two gases simultaneously.
Along with the concentration of potent agent in the alveoli via its
uptake, there is further concentration via the uptake of N2O, a process called the second gas effect. The principle is simple (Figs. 17-3
and 17-4). Consider, for example, administering 2% of a potent
anesthetic in 70% N2O and 28% oxygen. In this case, N2O, with
its extremely high partial pressure (despite low solubility), partitions into the blood more rapidly than the potent anesthetic,
decreasing the alveolar N2O concentration by some amount (e.g.,
by 50%). Ignoring uptake of the potent anesthetic, the uptake
of N2O is 35 parts, leaving 35 parts N2O, 28 parts O2, and two
parts potent agent in the alveoli. The anesthetic gas is now present
in the alveoli at a concentration of 2/(2 + 35 + 28) = 3.1%. The
potent agent has been concentrated and FA is increased.

Ventilation Effects
As indicated by Figure 17-2 and Table 17-3, inhaled anesthetics with very low tissue solubility have an extremely rapid rise in
FA/FI with induction. This suggests that there is very little room to
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0.4

0.2

0.5

4

0.5% Halothane
(10% N2O)

0

1

2

3
Minutes

4

2
Ventilation
(L /min)

5

FIgURE 17-3. The concentration effect is demonstrated in the top
half of the graph from dogs receiving N2O (nitrous oxide). Administration of 70% N2O produces a more rapid rise in the FA/FI ratio of
N2O than administration of 10% N2O. The second gas effect is demonstrated in the lower graphs. The FA/FI ratio for 0.5% halothane rises
more rapidly when given with 70% N2O than when given with 10%
N2O. (Adapted from: Epstein RM, Rackow H, Salanitre E, et al. Influence
of the concentration effect on the uptake of anesthetic mixtures: The
second gas effect. Anesthesiology. 1964;25:364.)

improve this rate by increasing or decreasing ventilation, which is
consistent with the experimental evidence shown in Figure 175.
The greater the solubility of an inhaled anesthetic, the more rapidly
it is absorbed by the bloodstream, such that anesthetic delivery to
the lungs may be rate limiting to the rise in FA/FI. Therefore, for
more soluble anesthetics, augmentation of anesthetic delivery by
increasing minute ventilation also increases the rate of rise in FA/FI.
FIgURE 17-4. A graphic and relative equation
to demonstrate the second gas effect. In this
hypothetical example, the second gas is set at 2%
of a potent anesthetic and the model is set for
50% uptake of the first gas (N2O [nitrous oxide])
in the first inspired breath. The second gas is concentrated because of the uptake of N2O (middle
panel). On replenishing the inspired second gas
(FI = 2%) in the next breath, the second gas has
been concentrated to be 2.7% because of the
uptake of N2O in the previous breath.

Halothane
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FA /FI

FA /F I
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Minutes
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FIgURE 17-5. The FA/FI ratio rises more rapidly if ventilation is
increased from 2 to 8 L/min. Solubility modifies this impact of ventilation; for example, the effect is greatest with the least-soluble anesthetic, N2O (nitrous oxide; top three lines), and least with the more
soluble anesthetic, halothane. (Adapted from: Eger EI 2nd. Ventilation,
circulation and uptake, Anesthetic Uptake and Action. Baltimore, Williams & Wilkins, 1974, pp 122.)

Spontaneous minute ventilation is not static, however, and to
the extent that the inhaled anesthetics depress spontaneous ven
⋅
tilation with increasing inspired concentration, VA will decrease
and so will the rate of rise of FA/FI. This is demonstrated in
Figure 175. This negative feedback should not be considered a
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FIgURE 17-6. If ventilation is fixed, an increase in cardiac output
from 2 to 18 L /min will decrease the alveolar anesthetic concentration
by augmenting uptake, thereby slowing the rise of the FA/FI ratio. This
effect is most prominent with the more soluble anesthetics (halothane)
than with the less soluble anesthetics (N2O [nitrous oxide]). (Adapted
from: Eger EI II. Ventilation, circulation and uptake, Anesthetic Uptake
and Action. Baltimore, Williams & Wilkins, 1974, p 131.)

drawback of the inhaled anesthetics because the respiratory
depression produced at high anesthetic concentrations essentially
slows the rise in FA/FI. This might arguably add a margin of safety
in preventing an overdose. Controlled ventilation does not offer
this margin of safety.

Perfusion Effects
As with ventilation, cardiac output is not static during the course
of induction. For the less soluble agents, changes in cardiac
output do not affect the rate of rise of FA/FI to a great extent,
but for the more soluble agents the effect is noticeable, as seen
in Figure 176. However, as inspired concentration increases,
greater cardiovascular depression reduces anesthetic uptake and
actually increases the rate of rise of FA/FI. This positive feedback
can rapidly lead to profound cardiovascular depression. Figure
176 presents experimental data in which lower cardiac outputs
⋅
lead to a much more rapid rise in FA/FI when VA is held constant.
This more rapid rise is greater than can be accounted for by con
centration effect alone.

Ventilation–Perfusion mismatching
Ventilation and perfusion are normally fairly well matched in
healthy patients, such that PA (alveolar partial pressure)/PI and
Pa (arterial partial pressure)/PI are the same curve. However, if

0

8
Minutes

16

FIgURE 17-7. When no ventilation/perfusion abnormalities exist,
the alveolar (PA) or end-tidal (PET) and arterial (Pa) anesthetic partial pressures rise together (blue lines) toward the inspired partial
pressure (PI). When 50% of the cardiac output is shunted through
the lungs, the rate of rise of the end-tidal partial pressure (orange
lines) is accelerated while the rate of rise of the arterial partial pressure (green lines) is slowed. The greatest effect of shunting is found
with the least soluble anesthetics. (Adapted from: Eger EI 2nd,
Severinghaus JW. Effect of uneven pulmonary distribution of blood
and gas on induction with inhalation anesthetics. Anesthesiology.
1964;25:620.)

signiicant intrapulmonary shunt occurs, as in the case of inadvertent bronchial intubation, the rate of rise of alveolar and
arterial anesthetic partial pressures can be affected. The effects,
however, depend on the solubility of the anesthetic, as seen in
Figure 17-7. Ventilation of the intubated lung is dramatically
increased while perfusion increases slightly. The non-intubated
lung receives no ventilation, while perfusion decreases slightly.
For the less-soluble anesthetics, increased ventilation of the
intubated lung cannot appreciably increase alveolar partial pressure relative to inspired concentration on that side, but alveolar
partial pressure on the non-intubated side is essentially zero.
Pulmonary mixed venous blood, therefore, comprises nearly
equal parts of blood containing normal amounts of anesthetic
and blood containing no anesthetic; that is, diluted relative to
normal. Thus the rate of rise in Pa relative to PI is signiicantly
reduced. There is less total anesthetic uptake, so the rate of rise
of PA relative to PI increases even though induction of anesthesia
is slowed because CNS partial pressure equilibrates with Pa. For
the more soluble anesthetics, increased ventilation of the intubated lung does increase the alveolar partial pressure relative to
inspired concentration on that side. Pulmonary venous blood
from the intubated side contains a higher concentration of anesthetic that lessens the dilution by blood from the non-intubated
side. Thus, the rate of rise of Pa/PI is not as depressed as that for
the less soluble anesthetics, and induction of anesthesia is less
delayed relative to normal.
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Low-soluble Gas
(e.g., N2O, Desflurane, Sevoflurane)
1
Anesthesia Time:
4 hours
30 minutes

Elimination
Although the loss of inhaled anesthetics via the skin is very small,
it does occur and the loss is the greatest for N2O. These anesthet
ics also pass across gastrointestinal viscera and the pleura. During
open abdominal or thoracic surgery there is some anesthetic loss
via these routes. Relative to losses by all other routes, losses via
percutaneous and visceral routes are insigniicant.

FA/FA0

Percutaneous and Visceral loss

High-soluble Gas
(e.g., Isoflurane, Halothane)
1

0.5

0.5

Diffusion Between Tissues
Using more elaborate mathematical modeling of inhaled anesthetic pharmacokinetics than presented here, several laboratories
have derived a ive-compartment model that best describes tissue
compartments. These compartments are the alveoli, the VRG, the
muscle, the fat, and one additional compartment. Current opinion is that this ifth compartment represents adipose tissue adjacent to lean tissue that receives anesthetic via intertissue diffusion.
This transfer of anesthetic is not insigniicant, and may account
for up to one-third of uptake during long administration.

Exhalation and Recovery
Recovery from anesthesia, like induction, depends on anesthetic
solubility, cardiac output, and minute ventilation. Solubility is
the primary determinant of the rate of fall of FA (Fig. 17-8). The
greater the solubility of inhaled anesthetic, the larger the capacity
for absorption in the bloodstream and tissues. The “reservoir” of
anesthetic in the body at the end of administration depends on
tissue solubility (which determines the capacity) and the dose
and duration of anesthetic (which determine how much of that
1

FA /FA0

Halothane
Isoflurane
Sevoflurane
Desflurane
0.1

0.01

0

60
Minutes of Elimination

120

FIgURE 17-8. Elimination of anesthetic gases is defined as the ratio of
end-tidal anesthetic concentration (FA) to the last FA during administration
and immediately before the beginning of elimination (FA0). During the
120-minute period after ending the anesthetic delivery, the elimination of
sevoflurane and desflurane is 2 to 2.5 times faster than isoflurane or halothane (note logarithmic scale for the ordinate). (Adapted from: Yasuda
N, Lockhart SH, Eger EI 2nd, et al. Comparison of kinetics of sevoflurane
and isoflurane in humans. Anesth Analg. 1991;72:316; and Yasuda N,
Lockhart SH, Eger EI 2nd, et al. Kinetics of desflurane, isoflurane, and
halothane in humans. Anesthesiology. 1991;74:489.)
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FIgURE 17-9. Both solubility and duration of anesthesia affect the
decrease of the alveolar concentration (FA) from its value immediately
preceding the cessation of anesthetic administration (FA0). A longer
anesthetic time (from 15 minutes to 240 minutes) only slightly slows
the decrease with low-soluble anesthetics (left graph). An agent with
a higher blood and tissue solubility (right graph) slows the elimination
of the anesthetic and enhances the effect of duration. (Adapted from:
Stoelting RK, Eger EI 2nd. The effects of ventilation and anesthetic
solubility on recovery from anesthesia: An in vivo and analog analysis
before and after equilibrium. Anesthesiology. 1969;30:290.)

capacity is illed). Recovery from anesthesia, or “washout,” is
usually expressed as the ratio of expired fractional concentration of anesthetic (FA) to the expired concentration at time zero
(FA0) when the anesthetic was discontinued (or FA/FA0). Elimination curves of low- and high-soluble anesthetics are shown in
Figure 17-9. The longer the duration of a highly soluble anesthetic, the greater the reservoir of anesthetic in the body, and the
higher the curve seen in the right half of Figure 17-9. This effect
is nearly absent with low-soluble agents such as N2O, deslurane,
and sevolurane.3
There are two major pharmacokinetic differences between
recovery and induction. First, whereas overpressurization can
increase the speed of induction, there is no “underpressurization.” Both induction and recovery rates depend on the PA to Pv
gradient, and PA can never fall below zero. Second, whereas all
tissues begin induction with zero anesthetic, each begins recovery
with quite different anesthetic concentrations. The VRG tissues
begin recovery with the same anesthetic partial pressure as that in
alveoli, since PCNS = Pblood = Palveoli. The partial pressures in muscle
and fat depend on the inspired concentration during anesthesia,
the duration of administration, and the anesthetic tissue solubilities. As long as an arterial-to-tissue partial pressure gradient
exists, these tissues will absorb anesthetic—especially fat, since
it is a huge potential reservoir whose anesthetic partial pressures
are typically low after hours of anesthesia. After discontinuation
of anesthesia, muscle and fat may continue to absorb anesthetic,
even hours later. The redistribution continues until blood/alveolar
anesthetic partial pressure falls below tissue partial pressure. This
redistribution causes the early rate of decline in alveolar anesthetic concentration during recovery to exceed its early rate of
increase during induction.
Because VRG tissues are highly perfused and washout of anesthetic is mostly via elimination from these tissues early in recovery, all anesthetics, regardless of duration of administration, have
approximately the same rate of elimination to 50% of FA0. Unfortunately, halving the CNS concentration of anesthetic is rarely
suficient for waking the patient. More commonly, 80% to 90% of
inhaled anesthetic must be eliminated before emergence. At these
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Diffusion hypoxia
During recovery from anesthesia, washout of high concentra
tions of N2O can lower alveolar concentrations of oxygen and
carbon dioxide, a phenomenon called diffusion hypoxia. The
resulting alveolar hypoxia can cause hypoxemia, and alveolar
hypocarbia can depress respiratory drive, which may exacerbate
hypoxemia. It is therefore appropriate to initiate recovery from
N2O anesthesia with 100% oxygen rather than less concentrated
O2/air mixtures.

CLINICAL OVERVIEW OF CURRENT
INHALED ANESTHETICS
Isoflurane
Isolurane is a halogenated methyl ethyl ether that is a clear, nonlammable liquid at room temperature and has a high degree of
pungency. It is the most potent of the volatile anesthetics in clinical use, has great physical stability, and undergoes essentially no
deterioration during storage for up to 5 years or on exposure to
sunlight. It has become the “gold standard” anesthetic since its
introduction in the 1970s. There was a brief period of controversy
concerning the use of isolurane in patients with coronary disease
because of the possibility for coronary “steal” arising from the
3 potent effects of isolurane on coronary vasodilation. In clinical
use, however, this has been, at most, a rare occurrence.

Desflurane

Sevoflurane
Sevolurane is a sweet-smelling, completely luorinated methyl
isopropyl ether (Fig. 17-1). Its vapor pressure is roughly onefourth that of deslurane and it can be used in a conventional
vaporizer. The blood:gas solubility of sevolurane is second only
to deslurane in terms of potent volatile anesthetics. Sevolurane is
approximately half as potent as isolurane, and some of the preservation of potency, despite luorination, is because of the bulky
propyl side chain on the ether molecule. Its minimal odor, lack of
pungency, and potent bronchodilating characteristics make sevolurane administration via the face mask for induction of anesthesia in both children and adults a reasonable alternative to IV
anesthetics. Sevolurane is half as potent a coronary vasodilator as
isolurane, but is 10 to 20 times more vulnerable to metabolism
than isolurane. The metabolism of sevolurane results in inorganic luoride; the increase in plasma luoride after sevolurane
administration has not been associated with renal-concentrating
defects. Unlike other potent volatile anesthetics, sevolurane is
not metabolized to triluoroacetate; rather, it is metabolized to
an acyl halide (hexaluoroisopropanol). This does not stimulate
formation of antibodies associated with hepatitis.
Sevolurane can form carbon monoxide during exposure to
dry CO2 absorbents, and can cause a canister ire via an exothermic reaction in dry absorbent. New generic versions of sevolurane have the potential to break down to hydrogen luoride when
exposed to metal compounds because of their lack of adequate
water in the formulation. Sevolurane also breaks down in the
presence of the carbon dioxide absorber to form a vinyl halide
called compound A. Compound A has been shown to be a dosedependent nephrotoxin in rats, but has not been associated with
renal injury in human volunteers or patients, with or without
renal impairment, even when fresh gas lows are 1 L/min or less.

Xenon

Deslurane is a luorinated methyl ethyl ether that differs from
Xenon is an inert gas occurring naturally in air at 0.05 parts per milisolurane by just one atom: A luorine atom is substituted
lion (ppm). Xenon has received considerable interest in the last few
for a chlorine atom on the α-ethyl component of isolurane
years because it has many characteristics approaching those of an
(Fig. 17-1). The process of complete luorination of the ether
“ideal” inhaled anesthetic.5,6 It has a quick onset and offset, minimolecule has several effects. It decreases blood and tissue solumal effects on the cardiovascular and neural systems, and it is not
bility (the blood:gas solubility of deslurane equals that of N2O),
a trigger for malignant hyperthermia (MH). It is not a pollutant or
which results in a loss of potency (the MAC of deslurane is ive
an occupational hazard, and does not add to global warming or the
times higher than isolurane). It also results in a high vapor presgreenhouse gas effect. Its blood:gas partition coeficient is 0.115,7
sure owing to decreased intermolecular attraction, requiring the
and unlike the other potent volatile anesthetics (except methoxyludevelopment of a new heated, pressurized vaporizer requiring
rane), xenon provides some degree of analgesia. This action is likely
electrical power to deliver a regulated concentration of deslurane
due to N-Methyl-d-aspartate (NMDA) receptor inhibition. The
as a gas. One of the advantages of deslurane is the near-absent
MAC of xenon in humans is 71%, which might prove to be a limitametabolism to serum triluoroacetate. This makes immunetion, although this is less than the MAC for N2O. It is nonexplosive,
mediated hepatitis a rare occurrence. Deslurane is the most punnonpungent, and odorless, and thus can be inhaled with ease. In
gent of the volatile anesthetics and, if administered via the face
addition, it does not produce signiicant myocardial depression or
mask, results in coughing, salivation, breath holding, and larynalter coronary blood low.5,8 Because of its scarcity and high cost,
gospasm. In extremely dry CO2 absorbers, deslurane (and to a
new anesthetic systems are being developed to provide for recycling
lesser extent isolurane, enlurane, and sevolurane) degrades to
of xenon. If this proves to be too dificult from either a technical or
form carbon monoxide. Deslurane has the lowest blood:gas solupatient safety standpoint, it may be necessary to use it in a very low,
bility of the potent volatile anesthetics; moreover, its fat solubility
or closed, fresh gas low system to reduce wastage.
is roughly half that of the other volatile anesthetics. Thus, deslurane requires less downward titration in long surgical procedures
to achieve a rapid emergence by virtue of decreased tissue saturation. This may be particularly advantageous in the morbidly
Nitrous Oxide
obese patient.4 Deslurane has been associated with tachycardia,
hypertension, and, in select cases, myocardial ischemia when used 4 Nitrous oxide is a sweet-smelling, nonlammable gas of low
in high concentrations or when rapidly increasing the inspired
potency (MAC = 104%), and is relatively insoluble in blood. It
concentration (in the presence of minimal opioid adjuvants).
is most commonly administered as an anesthetic adjuvant in
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combination with opioids or volatile anesthetics during the con
duct of general anesthesia. At room temperature it is a gas; its
boiling point is –88.48°C (Table 171). It is stored in cylinders
and condensed to 50 atmospheres, leading to a pressure of 745
psi. This pressure is maintained in the cylinders until no liquid
remains. Only cylinder weight is a reliable indicator of the volume
of N2O in storage tanks. Although not lammable, N2O will support combustion. Unlike the potent volatile anesthetics in clinical
use, N2O does not produce signiicant skeletal muscle relaxation,
but it does have analgesic effects. Despite a long track record of
use, controversy has surrounded N2O in four areas: Its role in
postoperative nausea and vomiting; its potential toxic effects on
cell function via inactivation of vitamin B12; its adverse effects
related to absorption and expansion into air-illed structures and
bubbles; and lastly, its effect on embryonic development. The one
concern that seems most valid and most clinically relevant is the
ability of N2O to expand air-illed spaces because of its greater
solubility in blood compared to nitrogen. This might explain the
increased post-operative nausea and vomiting (PONV) associated
with N2O use since closed gas spaces reside in the middle ear and
bowel. Other closed spaces may occur as a result of disease or surgery, such as a pneumothorax. Since nitrogen in air-illed spaces
cannot be removed readily via the bloodstream, N2O delivered to
a patient diffuses from the blood into these closed gas spaces quite
easily until the partial pressure equals that of the blood and alveoli.
Compliant spaces will continue to expand until suficient pressure
is generated to oppose further N2O low into the space. The higher
the inspired concentration of N2O, the higher the partial pressure
required for equilibration.
Seventy-ive percent N2O can expand a pneumothorax to
double or triple its size in 10 and 30 minutes, respectively. Airilled cuffs of pulmonary artery catheters and endotracheal tubes
also expand with the use of N2O, possibly causing tissue damage
via increased pressure in the pulmonary artery or trachea, respectively.9,10 Accumulation of N2O in the middle ear can diminish
hearing postoperatively11 and is contraindicated for tympanoplasty
because the increased pressure can dislodge a tympanic graft.

NEUROpHARMACOLOgY OF
INHALED ANESTHETICS
minimum Alveolar Concentration
Pharmacodynamic effects of anesthetics are based on the dose. In
the case of inhaled agents we instead speak of the minimum alveo5 lar concentration or MAC. MAC is the alveolar concentration of
an anesthetic at one atmosphere (in volume %) that prevents
movement in response to a surgical stimulus in 50% of patients.
It is analogous to the ED50 expressed for intravenous drugs and
can be used to compare anesthetic potency, that is, the lower the
MAC the more potent the agent. A variety of surgical stimuli have
been used to establish the MAC for each inhaled anesthetic, but
the classic, deining, stimulus/response pairing is skeletal muscle
movement in response to incision of the abdomen, though other
responses have been used to establish MAC. Experimentally
determined MAC values for humans for the inhaled anesthetics
are shown in Table 17-1.
The 95% conidence ranges for MAC are approximately ±25%
of the listed MAC values. Manufacturer’s recommendations and
clinical experience establish 1.2 to 1.3 times MAC as a dose that
consistently prevents patient movement during surgical stimuli.
Loss of consciousness typically precedes the absence of stimulus-

TAbLE 17-4. faCtors that inCrease
minimum alveolar
ConCentration
•

Increased central neurotransmitter levels (monoamine
oxidase inhibitors, acute dextroamphetamine
administration, cocaine, ephedrine, levodopa)
• Hyperthermia
• Chronic ethanol abuse (determined in humans)
• Hypernatremia

induced movement by a wide margin. Although 1.2 to 1.3 MAC
values do not absolutely ensure the deining criteria for brain
anesthesia (the absence of self-awareness and recall), vast clinical
experience suggests it is extremely unlikely for a patient to have
awareness or recall of the surgical incision at these anesthetic concentrations, barring other conditions that increase MAC in that
patient (Table 17-4).
Concentrations of inhaled anesthetics that provide loss of selfawareness and recall are about 0.4 to 0.5 MAC. Several lines of
reasoning support the assertion. First, most patients receiving
only 50% N2O (approximately 0.4 to 0.5 MAC), as in a typical
dentist’s ofice, will have no recall of their procedure during N2O
administration. Second, various studies have shown that a shift
in electroencephalogram (EEG) dominance to the anterior leads,
that is, the shift from self-aware to non self-aware, accompanies
loss of consciousness, and in primates, the EEG shift and loss of
consciousness occur at 0.5 MAC.12 Third, in dogs, loss of consciousness accompanies a sudden nonlinear fall in cerebral metabolic rate (CMRO2) at approximately 0.5 MAC (Fig. 17-10).
MAC values can be established for any measurable response.
For example, MAC-awake and MAC-BAR. MAC-awake is the
alveolar concentration of anesthetic at which a patient opens his
“Awake” “Shifting” “Anesthetic”
CMRO2 Percent of Control
–16.00·[Isoflurane]+100.40
–36.00·[Isoflurane]+105.30
90
–8.97·[Isoflurane]+84.35
MAC
80

100
CMRO2 Percent of Control
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3

FIgURE 17-10. The effects of isoflurane on cerebral metabolic rate of
oxygen consumption (CMRO2) as a percentage of control (“awake”).
CMRO2 is plotted versus end-tidal isoflurane concentration. Regression
lines for changes in CMRO2 are drawn for each electroencephalogramdetermined area. The pattern depicted here is characteristic of all of the
anesthetics examined (enflurane, halothane, and isoflurane). MAC, minimum alveolar concentration. (Adapted from: Stullken EH Jr, Milde JH,
Michenfelder JD, et al. The nonlinear responses of cerebral metabolism
to low concentrations of halothane, enflurane, isoflurane and thiopental. Anesthesiology. 1977;46:28.)
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Increasing age
Metabolic acidosis
Hypoxia (PaO2, 38 mm Hg)
Induced hypotension (mean arterial pressure <50 mm Hg)
Decreased central neurotransmitter levels (α-methyldopa,
reserpine, chronic dextroamphetamine administration,
levodopa)
α2-agonists
Hypothermia
Hyponatremia
Lithium
Hypo-osmolality
Pregnancy
Acute ethanol administrationa
Ketamine
Pancuroniuma
Physostigmine (10 times clinical doses)
Neostigmine (10 times clinical doses)
Lidocaine
Opioids
Opioid agonist-antagonist analgesics
Barbituratesa
Chlorpromazinea
Diazepama
Hydroxyzinea
-9-Tetrahydrocannabinol
Verapamil
Anemia (<4.3 mL O2/dL blood)
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FIgURE 17-11. Effect of age on minimum alveolar concentration
(MAC) is plotted. Regression lines are fitted to published values from
separate studies. Data are from patients’ ages 1 to 80 years. (Adapted
from: Mapleson WW. Effect of age on MAC in humans: A meta-analysis.
Br J Anaesth. 1996;76:179.)

upregulated CNS responses to chronically depressed neurotransmitter levels (as in chronic alcoholism) also seem to increase MAC.
Conversely, those factors that decrease CNS metabolic activity,
neurotransmission, and CNS neurotransmitter levels, as well as
downregulated CNS responses to chronically elevated neurotransmitter levels all seem to decrease MAC. Many notable factors do not
alter MAC, including duration of administration, gender, type of
surgical stimulation, thyroid function, hypo- or hypercarbia, metabolic alkalosis, hyperkalemia, and magnesium levels. However,
there may be a genetic component inluencing MAC. Red-haired
females have a 19% increase in MAC compared with dark-haired
females.16 These data suggest involvement of mutations of the
melanocyte stimulating hormone receptor (MC1R) allele. Variants
of the MC1R allele also have been implicated in altering analgesic responses to a κ opioid.17 MAC also can vary in relationship to
genotype and chromosomal substitutions as shown in rats.18

The Effect of Age on mAC
The MAC for each of the potent anesthetic gases shows a clear,
6 age-related change (Fig. 17-11). MAC decreases with age and there
are similarities between agents in the decline in MAC and age.
Excluding patients <1 year of age (where MAC can be lower),19
there is a linear model that describes a change in MAC of approximately 6% per decade, a 22% decrease in MAC from age 40 to
80 years, and a 27% decrease in MAC from age 1 to 40 years.20

Other Alterations in Neurophysiology
The modern potent anesthetics, isolurane, deslurane, and
sevolurane, all have reasonably similar effects on a wide range
of parameters including CMRO2, the EEG, cerebral blood low
(CBF), and low–metabolism coupling. There are notable differences in effects on intracerebral pressure (ICP), cerebrospinal
luid production and resorption, CO2 vasoreactivity, CBF autoregulation, and cerebral protection. Nitrous oxide departs from
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1 MAC

%

or her eyes to command, and it varies from 0.15 to 0.5 MAC.13
Interestingly, transition from awake to unconscious and back
typically shows some hysteresis in that it quite consistently takes
0.4 to 0.5 MAC to lose consciousness, but less than that (as low
as 0.15 MAC) to regain it. This may be because of the speed of
alveolar washin versus washout.14 MACBAR is the alveolar
concentration of anesthetic that blunts adrenergic responses to
noxious stimuli. It has been approximated at 50% higher than
standard MAC. 15 MAC values also have been established for dis
creet levels of EEG activity, such as onset of burst suppression or
isoelectricity.
Standard MAC values are roughly additive. Administering
0.5 MAC of a potent agent and 0.5 MAC of N2O is equivalent to
1 MAC of potent agent in terms of preventing patient movement,
although this does not hold over the entire range of N2O doses.
MAC effects for other response parameters are not necessarily
additive. For example, combining 0.6 MAC of N2O with 0.6 MAC
of isolurane produces less hypotension than 1.2 MAC of isolurane alone because isolurane is a more potent vasodilator and
myocardial depressant at equivalent MAC than N2O.
Various factors increase (Table 17-4) or decrease (Table 17-5)
MAC. Unfortunately, no single mechanism explains these alterations, supporting the view that anesthesia is the net result of
numerous and widely varying physiologic alterations. In general, those factors that increase CNS metabolic activity, neurotransmission, and CNS neurotransmitter levels increase MAC;
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For most of the potent agents, CMRO2 is decreased only to the
extent that spontaneous cortical neuronal activity (as relected on
the EEG) is decreased. Once this activity is absent (an isoelectric
EEG), no further decreases in CMRO2 are generated. (Historically, halothane was the exception.)
Isolurane causes a larger MAC-dependent depression of
CMRO2 than halothane, and because of this, can abolish EEG
activity at clinical doses that are usually well tolerated from a
hemodynamic standpoint.21 Deslurane and sevolurane both
cause decreases in CMRO2 similar to isolurane.22,23 Interestingly, while both deslurane and sevolurane depress the EEG
and abolish activity at clinically tolerated doses of approximately
2 MAC22,23 in dogs, deslurane-induced isoelectric EEG reverts
to continuous activity with time despite an unchanging MAC, a
property unique to deslurane.23
7
Sevolurane has no noteworthy adverse effects on cerebral
physiology at normal CO2 and BP.24 During sevolurane use combined with extreme hyperventilation to decrease cerebral blood
low by half, brain lactate levels can increase. High, long-lasting
concentrations of sevolurane (1.5 to 2.0 MAC), a sudden increase
in cerebral sevolurane concentrations, and/or hypocapnia can
trigger EEG abnormalities that have resulted in increases in heart
rate (HR) in both adults and children.25–27 These data question the
appropriateness of sevolurane in patients with epilepsy,28 but it
remains uncertain if sevolurane truly has a proconvulsant effect.

Cerebral Blood Flow, Flow–metabolism
Coupling, and Autoregulation
All of the potent agents increase CBF in a dose-dependent manner. Isolurane, sevolurane, and deslurane cause far less cerebral vasodilation per MAC-multiple than halothane (Fig. 17-12).
Deslurane and sevolurane both inluence CBF in a manner
similar to isolurane, with minimal changes in CBF at concentrations less than 1.5 MAC.22,23,29 An initial dose-dependent increase
in CBF with halothane and isolurane administration to animals
subsequently recovers to preinduction levels in approximately
2 to 5 hours. The mechanism of this recovery is unclear.
The increase in CBF with increasing anesthetic dose occurs
despite decreases in CMRO2. This phenomenon has been called
uncoupling, but from a mechanistic standpoint, true uncoupling
of low from metabolism may not occur. That is, as CMRO2 is
depressed by the volatile anesthetics, there still is a coupled
decline in CBF opposed by a coincident direct vasodilatory effect
on the cerebral blood vessels. The net effect on the cerebral vessels depends on the sum of indirect vasoconstricting and direct
vasodilating inluences.
Autoregulation is the intrinsic myogenic regulation of vascular
tone. In normal brain, the mechanisms of autoregulation of CBF
over a range of mean arterial pressures from 50 to 150 mm Hg
are incompletely understood. Because the volatile anesthetics
are direct vasodilators, all are considered to diminish autoregulation in a dose-dependent fashion such that at high anesthetic
doses CBF is essentially pressure-passive. Sevolurane preserves
autoregulation up to approximately 1 MAC.22 At 1.5 MAC, the
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the potent agents in several important respects, and is therefore
discussed separately.
Although neuroprotection from volatile anesthetics is a well
deined concept, the volatile anesthetics can cause injury in certain
conditions via cerebral vasodilation and increases in intracranial
pressure. A full understanding of the anesthetic effects on cerebral physiology helps prevent adverse cerebral events in clinical
practice.
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FIgURE 17-12. Cerebral blood flow (and velocity) measured in the
presence of normocapnia and in the absence of surgical stimulation in volunteers receiving halothane or isoflurane. At light levels of
anesthesia, halothane (but not isoflurane) increased cerebral blood
flow. At 1.6 minimum alveolar concentration (MAC), isoflurane also
increased cerebral blood flow. (Adapted from: Eger EI 2nd. Isoflurane
(Forane): A compendium and reference. Madison, Ohio Medical Products, 1985.) Cerebral blood flow velocity measured before and during
sevoflurane and desflurane anesthesia up to 1.5 MAC showed no
change in cerebral blood flow and velocity. (Adapted from Bedforth
NM, Hardman JG, Nathanson MH. Cerebral hemodynamic response
to the introduction of desflurane: A comparison with sevoflurane.
Anesth Analg. 2000;91:152.)

dynamic rate of autoregulation (change in middle cerebral artery
blood low after a rapid transient decrease in BP) is better preserved with sevolurane than isolurane (Fig. 17-13). This may be
a result of less of a direct vasodilator effect of sevolurane, preserving the ability of the vessel to respond to changes in BP at 1.5
MAC. Based on a similar model but a separate study of dynamic

Dynamic Rate of Autoregulation (% /s)
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FIgURE 17-13. Dynamic rate of autoregulation (the change in middle
cerebral artery blood flow after a rapid transient decrease in blood pressure) during awake (or fentanyl and N2O baseline), 0.5, and 1.5 minimum alveolar anesthetic concentration (MAC) anesthesia. Values are
mean ± SE (SD for sevoflurane). *P <0.05 versus baseline, **P <0.001
versus baseline and sevoflurane. (Adapted from 1Summors AC, Gupta
AK, Matta BF. Dynamic cerebral autoregulation during sevoflurane anesthesia: A comparison with isoflurane. Anesth Analg. 1999;88:341–345;
and 2Strebel S, Lam AM, Matta B, et al. Dynamic and static cerebral
autoregulation during isoflurane, desflurane, and propofol anesthesia.
Anesthesiology. 1995;83:66–76.)

ChAPTER 17 Inhaled Anesthetics

Intracerebral Pressure
For most anesthesiologists, the area of greatest clinical interest is
the effect of volatile anesthetics on ICP. In general, ICP will increase
or decrease in proportion to changes in CBF. Isolurane increases
ICP minimally in animals both with and without brain pathology,
including those with an already elevated ICP.30 In human studies
there usually are mild increases in ICP with isolurane administration that are blocked or blunted by hyperventilation or barbiturate
coadministration.31 There are some contradictory data, however.
In one human study, hypocapnia did not prevent elevations in ICP
with isolurane administration in patients with space-occupying
brain lesions.32 However, isolurane-induced increases in ICP tend
to be of short duration, in one study only 30 minutes.33
Like isolurane, both sevolurane and deslurane >1 MAC
produce mild increases in ICP, paralleling their mild increases
in CBF.22,23,34,35 One potential advantage of sevolurane is that its
lower pungency and airway irritation may lessen the risk of coughing and bucking and the associated rise in ICP as compared with
deslurane or isolurane. In fact, introduction of deslurane after
propofol induction of anesthesia has led to signiicant increases
in HR, mean arterial pressure, and middle cerebral artery blood
low velocity.36 This may relate to the airway irritant effects of
deslurane rather than a speciic alteration in neurophysiology.
However, several studies in both children and adults suggest that
increases in ICP from deslurane are slightly greater than from
either isolurane or sevolurane.37,38 The bottom line is that all
three potent agents may be used at appropriate doses, especially
with adjunctive and compensatory therapies, in just about any
neurosurgical procedure.

Cerebrospinal Fluid Production and Resorption
Isolurane does not appear to alter CSF production,33 but may
increase, decrease, or leave unchanged the resistance to resorption
depending on dose. Sevolurane at 1 MAC depresses CSF production up to 40%.39 Deslurane at 1 MAC leaves CSF production
unchanged or increased.37,40 In general, anesthetic effects on ICP
via changes in CSF dynamics are clinically far less important than
anesthetic effects on CBF.

Cerebral Blood Flow Response to
hypercapia and hypocapia

incomplete cerebral ischemia in a rat model.44,45 In piglets undergoing low-low cardiopulmonary bypass, deslurane improved
neurologic outcome compared with a fentanyl/droperidol-based
anesthetic.46 In humans, deslurane has been shown to increase
brain tissue PO2 during administration, and to maintain PO2 to
a greater extent than thiopental during temporary cerebral artery
occlusion during cerebrovascular surgery.47 Neuroprotection and
clinical outcome studies for sevolurane and deslurane have not
been published.

Postoperative Cognitive Dysfunction
Postoperative cognitive dysfunction (POCD) is deined as impairment to the mental processes of perception, memory, and information processing. These alterations have been shown to increase
morbidity and mortality in the irst year after surgery from causes
such as decubiti, pneumonia, and deep vein thrombosis.48 In the
elderly in particular, subtle cognitive dysfunction can persist long
after expected drug clearance. Despite the inhalational anesthetics
being the most widely administered drugs in most operative settings, relatively few studies have investigated the effects of these
medications on postoperative cognitive outcome.49
The effect of isolurane on POCD has been more widely investigated than that of the other potent agents. As early as 1992, Tsai
et al. reported that deslurane was superior to isolurane in both
emergence characteristics and the recovery of cognitive function.50
Similar indings have been reported with the use of sevolurane
instead of isolurane,51,52 and these results were not inluenced by
the use of premedication, intraoperative opioids, and/or N2O.53
Chen et al.54 have demonstrated that sevolurane and deslurane
have similar proiles when it comes to cognitive recovery, and
multiple other studies have further conirmed this.55 These results
seem to be in conlict with those produced by Kanbak et al. who
demonstrated in cardiopulmonary bypass patients that isolurane
promoted better neurocognitive function than either sevolurane
or deslurane.49 It is clear from the wide variations in the results
available in the literature that more research is required into this
important topic. Further, while the mechanisms involved in the
development of POCD are not well delineated, it seems clear that
all modern anesthetics are associated with its development to one
degree or another.49–53,55–57
As with the potent inhalational anesthetics, use of N2O is also
associated with POCD and delirium, and high doses of N2O seem
to be associated with interference with many cognitive functions.58 Interestingly, the development of postoperative delirium
after exposure to N2O in a mixed anesthetic has a similar incidence to that when not exposed, suggesting that the mechanisms,
while possibly different, are not additive.59,60

Signiicant hypercapnia is associated with dramatic increases
in CBF whether or not volatile anesthetics are administered. As
discussed earlier, hypocapnia can blunt or abolish volatile anesProcessed Electroencephalograms
8 thetic-induced increases in CBF depending on when the hypoand Neuromonitoring
capnia is produced. This vasoreactivity to CO2 may be somewhat
altered by the volatile anesthetics as compared with normal. 9 All of the volatile anesthetics produce dose-dependent effects on
Isolurane does not abolish hypocapnic vasoconstriction.41 Simithe EEG, sensory-evoked potentials (SEPs), and motor-evoked
larly, CO2 vasoreactivity under deslurane anesthesia is normal
potentials (MEPs). EEGs recorded on the scalp can be processed
up to 1.5 MAC,30 and CO2 vasoreactivity for sevolurane is preto quantify the amount of activity in each of four frequency bands:
Delta (0 to 3 Hz), theta (4 to 7 Hz), alpha (8 to 13 Hz), and beta
served at 1 MAC.42
(>13 Hz). All three currently used agents at <1 MAC and N2O at
30% to 70% can produce shifts to increasing frequencies. Between
Cerebral Protection
1 and 2 MAC the potent agents produce shifts to decreasing frequencies and increases in amplitude. At >2 MAC, all of the potent
When isolurane is used to lower BP and cerebral perfusion, tisagents can produce burst suppression or electrical silence. These
sue oxygen content is improved as compared to a similar BP
are important factors to remember because EEG changes dureffect created by other pharmacologic means. The improvement
ing administration of general anesthesia can also be caused by
is most likely due to the beneicial effect of isolurane to decrease
hypoxia, hypercarbia, and hypothermia. The EEG must always be
CMRO2.43 Both sevolurane and deslurane have been shown to
interpreted within the appropriate clinical context.
improve neurologic outcome in comparison to N2O-fentanyl after
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autoregulation of CBF, both deslurane and isolurane reduced
autoregulation in a dose-dependent manner (Fig. 17-13).
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All of the volatile agents cause a dosedependent increase in
latency and decrease in amplitude in all cortical SEP modalities.
In subcortical modalities, such as brainstem auditory evoked
potentials, these agents are associated with negligible effects. In
general, visual evoked potentials are somewhat more sensitive to
the effects of the volatile anesthetics than somatosensory evoked
potentials. Like EEGs, these effects from anesthetics must be kept
in mind when changes during SEPs occur, and appropriate doses
of the volatile agents must be used. Sudden changes in the anes
thetic regimen (>0.5 MAC) also seem to have greater effects on
SEPs than more gradual changes.
MEPs evaluate the functional integrity of descending motor
pathways. The evoked response is most commonly recorded as
a muscle potential or a peripheral nerve signal. The trigger is
typically transosseous activation via electrical or magnetic stim
ulation. MEPs are exquisitely sensitive to depression by volatile
anesthetics, which are usually avoided in these cases.

Change in Heart Rate
50

Beats/min
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THE CIRCULATORY SYSTEM
hemodynamics
10 The cardiac, vascular, and autonomic effects of the volatile anesthetics have been deined through a number of studies carried out
in human volunteers not undergoing surgery.65–70 In general, the
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The effects of N2O on cerebral physiology are not clear. Both the
MAC for N2O and its effects on CMRO2 vary widely depend
ing on species. The difference in CMRO2 effects may in part be
accounted for by differences in MAC, but MACequivalent effects
on CMRO2 also differ. Several studies in dogs, goats, and swine
found that N2O increases CMRO2 and CBF, while in rodents no
such increases or only slight increases occur. In human studies,
N2O administration preserved CBF but decreased CMRO2.21
Another problem is that N2O is a coanesthetic used to sup
plement potent agents, not a complete anesthetic in itself, and
CMRO2 effects may differ depending on the presence or absence
of potent agent as well as the particular agent and dose. Addition
of N2O to 1 or 2.2 MAC isolurane does not alter CMRO2, but it
does increase CBF at 1 MAC but not 2.2 MAC.
Barbiturates, narcotics, or a combination of the two appear to
decrease or eliminate the increases in CMRO2 and CBF produced
by N2O. The effect of pentobarbital/N2O is dose-dependent, with
preserved increases in CMRO2 by N2O at low-dose pentobarbital,
and no changes in CMRO2 at high-dose pentobarbital.61 N2O and
benzodiazepine coadministration is particularly confusing. Midazolam/N2O in dogs increased CBF but did not alter CMRO2,62
while the opposite was true in rats,63 and both CBF and CMRO2
declined in rats given diazepam/N2O. N2O administration
increases ICP, but as is the case for CMRO2 and CBF, changes
in ICP are decreased or eliminated by a variety of co-anesthetics
and, more importantly, by hypocapnia.
Nitrous oxide appears to have an antineuroprotective effect,
as addition of N2O to isolurane during temporary ischemia is
associated with greater tissue damage and worsened neurologic
outcome.63 In a study in mice, survival time after a hypoxic event
was decreased by addition of N2O.64 Given the conlicting data on
the effects of N2O on CMRO2, CBF, ICP, and the apparent antineuroprotective effect of this agent, avoidance or discontinuation
of its use should be considered in surgical cases with a high likelihood of elevated ICP or signiicant cerebral ischemia.
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FIgURE 17-14. Heart rate and blood pressure changes (from awake
baseline) in volunteers receiving general anesthesia with halothane (H),
enflurane (E), isoflurane (I), desflurane (D), or sevoflurane (S). Halothane
and sevoflurane produced little or no change in heart rate at <1.5 minimum alveolar concentration. All anesthetics caused similar decreases in
blood pressure. (Adapted from: Malan TP Jr, DiNardo JA, Isner RJ, et al.
Cardiovascular effects of sevoflurane compared with those of isoflurane
in volunteers. Anesthesiology. 1995;83:918; Weiskopf RB, Cahalan MK,
Eger EI 2nd, et al. Cardiovascular actions of desflurane in normocarbic
volunteers. Anesth Analg. 1991;73:143; and Calverley RK, Smith NT,
Prys-Roberts C, et al. Cardiovascular effects of enflurane anesthesia during controlled ventilation in man. Anesth Analg. 1978;57:619.)

information from these volunteer studies has translated well to
the patient population commonly exposed to these anesthetics
during elective and emergent surgeries.
A common effect of the potent volatile anesthetics has been
to decrease BP in a dose-related fashion with essentially no differences noted between the volatile anesthetics at equianesthetic concentrations (Fig. 17-14). Their primary mechanism to
decrease BP is via a potent effect to relax vascular smooth muscle
leading to decreases in regional and systemic vascular resistance
(Fig. 17-15). They have only minimal effects on cardiac output.
In volunteers, sevolurane up to about 1 MAC does not change
HR while enlurane, isolurane, and deslurane result in 5% to
10% increases in HR from baseline (Fig. 17-14). Both deslurane
and, to a lesser extent, isolurane have been associated with transient and signiicant increases in HR during rapid increases in the
inspired concentration of either anesthetic.71,72 The mechanism(s)
underlying these transient HR surges is likely due to the relative
pungency of these anesthetics, which stimulates airway receptors
to elicit a relex tachycardia.73 The tachycardia can be lessened
with opioid or α2-agonist pretreatment.74–76
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FIgURE 17-15. Cardiac index, central venous pressure (or right atrial
pressure), and systemic vascular resistance changes (from awake baseline) in volunteers receiving general anesthesia with halothane (H),
enflurane (E), isoflurane (I), desflurane (D), or sevoflurane (S). Increases
in central venous pressure from halothane and desflurane might be due
to different mechanisms. With halothane, the increase might be due to
myocardial depression, whereas with desflurane, the increase is more
likely due to venoconstriction. (Adapted from: Malan TP Jr, DiNardo
JA, Isner RJ, et al. Cardiovascular effects of sevoflurane compared
with those of isoflurane in volunteers. Anesthesiology. 1995;83:918;
Weiskopf RB, Cahalan MK, Eger EI 2nd, et al. Cardiovascular actions
of desflurane in normocarbic volunteers. Anesth Analg. 1991;73:143;
and Calverley RK, Smith NT, Prys-Roberts C, et al. Cardiovascular effects
of enflurane anesthesia during controlled ventilation in man. Anesth
Analg. 1978;57:619.)

myocardial Contractility
Myocardial contractility indices have been directly evalu
ated in animals and indirectly evaluated in human volunteers
during the administration of each of the volatile anesthetics.
Isolurane, deslurane, and sevolurane produced similar dosedependent reductions in indices of myocardial function in an

Control
1.0
1.5
Minimum Alveolar Concentration

FIgURE 17-16. Myocardial contractility indices from chronically
instrumented dogs. For these measurements, pharmacologic blockade
of the autonomic nervous system was established to eliminate neural
or circulating humoral influences on the inotropic state of the heart.
The conscious control data were assigned 100%, and subsequent
reductions in the inotropic state are depicted for both 1 and 1.5 minimum alveolar anesthetic concentrations of sevoflurane, desflurane,
and isoflurane. There were no differences between these three volatile
anesthetics. Mw, slope of the regional preload recruitable stroke work
relationship; dP/dt50, change in pressure per unit of time. (Adapted
from: Pagel PS, Kampine JP, Schmeling WT, et al. Influence of volatile
anesthetics on myocardial contractility in vivo: Desflurane versus isoflurane. Anesthesiology. 1991;74:900; and Harkin CP, Pagel PS, Kersten
JR, et al. Direct negative inotropic and lusitropic effects of sevoflurane.
Anesthesiology. 1994;81:156.)

autonomically denervated dog model (Fig. 17-16). Echocardiographic-determined indices of myocardial function in healthy
humans, including the more noteworthy measurement of the
velocity of circumferential iber shortening (Fig. 17-17) have
not been diminished by isolurane, deslurane, or sevolurane.
However, in cardiac patients with ejection fractions above
40%, 1 MAC sevolurane and deslurane reduced contractility, assessed as dp/dtmax. Despite the small reduction in baseline contractility, the anesthetics did not affect the ability of the
myocardium to respond to an acute increase in cardiac preload.
Thus, functional reserve of the heart was not impaired by the
volatile anesthetics.77 In addition, when comparing sevolurane
and deslurane to propofol in cardiac patients with impaired
ventricular function after CABG surgery, the volatile anesthetics preserved and propofol worsened ventricular responses to
acute increases in preload.78
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Cardiac Dysrhythmic Dose of Epinephrine
During ~1 MAC Anesthesia
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FIgURE 17-17. Noninvasive assessment of myocardial contractility
with echocardiography during anesthesia in volunteers. Sevoflurane,
desflurane, and isoflurane did not cause changes suggestive of myocardial depression. (Adapted from: Malan TP Jr, DiNardo JA, Isner RJ,
et al. Cardiovascular effects of sevoflurane compared with those of
isoflurane in volunteers. Anesthesiology. 1995;83:918; Weiskopf RB,
Cahalan MK, Eger EI 2nd, et al. Cardiovascular actions of desflurane
in normocarbic volunteers. Anesth Analg. 1991;73:143; and Calverley
RK, Smith NT, Prys-Roberts C, et al. Cardiovascular effects of enflurane
anesthesia during controlled ventilation in man. Anesth Analg. 1978;
57:619.)

Other Circulatory Effects
Most of the volatile anesthetics have been studied during both
controlled and spontaneous ventilation.67,69,79 The process of
spontaneous ventilation reduces the high intrathoracic pressures
from positive pressure ventilation. The negative intrathoracic
pressure during the inspiratory phase of spontaneous ventilation
augments venous return and cardiac illing and improves cardiac
output and BP. Spontaneous ventilation is associated with higher
PaCO2, causing cerebral and systemic vascular relaxation. This
contributes to an improved cardiac output via afterload reduction. Spontaneous ventilation in theory, would improve the
safety of volatile anesthetic administration because the anesthetic
concentration that produces cardiovascular collapse exceeds the
concentration that results in apnea.
Nitrous oxide is commonly combined with potent volatile
anesthetics to maintain general anesthesia. Nitrous oxide has
unique cardiovascular actions. It increases sympathetic nervous
system activity and vascular resistance when given in a 40%
concentration.65 When N2O is combined with volatile anesthetics,
systemic vascular resistance and BP are greater than when equipotent concentrations of the volatile anesthetics are evaluated
without N2O.67,80 These effects might not be due solely to sympathetic activation from N2O per se, but may be partially attributed
to a decrease in the concentration of the coadministered potent
volatile anesthetic required to achieve a MAC equivalent when
using N2O.
Oxygen consumption is decreased approximately 10% to 15%
during general anesthesia.81 The distribution of cardiac output
also is altered by anesthesia. Blood low to liver, kidneys, and
gut is decreased, particularly at deep levels of anesthesia. In contrast, blood low to the brain, muscle, and skin is increased or
not changed during general anesthesia.82 In humans, increases
in muscle blood low are noted with isolurane, deslurane, and
sevolurane with minimal differences between anesthetics at equipotent concentrations.83
Isolurane, sevolurane, and deslurane do not sensitize the
heart to the arrhythmogenic effects of epinephrine (Fig. 17-18).

0

Halothane
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FIgURE 17-18. The dose of epinephrine associated with cardiac
arrhythmias in animal and human models was least with halothane. The
ether anesthetics—isoflurane, desflurane, and sevoflurane—required
three- to sixfold greater doses of epinephrine to cause arrhythmias.
(Adapted from: Navarro R, Weiskopf RB, Moore MA, et al. Humans
anesthetized with sevoflurane or isoflurane have similar arrhythmic
response to epinephrine. Anesthesiology. 1994;80:545; Weiskopf RB,
Eger EI 2nd, Holmes MA, et al. Epinephrine-induced premature ventricular contractions and changes in arterial blood pressure and heart
rate during I-653, isoflurane, and halothane anesthesia in swine.
Anesthesiology. 1989;70:293; Hayashi Y, Sumikawa K, Tashiro C, et al.
Arrhythmogenic threshold of epinephrine during sevoflurane, enflurane, and isoflurane anesthesia in dogs. Anesthesiology. 1988;69:145;
and Moore MA, Weiskopf RB, Eger EI 2nd, et al. Arrhythmogenic doses
of epinephrine are similar during desflurane or isoflurane anesthesia in
humans. Anesthesiology. 1993;79:943.)

Volatile anesthetics have direct effects on cardiac pacemaker cells
and conduction pathways.84,85 Sinoatrial node discharge rate is
slowed by the volatile anesthetics and conduction in the His–
Purkinje system and conduction pathways in the ventricle also
is prolonged by the volatile anesthetics. The volatile anesthetics
prolong QTc interval and in theory, especially with a baseline prolongation in myocardial repolarization, may predispose to ventricular tachyarrhythmias including torsade de pointes. Such an
effect has been noted in a child with congenital prolonged QT
syndrome.86 In children studied at steady state 1 MAC, QTc was
more prolonged with deslurane than sevolurane (Fig. 17-19).87
When the effects of sevolurane, propofol, and deslurane on QT
interval dispersion and p dispersion were evaluated in adults,
only deslurane prolonged intervals, although no increase in cardiac dysrhythmias were noted.88

Coronary Steal, myocardial Ischemia,
and Cardiac Outcome
Isolurane (and most other potent volatile anesthetics) increases
coronary blood low many times beyond that of the myocardial
oxygen demand, thereby creating potential for “steal.” Steal is the
diversion of blood from a myocardial bed with limited or inadequate perfusion to a bed with more adequate perfusion; especially
one that has a remaining element of autoregulation.
Despite early worries that the potent vasodilation from isolurane might cause coronary steal, clinical outcome studies have
been unable to ind an association between the use of isolurane
in patients undergoing CABG operations with an increased incidence of myocardial infarction or perioperative death.89–91 This
is in agreement with indings in a chronically instrumented dog
model of multivessel coronary artery obstruction where neither
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FIgURE 17-19. Mean QTc intervals in children, age 1 to 14 years,
after inhalation of 2% sevoflurane or 6% desflurane, both in 66%
N2O/O2. (Adapted from: Aypar E, Karagoz AH, Ozer S, Celiker A, Ocal
T. The effects of sevoflurane and desflurane anesthesia on QTc interval
and cardiac rhythm in children. Pediatr Anaesth. 2007;17:563–567.)

isolurane, sevolurane, or deslurane at concentrations up to 1.5
MAC resulted in abnormal collateral coronary blood low redistribution (steal), whereas adenosine, a potent coronary vasodilator, clearly resulted in abnormal low distribution.92–95
Several studies in patients with coronary artery disease either
undergoing noncardiac or coronary artery bypass graft (CABG)
surgery have demonstrated that myocardial ischemia and outcome from sevolurane was no different from isolurane.96,97
Deslurane also appears to result in similar outcome effects as
isolurane in cardiac patients having CABG98 with one exception. In a study in which deslurane was given without opioids
to patients with coronary artery disease requiring CABG surgery, signiicant ischemia mandating the use of beta-blockers
was noted.99 Deslurane has not been evaluated in terms of ischemia and outcome in a patient population with coronary disease
undergoing noncardiac surgery. Most studies would suggest
that determinants of myocardial oxygen supply and demand,
rather than the anesthetic, are of far greater importance to
patient outcomes.

Cardioprotection from Volatile Anesthetics
A preconditioning stimulus such as brief coronary occlusion and
ischemia initiates a signaling cascade of intracellular events that
reduces ischemia and reperfusion myocardial injury. There is a
memory effect from an ischemic stimulus that offers 2 to 3 hours
of protection. The volatile anesthetics given before (preconditioning) or immediately after (postconditioning) mimic ischemic
preconditioning and trigger a similar cascade of intracellular
events resulting in reduced myocardial injury and myocardial
protection that lasts beyond the elimination of the anesthetic.100
Numerous factors may be involved in the protection, including
the sodium:hydrogen exchanger, activation of opioid, bradykinin
or adenosine receptors (particularly α1 and α2 subtypes), inhibitory G proteins, protein kinase C, tyrosine kinase, and potassium
(KATP) channel opening. Pharmacologic blockade of these factors
reduces or eliminates the cardioprotective effect of ischemic or
volatile anesthetic preconditioning.100,101 Alternatively, administration of certain drugs can mimic ischemic or volatile anesthetic

preconditioning. These include adenosine, opioid agonists, and
KATP channel openers.
Lipophilic volatile anesthetics diffuse through myocardial cell
membranes and alter mitochondrial electron transport, leading
to reactive oxygen species formation.101 This may be the trigger
for preconditioning via protein kinase C activation of KATP channel opening.102,103 Approximately, 30% to 40% of the cardioprotection from the volatile anesthetics appears to be related to a
reduced loading of calcium into the myocardial cells during ischemia. Preconditioned hearts may tolerate ischemia for 10 minutes
longer than nonconditioned hearts.104
While these evolving data generally derive from animal models, there now is increasing evidence in cardiac patient populations that anesthetic cardioprotection lessens myocardial damage
and improve cardiac outcomes during “on and off pump” cardiac surgery.105,106 One meta analysis of 22 trials including nearly
2,000 patients undergoing CABG surgery found that sevolurane
and deslurane compared to a TIVA technique were associated
with a 50% reduction in MI, reductions in cardiac troponin I
peak levels, inotropic support, and all cause mortality, and
shorter periods of mechanical ventilation and ICU stay.107 Sulfonylurea oral hyperglycemic drugs close KATP channels, abolishing anesthetic preconditioning. They should be discontinued 24
to 48 hours prior to elective surgery in high-risk patients.100 But
hyperglycemia also prevents preconditioning, so insulin therapy
should be started when holding oral agents.108 Recent evidence
suggests that volatile anesthetics including xenon, may protect
other organs from ischemic injury, including kidney, liver, and
brain.109–112

Autonomic Nervous System
The autonomic nervous system is modulated by baroreceptor
relex mechanisms. Studies have examined the behavior of the
arterial barorelex system during a hypotensive or hypertensive
stimulus by evaluating changes in HR and sympathetic nerve activity in humans. Anesthetic mediated, dose-dependent decreases in
relex control mechanisms are evident (Figs. 17-20, 17-21).113–116
These indings may useful in clinical practice. Low concentrations
of volatile anesthetics result in only minimal impairment of relex
control mechanisms. Higher concentrations lead to greater reduction in the relex responses to hypovolemia and perhaps an earlier
recognition of the event because diminished relex vasoconstriction and tachycardia to blood loss lead to hypotension, rather
than masking the effect via relex changes. Of note is a more rapid
return of barorelex function with the less soluble anesthetic sevolurane versus isolurane in the postoperative period.117
Deslurane has a unique and prominent effect on sympathetic outlow in humans, which is not apparent in animal models. With increasing steady state concentrations of deslurane,
there is a progressive increase in resting sympathetic nervous
system activity and plasma norepinephrine levels.118 Despite
this increase in tonic sympathetic outlow, BP decreases similarly to sevolurane and isolurane (Fig. 17-14). This raises the
question as to whether deslurane has the ability to uncouple
neuroeffector responses. In addition, deslurane can cause substantial activation of the sympathetic nervous system when the
inspired concentration is increased, especially to concentrations
above 5% to 6% (Fig. 17-22).118 There is a transient surge in
sympathetic outlow leading to both hypertension and tachycardia. In addition, the endocrine axis is activated as evidenced by
15- to 20-fold increases in plasma antidiuretic hormone and epinephrine and norepinephrine (Fig. 17-23). The hemodynamic
response persists for 4 to 5 minutes and the endocrine response
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persists for up to 30 minutes.66,71,72 Adequate concentrations of
opioids or clonidine given prior to increasing the concentration
of deslurane have been shown to attenuate these responses.74–76
The source of the neuroendocrine activation is likely from receptors in both the upper and lower airways that initiate the sympathetic activation.73
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FIgURE 17-20. Summary data of the baroreflex regulation of heart
rate (R–R interval) in response to a decreasing pressure stimulus
(sodium nitroprusside) or in response to an increasing pressure stimulus
(phenylephrine). These data were acquired in healthy volunteers who
were randomized to receive isoflurane, desflurane, or sevoflurane.
With increasing minimum alveolar anesthetic concentration, each of
the volatile anesthetics led to a progressive reduction in the cardiac
baroslope (an index of baroreflex sensitivity derived by relating changes
in mean pressure to changes in R–R interval). There were no statistical differences between anesthetics. (Adapted from: Ebert TJ, Harkin CP,
Muzi M. Cardiovascular responses to sevoflurane: A review. Anesth
Analg. 1995;81:S11.)
11

THE pULMONARY SYSTEM
General Ventilatory Effects
All volatile anesthetics decrease tidal volume and increase respiratory rate such that there are only minor effects on decreasing minute ventilation (Fig. 17-24). The ventilatory effects
are dose-dependent, with higher concentrations of volatile

Muscle Sympathetic Nerve Activity
100
Bursts/100 Cardiac Cycles

FIgURE 17-22. Consecutive measurements of sympathetic nerve activity (SNA; mean ± SE) from human
volunteers during induction of anesthesia with propofol and the subsequent mask administration of
sevoflurane or desflurane for a 10 minute period.
The inspired concentration of these anesthetics was
increased at 1 minute intervals beginning after propofol administration (0.41 MAC of sevoflurane and
desflurane). In both groups, propofol reduced SNA
and mean arterial pressure. Desflurane resulted in
significant increases in SNA that persisted throughout
the 10 minute mask administration period. (Adapted
from: Ebert TJ, Muzi M, Lopatka CW. Neurocirculatory
responses to sevoflurane in humans. A comparison to
desflurane. Anesthesiology. 1995;83:88.)
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FIgURE 17-21. The sympathetic baroreflex function of healthy volunteers randomized to receive isoflurane, desflurane, or sevoflurane. The
slope (sensitivity) is the relationship between decreasing diastolic pressure and increasing efferent sympathetic nerve activity. The reflex regulation of sympathetic outflow was fairly well preserved at 0.5 and 1.0
minimum alveolar anesthetic concentration (MAC) of anesthetic. At
1.5 MAC, there was a 50% decrease in the slope with all anesthetics.
(Adapted from: Ebert TJ, Harkin CP, Muzi M. Cardiovascular responses
to sevoflurane: A review. Anesth Analg. 1995;81:S11.)
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FIgURE 17-23. Stress hormone responses to a rapid increase in anesthetic concentration, from 4% to 12% inspired. Volunteers given desflurane showed a larger increase in plasma epinephrine and norepinephrine concentrations than when given
isoflurane. Data are mean ± SE. A = awake value; B = value after 32 minutes of 0.55 minimum alveolar concentration; time
represents minutes after the first breath of increased anesthetic concentration. (Adapted from: Weiskopf RB, Moore MA, Eger
EI II, et al. Rapid increase in desflurane concentration is associated with greater transient cardiovascular stimulation than with
rapid increase in isoflurane concentration in humans. Anesthesiology. 1994;80:1035.)
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depression can be partially antagonized during surgical stimulation where respiratory rate and tidal volume have been shown
to increase, resulting in a decrease in the Paco2. Nitrous oxide
increases respiratory rate as much or more than the inhaled
anesthetics. When N2O is added to sevolurane or deslurane,
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FIgURE 17-24. Comparison of mean
changes in resting PaCO2, tidal volume,
respiratory rate, and minute ventilation
in patients anesthetized with either halothane, isoflurane, enflurane, sevoflurane,
desflurane, or N2O (N). Anesthetic-induced
tachypnea compensates in part for the
ventilatory depression caused by all volatile anesthetics (decrease in minute ventilation and tidal volume, and concomitant
increase in PaCO2). Desflurane results in the
greatest increase in PaCO2 with corresponding reductions in tidal volume and minute
ventilation. Isoflurane, like all other inhaled
agents, increases respiratory rate, but does
not result in dose-dependent tachypnea.
(Adapted from: Lockhart SH, Rampil IJ,
Yasuda N, et al. Depression of ventilation
by desflurane in humans. Anesthesiology.
1991;74:484; Doi M, Ikeda K. Respiratory effects of sevoflurane. Anesth Analg.
1987;66:241; Fourcade HE, Stevens WC,
Larson CP Jr, et al. The ventilatory effects
of Forane, a new inhaled anesthetic. Anesthesiology. 1971;35:26; and Calverley RK,
Smith NT, Jones CW, et al. Ventilatory and
cardiovascular effects of enflurane anesthesia during spontaneous ventilation in
man. Anesth Analg. 1978;57:610.)
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anesthetics resulting in greater decreases in tidal volume and
greater increases in respiratory rate, with the exception of iso
lurane, which does not increase respiratory rate above 1 MAC.
Their net effect of a gradual decrease in minute ventilation has
been associated with increasing resting Paco2. The respiratory
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resting Paco2 decreases relative to equiMAC concentrations of
sevolurane or deslurane in O2.

Ventilatory mechanics
FRC is decreased during general anesthesia; this has been
explained by a number of mechanisms including a decrease in
the intercostal muscle tone, alteration in diaphragm position,
changes in thoracic blood volume, and the onset of phasic expiratory activity of respiratory muscles. About 40% of the muscular work of breathing is via intercostal muscles and about 60%
is from the diaphragm. During anesthesia, the diaphragmatic
muscle function is relatively spared when contrasted to the parasternal intercostal muscles. However, inspiratory rib cage expansion is reasonably well maintained during anesthesia because of
preserved activity of the scalene muscles. Expiration is generally
considered a passive function mediated by the elastic recoil of the
lung. The process of applying a resistance or load to expiration
typically results in a slowing of respiration, but under anesthesia,
further responses include a substantial asynchrony of the thoracic
movements with respiration. This suggests that in patients with
pulmonary disease associated with increased expiratory resistance, the act of spontaneous ventilation during general anesthesia might be poorly tolerated.
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FIgURE 17-26. Influence of 0.1 minimum alveolar concentration
(MAC) of five volatile anesthetic agents on the ventilatory response to a
step decrease in end-tidal oxygen concentration. Values are mean ± SD.
Subanesthetic concentrations of the volatile anesthetics, except desflurane and sevoflurane, profoundly depress the response to hypoxia.
(Adapted from: Sarton E, Dahan A, Teppema L, et al. Acute pain
and central nervous system arousal do not restore impaired hypoxic
ventilatory responses during sevoflurane sedation. Anesthesiology.
1996;85:295.)

Response to Carbon Dioxide and hypoxemia
In conscious humans, the central chemoreceptors respond vigorously to changes in arterial carbon dioxide tension such that
minute ventilation increases 3 L/min per a 1 mm Hg increase in
Paco2. All of the inhaled anesthetics produce a dose-dependent
depression of the ventilatory response to hypercarbia (Fig. 17-25).
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FIgURE 17-25. All inhaled anesthetics produce similar dose-dependent
decreases in the ventilatory response to carbon dioxide (CO2). N2O,
nitrous oxide. (Adapted from Eger EI 2nd. Desflurane. Anesth Rev. 1993;
20: 87; and Doi M, Ikeda K: Respiratory effects of sevoflurane. Anesth
Analg. 1987;66: 241.)

The addition of N2O to a volatile anesthetic has been thought
to diminish Paco2 responses less than an equi-MAC dose of the
anesthetic alone. The threshold where respiratory drive ceases is
called the apneic threshold. It is generally 4 to 5 mm Hg below the
prevailing resting Paco2 in a spontaneously breathing patient. It is
unrelated to the slope of the CO2 response curves or to the level of
the resting Paco2. The clinical relevance of this threshold may be
realized when assisting ventilation in an anesthetized patient who
is breathing spontaneously. This only serves to lower the Paco2 to
approach that of the apneic threshold, therefore mandating more
control of ventilation.
Inhaled anesthetics, including N2O, also produce a dosedependent attenuation of the ventilatory response to hypoxia.
This action appears to depend on the peripheral chemoreceptors. In fact, even subanesthetic concentrations of volatile
anesthetics (0.1 MAC) elicit anywhere from a 25% to 75%
depression of the ventilatory drive to hypoxia (Fig. 17-26). The
extreme sensitivity of the volatile anesthetics to inhibit ventilatory responses to hypoxia has important clinical implications,
especially in patients who depend on hypoxic drive to set their
level of ventilation, such as those with chronic respiratory failure or patients with obstructive sleep apnea. Residual effects of
volatile anesthetics would be unwanted in the recovery room.
In this regard, the short-acting anesthetics (sevolurane and
deslurane) may prove advantageous because of their more
rapid washout and their minimal effect on hypoxic sensitivity
at subanesthetic concentrations.

Bronchiolar Smooth muscle Tone
Bronchoconstriction under anesthesia can result: (1) from direct
stimulation of the laryngeal and tracheal areas, (2) from the
administration of adjuvant drugs that cause histamine release,
and (3) from noxious stimuli activating vagal afferent nerves. The
relex response to these stimuli may be greater in lightly versus

FIgURE 17-27. Changes in respiratory system resistance
expressed as a percentage of the baseline recorded after tracheal
intubation but prior to administration of sevoflurane or desflurane
to the inspired gas mixture. Airway resistance responses to sevoflurane were significantly different from desflurane (*p < 0.05).
(Adapted from: Goff MJ, Arain SR, Ficke DJ, et al. Absence of
bronchodilation during desflurane anesthesia: A comparison to
sevoflurane and thiopental. Anesthesiology. 2000;93:404.)
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deeply anesthetized patients.119 The response also is enhanced
in patients with known reactive airway disease, including those
requiring bronchodilator therapy or those with chronic smoking
histories.
Airway smooth muscle extends as far distally as the terminal
bronchioles and is under the inluence of both parasympathetic
and sympathetic nerves. The volatile anesthetics relax airway
smooth muscle primarily by directly reducing smooth muscle
tone and indirectly by inhibiting the relex neural pathways.120
Direct effects of the volatile anesthetics partially depend on an
intact bronchial epithelium, suggesting that epithelial damage
or inlammation secondary to asthma or a respiratory virus may
lessen their bronchodilating effect.121 In animal models studying 4th order bronchi, deslurane and sevolurane were better
bronchodilators than isolurane.121 The dilation was epitheliumdependent and mediated in part by a cyclooxygenase product
and nitric oxide. In humans, early administration of deslurane
after tracheal intubation and high concentrations (1.5 MAC) at
steady state lessen the decrease in respiratory system resistance
seen with sevolurane (Fig. 17-27).122,123 This may be attributed to a
direct effect on bronchial smooth muscle from the pungency of
deslurane. Volatile anesthetics have been used effectively to treat
status asthmaticus when other conventional treatments have
failed.124,125

mucociliary Function

10

anesthetics is offset by anesthetic-related decreases in cardiac output, resulting in little or no change in pulmonary artery pressures
and pulmonary blood low. Even N2O, which has little effect on
cardiac output and pulmonary blood low, has at most a small
effect to increase pulmonary vascular resistance. However, pulmonary vascular constriction from N2O may be magniied in
patients with resting pulmonary hypertension.127
Perhaps more important in terms of volatile anesthetics and
pulmonary blood low is their potential to attenuate hypoxic pulmonary vasoconstriction (HPV). During periods of hypoxemia,
HPV reduces blood low to underventilated areas of the lung,
thereby diverting blood low to areas of the lung with greater ventilation. The net effect is to improve the V/Q matching, resulting
in a reduced amount of venous admixture and improved arterial oxygenation. Although all of the modern inhaled anesthetics in high concentrations have been shown to attenuate HPV in
animal models, the situation is less clear in patient studies. This
may relect the multifactorial effects of the volatile anesthetics on
factors involved in pulmonary blood low, including their cardiovascular, autonomic, and humoral actions. Furthermore, nonpharmacologic variables impair HPV, including surgical trauma,
temperature, pH, Paco2, size of the hypoxic segment, and intensity of the hypoxic stimulus. One-lung ventilation (OLV) serves
as a model where HPV should lessen the expected decrease in
Pao2 and intrapulmonary shunt fraction (Qs/Qt). In patients
undergoing OLV during thoracic surgery, volatile anesthetics
have had minimal effects on Pao2 and Qs/Qt when changing from
two-lung ventilation to OLV (Fig. 17-28).128,129

Ciliated respiratory epithelium extends from the trachea to the
terminal bronchioles. Cells and glands in the tracheobronchial
tree secrete mucus that captures surface particles for transport
via ciliary action. There are a number of factors involved in
HEpATIC EFFECTS
diminished mucociliary function, particularly in the mechanically ventilated patient where dried, inspired gases impair ciliary
12 Unlike most intravenous anesthetic drugs, modern-day volatile
movement, thicken the protective mucus, and reduce the abilanesthetics undergo minimal liver metabolism, and because they
ity of mucociliary function to transport surface particles out of
are excreted primarily via the lungs, it is not surprising that they
the airway. Volatile anesthetics and N2O reduce ciliary moveminimally affect hepatic function. The various factors that are
ment and alter the characteristics of mucus.126 Smokers have
known to affect drug metabolism, such as age, disease, genetics,
impaired mucociliary function, and the combination of a volatile
and enzyme-inducing agents, have minor effects on the excretion
anesthetic in a smoker who is mechanically ventilated sets up a
of the volatile anesthetics.
scenario for inadequate clearing of secretions, mucus plugging,
There are two distinct mechanisms by which anesthetics have
atelectasis, and hypoxemia.
caused hepatitis; both discussed in Chapter 45 on hepatic anatomy function and physiology.
Another consideration is convincing evidence that volatile
anesthetics can infer organ protection from ischemic injury (disPulmonary Vascular Resistance
cussed earlier in the chapter). When sevolurane was compared
to propofol anesthesia in a prospective, randomized study of 320
Although systemic vascular smooth muscle is notably affected by
patients undergoing CABG surgery, postoperative biochemical
the volatile anesthetics, the pulmonary vascular relaxation from
markers of hepatic dysfunction were lower after the sevoluraneclinically relevant concentrations of inhaled anesthetics is minibased anesthetic.111
mal. The small amount of pulmonary vasodilation from volatile
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deslurane, sevolurane, and isolurane acted similarly to enhance
the effect of cisatracurium on neuromuscular function.131 This
may relate to structural differences of the benzylisoquinolines
versus aminosteroid neuromuscular blocking drugs.
MH is a clinical syndrome of acute, uncontrolled, increased
13 skeletal muscle metabolism resulting in heightened oxygen consumption, lactate formation, heat production, and rhabdomyolysis. The hallmark indings of MH are a rapidly rising temperature,
increasing up to 1°C every 5 minutes along with increasing endtidal CO2, arrhythmias, and skeletal muscle rigidity. Susceptibility
to MH is inherited and is transmitted as an autosomal dominant
genetic disorder with reduced penetrance and variable expression. While N2O and xenon are considered safe in MH-susceptible
patients, all of the potent volatile anesthetics serve as triggers for
MH in these patients.136,137
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FIgURE 17-28. Shunt fraction (top panel) and the alveolar–arterial
oxygen gradient (bottom) immediately before, during, and after onelung ventilation (OLV) in patients anesthetized with desflurane or isoflurane. Data are means. (Adapted from: Pagel PS, Fu JL, Damask MC, et al.
Desflurane and isoflurane produce similar alterations in systemic and pulmonary hemodynamics and arterial oxygenation in patients undergoing
one-lung ventilation during thoracotomy. Anesth Analg. 1998;87:800.)

NEUROMUSCULAR SYSTEM AND
MALIgNANT HYpERTHERMIA
The inhaled anesthetics have two important actions on neuro
muscular function. They directly relax skeletal muscle and they
potentiate the action of neuromuscular blocking drugs.130,131
Nitrous oxide does not relax skeletal muscles. The direct effects
of potent volatile anesthetics to relax skeletal muscle are most
prominent above 1 MAC and an enhanced effect, by another 40%
has been noted in patients with myasthenia gravis.132
Volatile anesthetic potentiation of neuromuscular block
ade has been well documented. For example, the infusion rate
of rocuronium required to maintain neuromuscular blockade
is 30% to 40% less during isolurane, deslurane, and sevolurane compared with propofol.133 A similar left shift in the doseresponse relationship has been observed with cisatracurium
during volatile anesthetic administration versus during intravenous anesthesia.131 While the mechanism of volatile anesthetic
potentiation of the neuromuscular blocking drugs is not entirely
clear, it appears to be largely because of a postsynaptic effect at
the nicotinic acetylcholine receptor located at the neuromuscular
junction. Speciically, at the receptor level, the volatile anesthetics act synergistically with the neuromuscular blocking drugs to
enhance their action.134 The degree of enhancement is related to
their aqueous concentration so that at equi-MAC concentrations,
the less potent anesthetics (e.g., deslurane and sevolurane vs.
isolurane) should have a greater inhibitory effect on neuromuscular transmission.135 However, at equipotent concentrations,

The possibility of a health hazard from brief but chronic exposures to volatile anesthetics directly or as waste gases has been
sought for several decades, and is probably nonexistent or at best
minimal. The Ames test has been applied as a test for mutagenicity or carcinogenicity and has been negative for isolurane, deslurane, sevolurane, and N2O. Genotoxicity can be inferred by
demonstrating sister chromatid exchanges (SCE) in lymphocytes
from peripheral blood. Deslurane but not sevolurane transiently increased the frequency of SCE.138,139 The clinical implications of these indings are not clear in relation to the negative
Ames test. Nonetheless, the National Institute for Occupational
Safety and Health has set exposure limits of 25 ppm for N2O and
2 ppm for volatile anesthetics. Scavenging systems seem important in limiting anesthesia provider exposure. In a recent study
evaluating anesthesia providers working in an unscavenged OR
where average sevolurane exposure was 9 ppm and N2O exposure was 119 ppm, SCE were noted at nearly three times the control group, and the SCE effect was reversible after 2 months out
of the OR.140 In contrast, when a scavenging system was in place
and exposures were limited to solely sevolurane with a time
weighted average of 0.2 ppm, only minor increases in SCE could
be detected from lymphocytes.141
Volatile anesthetics can be teratogenic in animals,142 but do
not cause teratogenicity in humans. Mazze and Källén evaluated
5,405 surgeries in 2 million patients and found no increase in teratogenicity.143 Nitrous oxide decreases the activity of vitamin B12dependent enzymes, methionine synthetase (MS) and thymidylate
synthetase. The mechanism appears to be an irreversible oxidation
of the cobalt atom of vitamin B12 by N2O; for example, there is a
50% inactivation of MS after exposure to 46 minutes of 70% N2O.
This might affect the rapidly developing embryo/fetus because MS
and thymidylate synthetase are involved in the formation of myelin
and the formation of DNA, respectively. Megaloblastic changes in
bone marrow are consistently observed in patients exposed to
N2O for 24 hours, and 4 days of exposure to N2O has resulted in
agranulocytosis. Furthermore, animals exposed to 15% N2O for
several weeks developed neurologic changes including spinal cord
and peripheral nerve degeneration and ataxia. A sensory motor
polyneuropathy that is often combined with signs of posterior lateral spinal cord degeneration has been described in humans who
chronically inhale N2O for recreational use.144
Uterine smooth muscle tone is diminished by volatile anesthetics in similar fashion to the effects of volatile anesthetics on
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FIgURE 17-29. Compound A levels produced from three carbon
dioxide absorbents during 1 minimum alveolar concentration sevoflurane anesthesia delivered to volunteers at 1 L/min fresh gas flow (mean
± SE). Gas samples were taken from the inspired limb of the anesthesia
circuit. *Different from barium hydroxide lime or soda lime (p < 0.05).
(Adapted from: Mchaourab A, Arain SR, Ebert TJ. Lack of degradation
of sevoflurane by a new carbon dioxide absorbent in humans. Anesthesiology. 2001;94:1007.)

Barium hydroxide lime produces more compound A than soda
lime and this can be attributed to slightly higher absorbent temperature during CO2 extraction (Fig. 17-29).156 Desiccated barium hydroxide lime also has been implicated in the heat and ires
associated with sevolurane, discussed later. This absorbent has
been removed from the US market.
In patients and volunteers receiving sevolurane in closed circuit or low-low delivery systems, inspired compound A concentrations averaged 8 to 24 ppm and 20 to 32 ppm with soda lime
and barium hydroxide lime, respectively.157–160 Total exposures
as high as 320 to 400 ppm·hr have had no clear effect on clinical markers of renal function.161–163 In randomized and prospective volunteer and patient studies, no adverse renal effects from
low-low (0.5 to 1.0 L/min) or closed circuit sevolurane anesthesia were detected using both standard clinical markers of renal
function (serum creatinine and blood urea nitrogen concentrations) and experimental markers of renal function and structural
integrity (proteinuria, glucosuria, and enzymuria).158–160,162,164–166
In a prospective, multicenter, randomized study in patients with
preexisting renal disease, there were no adverse renal effects of
long duration, low-low sevolurane.167,168 The majority of countries that have approved sevolurane for clinical use have no low
restriction, perhaps because of the proven safety of sevolurane in
scientiic studies. Pharmacovigilance supports the science; there
has not been a single case report of renal injury directly attributable to sevolurane after nearly two decades of use.
One explanation for the inconsistency between the early rat
studies and human studies in terms of renal injury from compound A may be related to species differences in the metabolism
of compound A. The biodegradation of compound A to cysteine
conjugates and the further action of a renal enzyme called β-lyase
on the conjugates can result in formation of a potentially toxic thiol.
The β-lyase-dependent metabolism pathway in humans is far less
extensive than the β-lyase pathway in rats (8–30 times less active).169
Thus, compared with rats, humans (1) receive markedly lower doses
of compound A, (2) metabolize a lower fraction of compound A via
the renal β-lyase pathway, and (3) have not suffered renal injury.

Sevolurane undergoes base-catalyzed degradation in carbon dioxCarbon monoxide and heat
ide absorbents to form a vinyl ether called compound A. The production of compound A is enhanced in low low or closed circuit 14 Carbon dioxide (CO2) absorbents degrade sevolurane, deslurane,
breathing systems and by warm or very dry CO2 absorbents.154,155
and isolurane to carbon monoxide (CO) when the normal water
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vascular smooth muscle. There is a dosedependent decrease in
spontaneous myometrial contractility that is consistent among
the volatile anesthetics. Deslurane and sevolurane also inhibit
the frequency and amplitude of myometrial contractions induced
by oxytocin in a dose-dependent manner.145 Uterine relaxation/
atony can become problematic at concentrations of volatile anesthesia >1 MAC, and might delay the onset time of newborn respiration.146 Consequently, a common technique used to provide
general anesthesia for urgent cesarean sections is to administer
low concentrations of the volatile anesthetic, such as 0.5 to 0.75
MAC, combined with N2O. This decreases the likelihood of uterine atony and blood loss, especially at a time after delivery when
oxytocin responsiveness of the uterus is essential. In some situations, uterine relaxation may be desirable, such as to remove a
retained placenta. In this case, a brief, high concentration of a
volatile anesthetic may be advantageous.
There has been an ongoing concern about the incidence of
spontaneous abortions in operating room personnel chronically
exposed to trace concentrations of inhaled anesthetics, especially
N2O.147 Early epidemiologic studies suggested that operating
room personnel had an increased incidence of spontaneous abortions and congenital abnormalities in offspring. However, subsequent analysis of the data suggests that inaccurate study design,
confounding variables, and nonresponders might have led to
lawed conclusions.148 In prospective studies, no causal relationship has been shown between exposure to waste anesthetic gases
and adverse health effects, regardless of the presence or absence of
scavenging systems. Despite the unproven inluence of trace concentrations of the volatile anesthetics on fetal development and
spontaneous abortions, concerns for an adverse inluence have
resulted in the use of scavenging systems to remove anesthetic
gases from the operating room and have led to the establishment
of standards for waste gas exposure.
In terms of neonatal effects from general anesthesia, Apgar
scores and acid–base balance are not affected by anesthetic technique, such as spinal versus general.149 More sensitive measures
of neurologic and behavioral function, such as the Scanlon Early
Neonatal Neurobehavioral Scale and the Neurologic and Adaptive Capacities Score (NACS) indicate some transient depression
of scores following general anesthesia that resolves at 24 hours
after delivery.149,150
Neonatal brain development is a complicated yet intricate process of excess neuron generation followed by apoptosis (selective
cell death). Recent studies have shown accelerated neuronal apoptosis in neonatal rat brains exposed to volatile anesthetics leading to
behavioral anomalies. In a neonatal murine model, deslurane produced more neuroapoptosis than isolurane and sevolurane, and
had a negative effect on working memory.151 It is unclear if the indings in rodents can be extrapolated to humans, as the period of peak
vulnerability with rapid synaptogenesis in rodents is very brief and
easily exposed to an anesthetic. The equivalent period in humans
extends from mid-gestation to several years after birth.152,153

Inspired Compound A
(ppm)
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content of the absorbent (13% to 15%) is markedly decreased to
<5%.170–172 The degradation is the result of an exothermic reaction
of the anesthetics with the absorbent. The anesthetic molecular
structure and the presence of a strong base in the carbon diox
ide absorbent are involved in the formation of CO.171 Deslurane
and isolurane contain a diluoromethoxy moiety that is essential
for the formation of CO. When studies are conducted with CO2
absorbents maintained at or just above room temperature, deslurane given at just under 1 MAC produced up to 8,000 ppm of
CO versus 79 ppm with nearly 2 MAC sevolurane.172 In desiccated barium hydroxide, CO production from deslurane was
nearly threefold higher than with soda lime. In normal clinical
use, CO2 canister temperatures are 25°C to 45°C, but can be
higher when employing a very low fresh gas low. In a laboratory setting, when CO2 canister temperature is not controlled and
sevolurane is administered to desiccated barium hydroxide, the
exothermic reaction can substantially increase canister temperatures. If the canister temperature exceeds 80°C, signiicant CO
production is noted with sevolurane.170 Instances of CO poisoning of patients have been reported in situations where the CO2
absorbent has been presumably desiccated because an anesthetic
machine had been left on with a high fresh gas low passing
through the CO2 absorbent over an extended period of time.173–176
In an experimental setting, overnight drying of barium hydroxide
for 14 hours at 10 L/min fresh gas low did not result in signiicant
CO production from deslurane, whereas 24 to 66 hours of fresh
gas low drying produced signiicant CO production.177
Although deslurane produces the most CO with desiccated
CO2 absorbers, the reaction with sevolurane produces the most
heat.178 The strong exothermic reaction has caused signiicant
heat production, ires, and patient injuries.179–181 Although sevolurane is not lammable at <11%, formaldehyde, methanol, and
formate have been identiied,182 and these alone or in combination
with oxygen might be lammable at high canister temperatures.
In experimental settings, long exposure of 1 MAC sevolurane to
desiccated barium hydroxide resulted in canister temperatures
in excess of 300°C, which can be associated with smoldering,
melting of plastic components, explosions, and ires.170 Barium
hydroxide has been removed from the US market.
There are newer CO2 absorbents that do not degrade anesthetics (to either compound A or CO), and they should reduce exothermic reactions. “From a patient safety perspective, widespread
adoption of a nondestructive CO2 absorbent should be axiomatic.”183 Although the cost of these new CO2 absorbents, Amsorb
Plus (Armstrong Medical, Coleraine, UK) and DrägerSorb Free
(Dräger, Lübek, Germany), is higher and the absorptive capacity
may be lower than either barium hydroxide lime or soda lime, their
beneit may be substantial. The use of a nondestructive absorbent
eliminates all of the potential complications related to anesthetic
breakdown and therefore minimizes the possibility of additional
costs from those complications, including additional laboratory
tests, hospital days, and medical/legal expenses. Adoption of these
new absorbents into routine clinical practice is consistent with the
patient safety goals of our anesthesia society.

Generic Sevoflurane Formulations
Generic formulations of sevolurane were introduced into the
clinical market in 2006. The methods for synthesizing sevolurane differ between manufacturers.184 Although the active ingredient of sevolurane from different manufacturers is chemically
equivalent, the water content in the formulations differs and this
accounts for their different resistances to degradation to hydrogen
luoride when exposed to a Lewis acid (metal halides and metal

oxides that are present in modern-day vaporizers). Adding water
to the formulation inhibits the action of Lewis acids to degrade
sevolurane to hydrogen luoride. The formulation of Abbott Labs
was changed to contain 300 to 400 ppm of water, based on an
early adverse experience with hydrogen luoride formation from
a lower water formulation in 1996. One generic formulation with
a low water content has been shown in clinical and laboratory
studies to degrade to toxic and corrosive hydrogen luoride.185
One report indicates that the Penlon Sigma Delta sevolurane
vaporizer can degrade a low-water formulation of sevolurane,
resulting in etching of the sight glass and corrosion of the plastic
on the vaporizer and discoloration of the anesthetic.186 Whether
these differences in formulation lead to patient safety issues
remains to be seen.

ANESTHETIC METAbOLISM
Fluoride-induced Nephrotoxicity
The metabolism of enlurane can result in a well-described injury
to renal collecting tubules.187,188 The nephrotoxicity presents as a
high-output renal insuficiency that is unresponsive to vasopressin and is characterized by dilute polyuria, dehydration, serum
hypernatremia, hyperosmolality, elevated blood urea nitrogen,
and creatinine. An association between increased plasma luoride concentrations and metabolism led to a “luoride hypothesis.” This hypothesis has been reexamined recently in part
because sevolurane undergoes 5% metabolism leading to transient increases in serum luoride concentrations without a renalconcentrating defect. The traditional hypothesis stated that both
the duration of the high systemic luoride concentrations (area
under the luoride-time curve) and the peak luoride concentration (peaks above 50 µM appear to represent the toxic threshold)
were related to nephrotoxicity (Fig. 17-30). The safety of sevolurane with regard to luoride concentrations may be the result of
a rapid decline in plasma luoride concentrations because of less
availability of the anesthetic for metabolism from a faster washout compared with enlurane.189 In addition, the potential for
toxicity from relatively high plasma levels of luoride following
long exposure to sevolurane is offset by the minimal amount of
renal deluorination and this may explain its relative absence of
renal-concentrating defects.190

CLINICAL UTILITY OF VOLATILE
ANESTHETICS
For Induction of Anesthesia
The appeal of mask induction in the adult population centers on
the potential safety and utility of this technique.191–193 Sevolurane is potent, poorly soluble in blood, nonpungent, and therefore inhaled easily. Spontaneous ventilation is preserved with a
gas induction since patients essentially regulate their own depth
of anesthesia (too much sevolurane would suppress ventilation).
Clinical studies indicate that stage two excitation is avoided with
high concentrations of sevolurane. The typical time to loss of
consciousness is 60 seconds when delivering 8% sevolurane
via the face mask. Sevolurane also has been administered by
mask as an approach to the dificult adult airway because it preserves spontaneous ventilation and does not cause salivation.194
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FIgURE 17-30. Plasma inorganic fluoride concentrations (mean ± SE)
before and after 2 to 4 hours of methoxyflurane, enflurane, sevoflurane, isoflurane, and desflurane anesthesia. (Adapted from: Kharasch
ED, Armstrong AS, Gunn K, et al. Clinical sevoflurane metabolism and
disposition. II. The role of cytochrome P450 2E1 in fluoride and hexafluoroisopropanol formation. Anesthesiology. 1995;82:1379; Mazze RI.
Metabolism of the inhaled anaesthetics: Implications of enzyme induction. Br J Anaesth. 1984;56:27S; and Sutton TS, Koblin DD, Gruenke
LD, et al. Fluoride metabolites after prolonged exposure of volunteers
and patients to desflurane. Anesth Analg. 1991;73:180.)

Laryngeal mask placement can be successfully achieved 2 min
utes after administering 7% sevolurane via the face mask.193
The addition of N2O to the inspired gas mixture does not add
signiicantly to the induction sequence. The gas induction technique is improved by pretreatment with benzodiazepines and
worsened with opioid pretreatment because of apnea.192 Importantly, patient acceptance of this technique has been relatively
high, exceeding 90%.191

In the current environment of cost containment, clinicians are
constantly being pressured to use less expensive drugs, including
volatile anesthetics. In terms of eficacy, all of the volatile anesthetics are reasonably similar; that is, they can be used to establish
a state of anesthesia for surgical interventions and can be easily
reversed. A common side effect of the volatile anesthetics is nausea and vomiting. The need for rescue medications to treat nausea
and vomiting after volatile anesthesia needs to be considered in
any legitimate cost analysis. Direct costs are not simply the cost
per milliliter of liquid or cost per bottle of anesthetic. Rather, they
relect the combination of the potency of the drug to establish
a MAC level, the fresh gas low, and the cost of the anesthetic.
Sevolurane, isolurane, and most recently, deslurane are generic
products. Competition between manufacturers will drive down
costs per bottle and costs per MAC-hr of use. The indirect costs
are probably the most dificult to pinpoint, but may be the most
important when evaluating the cost of using the new volatile
anesthetics. Examples of indirect costs include costs associated
with operating room time, time in the postanesthesia care unit
versus bypassing the postanesthesia care unit to a step-down unit,
labor costs, and outcome-related costs, such as time to resume
normal activities.
One of the arguments for using sevolurane and deslurane
has been their relative speed in terms of emergence from anesthesia. This argument has been tempered somewhat by the basic
knowledge that downward titration of volatile anesthetics can
speed emergence times. Even the more soluble drug, isolurane,
can be titrated downward guided by clinical experience and/or a
processed EEG monitor, permitting fast wake-ups regardless of
the choice of anesthetic agent. However, there is strong evidence
to support the use of the less-soluble (but more expensive) drugs
in the longest surgical cases (Fig. 17-31).198 In these cases the high
direct cost of the anesthetic is balanced by the much improved
recovery proile including a more rapid time to emergence and a
more rapid discharge from the recovery room.
Time to Orientation
30
Sevoflurane
Isoflurane

For maintenance of Anesthesia
Minutes

The volatile anesthetics are clearly the most popular drug used
to maintain anesthesia. They are easily administered via inhalation, they are readily titrated, they have a high safety ratio in terms
of preventing recall, and the depth of anesthesia can be quickly
adjusted in a predictable way while monitoring tissue levels via
end-tidal concentrations. They are effective regardless of age or
body habitus. They have some properties that prove beneicial
in the operating room, including relaxation of skeletal muscle,
preservation of cardiac output and cerebral blood low, relatively
predictable recovery proiles, and organ protection from ischemic
injury. Some of the drawbacks to the use of the current volatile
anesthetics are their absence of analgesic effects, their association with postoperative nausea and vomiting, their potential for
carbon monoxide poisoning and hepatitis, their ability to induce
neuroapoptosis leading to memory deicits in neonatal animal
models, and their greenhouse gas effects adding to the potential
for global warming.195–197
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FIgURE 17-31. The recovery times to orientation after anesthesia
of varying durations. With the less soluble anesthetic sevoflurane, the
time to orientation was independent of the anesthetic duration. In contrast, long anesthetic durations with isoflurane were associated with
delayed times to orientation. (Adapted from: Ebert TJ, Robinson BJ,
Uhrich TD, et al. Recovery from sevoflurane anesthesia: A comparison
to isoflurane and propofol anesthesia. Anesthesiology. 1998;89:1524.)
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