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Figure 29-19. Variable bypass vaporizer. A, Basic component parts. Vaporizer in the off or “0” position. Fresh gas from the flowmeter assembly 
enters the vaporizer and then flows through the bypass chamber, around the temperature compensator, and out the vaporizer without passing 
through the vaporizing chamber. B, Selecting a vaporizer output (turning the vaporizer “on”) diverts an agent-specific ratio of gas through the 
pressure-compensating labyrinth, into the vaporizing chamber where it becomes saturated with anesthetic vapor, and then past the concentration 
cone where it reunites with the fresh gas stream. The temperature compensation device further adjusts the ratio of bypass to vaporizing chamber 
flow, to compensate for changes in anesthetic vapor pressure resulting from temperature changes. As the liquid anesthetic cools by evaporation, 
more gas is diverted to the vaporizing chamber to compensate for the decrease in anesthetic vapor pressure. The pressure-compensating labyrinth 
compensates for pressure fluctuations within the vaporizer from the gas supply side and the breathing circuit side to stabilize vaporizer output. It 
is not present to compensate for changes in atmospheric pressure. Please see text for additional details.
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Figure 29-20. Theoretical vaporizing chamber demonstrating the 
volume of anesthetic gas added to the gas flow stream as a result of 
evaporation: A, 150 mL/minute of oxygen flows through the cham-
ber at 1 atm (760 mm Hg) and 68° F (20° C). Oxygen represents 
100% of chamber volume and output. B, Liquid sevoflurane is added 
to the chamber and evaporates to saturated vapor pressure SVP (160 
mm Hg), which dilutes the oxygen to 79% of the chamber gas (600 
mm Hg). The amount of gaseous sevoflurane that has been added 
to the chamber output can be calculated by simple equilibrium pro-
portions: Step 1: 150 mL O2/79% of container gas = x mL sevoflu-
rane/21% of container gas Step 2: rearrange to solve for x: (150 
mL/0.79) × 0.21 = x mL sevoflurane x ≈ 40 mL sevoflurane.
the case. Vaporizing chamber gas becomes partly satu-
rated as a result of constant gas flow.69 However, for the  
purposes of this discussion, it is useful to assume that full 
saturation occurs.

Figure 29-21 illustrates a modern variable bypass vapor-
izer set to deliver 2% sevoflurane. Note how the majority 
of fresh gas flows straight through the bypass chamber. 
Figure 29-21 also illustrates how bypass flow and vapor-
izing chamber output combine to create the output con-
centration selected by the practitioner. The fresh gas 
that is diverted to the vaporizing chamber becomes sat-
urated with anesthetic gas by flowing over liquid agent 
and the wicking system, hence the designation flow-over. 
The specific ratio of fresh gas flow divided between the 
bypass chamber and the vaporizing chamber is deter-
mined by the concentration control dial setting and the 
temperature compensation device (see the later discus-
sion of temperature compensation). Because the physi-
cal properties and clinical concentrations of each agent 
are unique, the concentration-specific diverting ratios are 
specific to each agent, hence the vaporizer designation 
agent specific. The approximate variable bypass diverting 
or “splitting ratios” for the common anesthetic agents at 
20° C are shown in Table 29-2. Variable bypass vaporizers 
can be used to deliver halothane, isoflurane, and sevo-
flurane, and older agents, but not desflurane, because of 
this agent’s unique physical properties (see section on the 
desflurane vaporizer). Most variable bypass vaporizers are 
used in applications whereby their output is introduced 
into the patient’s breathing circuit through a fresh gas 
line, hence the designation out-of-circuit. When these 
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Figure 29-21. Vaporizer set to deliver 2% sevo-
flurane at 1 atm (760 mm Hg): 2% sevoflurane 
requires a splitting ratio of 12:1 (see Table 29-2). 
At 2000 mL/minute inflow, 1850 mL/minute 
flows through the bypass chamber and 150 
mL/minute flows through the vaporizing cham-
ber. The evaporation of sevoflurane contributes 
approximately 40 mL/minute of vapor:
Step 1: 150 mL O2/79% of vaporizing chamber gas 
= x mL sevoflurane/21% of vaporizing chamber gas
Step 2: rearrange to solve for x: (150 mL/0.79) × 
0.21 = x mL sevoflurane
x ≈ 40 mL sevoflurane
Total vaporizer output is 2040 mL/minute. Sevo-
flurane represents ≈ 2% of that output.

2000 mL/min
fresh gas flow
into vaporizer

1850 mL/min
bypass

chamber flow

    1850 mL/min bypass flow
+  150 mL/min vaporizing chamber flow
+  40 mL/min sevoflurane output

=  2040 mL/min total vaporizer output
150 mL/min to

vaporizing
chamber

40 mL/min
sevoflurane
vaporized

40 mL sevoflurane / 2040 mL total output ~ 2% sevoflurane (v/v%)
2% x 760 mm Hg ~ 15.2 mm Hg sevoflurane

Sevoflurane 20° C (68° F)

2%

12:1 split ratio12:1 split ratio
TABLE 29-2 VARIABLE BYPASS VAPORIZER SPLITTING RATIOS

Bypass Chamber–to–Vaporizing Chamber
Splitting Ratios at 20° C (68° F)*

Concentration Control Dial 
Setting (v/v%) Halothane Isoflurane Sevoflurane

1 46:1 45:1 25:1
2 23:1 22:1 12:1
3 15:1 14:1 8:1

v/v%, Volume percent.
*Ratio of fresh gas flowing through the bypass chamber relative to the vaporizing chamber for the listed output concentrations. The temperature com-

pensation device may alter the actual ratio. This applies to variable bypass vaporizers only. Calculated from: % volatile agent output = 100 × PV × FV / 
FT (PA − PV) where PA = atmospheric pressure, PV = vapor pressure at 20° C, FV = Flow of fresh gas through vaporizing chamber (mL/min), and FT = total 
fresh gas flow (mL/min).

From Prescribing information Forane [isoflurane, USP]. Deerfield, IL, 2009, Baxter Healthcare.
agents are physically located within the patient’s breath-
ing circuit, they are designated as in-circuit, or draw-over.

Virtually all variable bypass vaporizers are classified 
as temperature compensated. Each of these vaporizers is 
equipped with an automatic temperature-compensating 
device that helps maintain constant vaporizer output 
over a wide range of operating temperatures by auto-
matically altering the ratio of gas flowing to the bypass 
and vaporizing chambers. A representative temperature- 
compensating system is illustrated in Figure 29-19, B. 
Temperature compensation is accomplished by an expan-
sion-contraction element, as seen in the image, or a bime-
tallic strip, that directs a greater proportion of gas flow 
through the vaporizing chamber as the liquid anesthetic 
cools from evaporation or a low ambient temperature, or 
both. In the example in Figure 29-19, B, as the liquid anes-
thetic agent cools, the temperature-compensating cone 
moves upward, which restricts bypass flow and diverts 
more gas to the vaporizing chamber. Cooler liquid anes-
thetic results in lower vapor pressure, so the net effect 
of temperature compensation is the maintenance of rela-
tively stable vaporizer output. The inverse is also true, in 
that higher anesthetic temperatures result in lowering of 
the cone and less flow to the vaporizing chamber. The 
major temperature effect on vaporizers results from the 
evaporative cooling of the liquid anesthetic. The faster it 
evaporates, the more it cools. Rub some isopropyl alco-
hol on your skin, and feel your skin cool as the alcohol 
rapidly turns to vapor. Imagine the effect of this type of 
cooling on anesthetic agent vapor pressure! This knowl-
edge has influenced vaporizer design for more than a cen-
tury. Variable bypass vaporizers are also constructed from 
materials with high specific heat for temperature stability 
and high thermal conductivity to transfer ambient heat 
energy rapidly. Additionally, the wick systems previously 
mentioned are placed in contact with the metal wall of 
the vaporizer to absorb environmental heat better.

FactOrS that inFluence variable bypaSS vapOrizer  
Output. An ideal variable bypass vaporizer at a given set-
ting would maintain a constant concentration output re-
gardless of varied conditions such as the fresh gas flow 
rate, temperature changes, intermittent backpressure 
from the breathing circuit, changes in carrier gas compo-
sition, and barometric pressure changes. ASTM standards 
state that the average output should not deviate from the 
dial setting by +30% or −20% or more than +7.5% or −5% 
of the maximum setting (ASTM). Although modern va-
porizers generally have excellent performance character-
istics, it is important to understand how these challenges 
could potentially influence vaporizer output.

Impact of Gas Flow Rate. Vaporizer output can vary with 
the rate of gas flowing through the vaporizer. As can be 
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seen in Figure 29-22, this variation is notable only at the 
extremes of flow rates and at higher dial settings. The out-
put of variable bypass vaporizers tends to be slightly less 
than the dial setting at low flow rates (<250 mL/minute) 
because of the relatively high density of volatile inhaled 
anesthetic agents. Insufficient turbulence is generated in 
the vaporizing chamber at low flow rates to advance the 
vapor molecules upwardly. At extremely high flow rates, 
such as 15 L/minute, the output of most variable bypass 
vaporizers is somewhat less than the dial setting at high 
anesthetic concentrations. This discrepancy is multifacto-
rial, including cooling during rapid evaporation, incom-
plete mixing, and failure to saturate the carrier gas in the 
vaporizing chamber. In addition, the resistance character-
istics of the bypass chamber and the vaporizing chamber 
can vary as flow increases.68,70

Impact of Temperature Change. Despite the impact of 
evaporative cooling and ambient conditions, modern 
vaporizer concentration output remains fairly linear over a 
wide range of vaporizer temperatures. Automatic temper-
ature-compensating mechanisms in the bypass chamber 
strive to maintain constant vaporizer output with varying 
temperatures, although the linear change in these com-
pensatory mechanisms does not correlate precisely with 
the shape of the vapor pressure curves.21,68 As a result, a 
slight correlation between delivered concentration and 
vaporizer temperature may remain. This correlation is 
mainly apparent at higher temperatures and higher con-
centrations. A dangerous but highly unlikely circumstance 
could occur if the boiling point of a volatile agent within 
a variable bypass vaporizer were reached. In this situa-
tion, the vaporizer output would be impossible to control 
by any compensatory mechanism. Although it would be 
rare indeed to reach the ambient temperatures required at 
sea level to boil halothane, isoflurane, or sevoflurane, at 
higher altitudes, where boiling points are lower, isoflurane 
and halothane are theoretically vulnerable. In fact, the 
Dräger Vapor 2000 user’s manual decreases the high-alti-
tude operating specification for the vaporizer from 9880 
to 4800 feet if halothane or isoflurane is used at higher 
ambient temperatures. Manufacturers’ published vapor-
izer operating temperatures range from 10° C to 40° C (50° 
C to 104° F), although the specific ranges vary.68,70-74

Impact of Intermittent Backpressure. The intermittent 
backpressure that results from either positive-pressure 

0
1
2
3

5
4

6
7
8

0.2
0.6

2

1

3

5
4

6
7
8

9
10

150.2 1 105
Flow rate (L/min oxygen)

P
er

ce
nt

 s
ev

of
lu

ra
ne

D
ia

l s
et

tin
g

Figure 29-22. Effect of flow rate on vaporizer output. See text for 
explanation. (From Datex-Ohmeda: Tec 7 vaporizer: user’s reference 
manual, Madison, Wis., 2002, Datex-Ohmeda.)
ventilation or use of the oxygen flush valve may lead to 
higher than expected vaporizer output. This phenome-
non, known as the pumping effect, is more pronounced at 
low flow rates, low dial settings, and low levels of liquid 
anesthetic in the vaporizing chamber.47,68,75-77 Addition-
ally, the pumping effect is increased by rapid respiratory 
rates, high peak inspired pressures, the use of anesthesia 
machines without fresh gas decoupling, and rapid drops 
in pressure during expiration.47,60,67,68,78,79 Although con-
temporary variable bypass vaporizers are not highly vul-
nerable to the pumping effect, the proposed mechanism 
of the phenomenon and preventative design features 
should be understood. The pumping effect is caused by ret-
rograde transmission of pressure from the patient circuit 
to the vaporizer during the inspiratory phase of positive-
pressure ventilation or use of the oxygen flush function. 
Gas molecules are compressed in both the bypass and 
vaporizing chambers. When the backpressure is suddenly 
released during the expiratory phase of positive-pressure 
ventilation, vapor exits the vaporizing chamber both 
through the vaporizing chamber outlet and in the ret-
rograde direction through the vaporizing chamber inlet 
because the output resistance of the bypass chamber is 
lower than that of the vaporizing chamber, particularly 
at low dial settings. The enhanced output concentration 
results from the increment of vapor that travels in the 
retrograde direction to the bypass chamber.68,76,77,80

To decrease the pumping effect, modern vaporizing 
chambers are smaller than those of early variable bypass 
vaporizers.77 Therefore, no substantial volumes of vapor 
can be discharged from the vaporizing chamber into the 
bypass chamber during the expiratory phase. Addition-
ally, some vaporizers, such as that shown in Figure 29-19, 
have a long spiral tube or labyrinth that serves as the inlet 
to the vaporizing chamber77 (see Fig. 29-19, B). When the 
pressure in the vaporizing chamber is released, some of 
the vapor enters this tube but does not enter the bypass 
chamber because of tube length.60 This serpentine passage 
also decreases the energy of the gas flow into the vapor-
izing chamber, thus dampening the pressure fluctuations. 
It can also compensate for fluctuations in gas supply pres-
sure. Some designs may also include an extensive baffle 
system in the vaporizing chamber. Finally, a one-way 
check can be inserted past the vaporizers but before the 
breathing circuit inlet to minimize the pumping effect 
(see the discussion of the gas supply system). This check 
valve attenuates but does not eliminate the increase in 
pressure because gas still flows from the flowmeters to the 
vaporizer during the inspiratory phase of positive-pres-
sure ventilation.47,81 Although intermittent backpressure 
can result in transient rises in anesthetic concentration 
at the common gas outlet, dilution within the anesthetic 
breathing circuit tends to mitigate this effect.82 The goal 
of all these pressure-compensating mechanisms is to pro-
vide an even flow of gas through the vaporizing cham-
ber despite dynamic changes in outlet and inlet pressure. 
These devices lend the additional designation pressure-
compensated. Clearly, these devices do not compensate for 
changes in ambient pressure, which is what some practi-
tioners mistakenly infer from the term.

Impact of Carrier Gas Composition. Variable bypass 
vaporizer output can be influenced by the composition 



of the fresh gas as a result of differences in solubility of 
anesthetic vapors in different carrier gas mixtures. This 
effect is most pronounced when nitrous oxide is intro-
duced or removed as a carrier gas.68,83-90 In the experi-
mental example seen in Figure 29-23, a change in carrier 
gas from 100% oxygen to 100% nitrous oxide results in a 
sudden decrease in volume percent halothane output that 
is followed by a slow increase to a new steady-state value 
(see Fig. 29-23, label B).88,89 Because nitrous oxide is more 
soluble than oxygen in the halogenated liquid within the 
vaporizer sump, the output from the vaporizing cham-
ber is transiently reduced as some of the nitrous oxide 
is literally absorbed by the volatile agent, thus decreas-
ing the vaporizing chamber volume output.88 Once the 
anesthetic liquid becomes saturated with nitrous oxide, 
vaporizing chamber output increases, and a new steady 
state is established.

The explanation for the new steady-state output value 
is less well understood.90 Although ongoing absorption 
of nitrous oxide may be contributory, differences in the 
density and viscosity of oxygen and nitrous oxide are also 
responsible. These gas properties can affect the relative 
amount of flows through the bypass and vaporizing chan-
nels within the vaporizer. This may explain difference in 
seen in the magnitude of this phenomenon when it is 
assessed using different vaporizers.86,89,91 Helium, a gas 
with far lower density than either oxygen or nitrous oxide, 
has been shown to both decrease and increase vaporizer 
output, depending on the vaporizer model and study 
design, although the changes tend to be minimal.92,93
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Figure 29-23. Halothane output of a North American Dräger Vapor 
19.n vaporizer (Dräger Medical, Telford, Pa.) with different carrier 
gases. The initial output concentration is approximately 4% halothane 
when oxygen is the carrier gas at flows of 6 L/min (A). When the car-
rier gas is quickly switched to 100% nitrous oxide (B), the halothane 
concentration decreases to 3% within 8 sec. A new steady-state con-
centration of approximately 3.5% is then attained within about 1 min. 
When O2 flow is reestablished, halothane output increases abruptly 
and then settles back to baseline (C). See text for details. (Modified 
from Gould DB, Lampert BA, MacKrell TN: Effect of nitrous oxide solubility 
on vaporizer aberrance, Anesth Analg 61:939, 1982.)
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Although the carrier gas composition can be demon-
strated experimentally to affect vaporizer output, devia-
tions are often within vaporizer-specified accuracy ranges. 
Vaporizer user’s manuals usually specify the anticipated 
response to a change in carrier gas relative to the calibra-
tion gas, which may be air or oxygen, depending on the 
vaporizer model.68,70,71,94

Impact of Barometric Pressure Changes. Understanding 
the influence of barometric pressure change on variable 
bypass vaporizer output is probably more important for 
comprehending vaporizer function than for actual clini-
cal reasons. This is because, from a practical point of view, 
with variable bypass vaporizers the depth of anesthesia at a 
given dial setting is relatively independent of atmospheric 
pressure, and no adjustments must be made (Table 29-3).68

Hypobaric Conditions. As previously discussed, vapor 
pressure is not influenced by barometric pressure. There-
fore, as altitude increases and the barometric pressure 
declines, the partial pressure of anesthetic agent in the 
variable bypass vaporizing chamber remains constant 
despite a decline in the partial pressures of other constitu-
ent breathing gases and the total ambient pressure. This 
situation results in significantly increased volume percent 
concentration of anesthetic agent within the vaporizing 
chamber and at the outlet of the vaporizer (see Table 29-3). 
However, because anesthetic depth is based on brain partial 
pressure, the clinical impact in minor (see MAPP in Table 
29-1). With a constant dial setting of 0.89%, at 1 atm, a 
well-calibrated isoflurane variable bypass vaporizer would 
deliver 0.89 v/v% isoflurane, and the partial pressure of 
isoflurane would be 6.8 mm Hg. Maintaining the same 
dial setting and lowering the atmospheric pressure to 0.66 
atm or 502 mm Hg (roughly equivalent to an elevation of 
10,000 feet) would result in an increase in the concentra-
tion output to 1.75% (almost double), but the partial pres-
sure would increase to only 8.77 mm Hg (a 29% increase). 
To put this change into familiar perspective, a similar par-
tial pressure change at sea level, in terms of volume per-
cent, would increase the isoflurane concentration by only 
0.2%. To reemphasize, the anesthetic brain partial pressure 
is what is ultimately responsible for anesthetic depth. The 
anesthetic concentration (v/v%) is a relative phenomenon.

As described earlier, MAC values for contemporary 
inhalational anesthetic agents were determined at sea 
level. Similarly, anesthetic vaporizers are calibrated at sea 
level, thus ensuring that vaporizer output (v/v%) matches 
the dial setting. Using sevoflurane as an example, one can 
therefore see how confusing that using volume percent 
and MAC can be when considering barometric change. 
Knowing that sevoflurane MAPP = 12.9 mm Hg:

 Sevoflurane MAC at sea level (v/v%)

= 12.9 mm Hg
760 mm Hg

≈ 1.7%

 

 Sevoflurane MAC at 10 , 000 feet (v/v%)

= 12.9 mm Hg
534 mm Hg

≈ 2.4%

 

The MAPP at altitude is the same as at sea level because 
it is based on partial pressure, whereas the MAC has 
increased because it is a simple concentration. After view-
ing the examples in Table 29-3, it becomes clear that the  
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TABLE 29-3 COMPARATIVE PERFORMANCE OF AN ISOFLURANE VARIABLE BYPASS VAPORIZER AND THE TEC 
6 DESFLURANE VAPORIZER DURING CHANGES IN BAROMETRIC PRESSURE 

Isoflurane Variable Bypass Vaporizer With
a Dial Setting of 0.89% (v/v)

Tec 6 Desflurane Vaporizer 
With Dial Setting of 6%

atm
Ambient Pressure 
(mm Hg)

mL Isoflurane Vapor 
Entrained by 100 mL O2

Vaporizer Isoflurane
Output (v/v%)

Vaporizer
Isoflurane 
Output (mm 
Hg)

Vaporizer Desflurane 
Output (mm Hg)

0.66 500 (≈10,000 ft) 91 1.7 8.7 30
0.74 560 (≈8,200 ft) 74 1.5 8 33.6
0.8 608 (≈6,000 ft) 64 1.2 7.6 36.5
1.0 760 (sea level) 46 0.89 6.8 45.6
1.5* 1,140 26 0.5 5.9 68.4
2* 1,520 19 0.36 5.5 91.2
3* 2,280 12 0.23 5.2 136

atm, Atmospheres (1 atm = 760 mm Hg); v/v%, volume percent.
*ATA or atmospheres absolute. ATA = atmospheric pressure + water pressure. Hyperbaric oxygen chamber protocols apply ATA. Many protocols use 

depths from 2.0 to 2.5 ATA, but some conditions such as gas embolus or carbon monoxide poisoning may require depths to 3.0 ATA.262 2 ATA ≈ 33 
feet of sea water (fsw) ≈ 1520 mm Hg ambient pressure.

Modified from Ehrenwerth J, Eisenkraft J: Anesthesia vaporizers. In Ehrenwerth J, Eisenkraft J, editors: Anesthesia equipment: principles and applications, St. 
Louis, 1993, Mosby, pp 69-71.
partial pressure output of a variable bypass vaporizer 
changes proportionally less than the volume percent con-
centration as altitude increases. Because anesthetic partial 
pressure is what determines anesthetic depth, the opera-
tor does not need adjust the dial to a higher setting to 
compensate for barometric pressure change. This holds 
for variable bypass vaporizers, but it is not the case for 
the desflurane Tec 6–style vaporizer, which is discussed in 
section on desflurane vaporizers.

Although anesthesia is sometimes delivered in hyper-
baric conditions, volatile agents are an unlikely choice in 
this setting given the advent of intravenous anesthesia. 
Under hyperbaric conditions, the anesthetic partial pres-
sure in the vaporizing chamber also remains constant 
despite an increase in ambient pressure and the partial 
pressure of the other gases. The net theoretical effects 
on variable bypass vaporizers are a significant decrease 
in anesthetic concentration (v/v%) and a mild decrease 
in partial pressure output. However, the partial pressure 
of halothane was noted to increase slightly with increas-
ing barometric pressure under experimental conditions.95 
Possible explanations for this finding include the effect 
of increased atmospheric gas density on the flow of gas 
through the vaporizer and the increased thermal conduc-
tivity of air at higher pressure. The clinical significance of 
these small changes in variable bypass vaporizer partial 
pressure output under hyperbaric conditions is unclear.

SaFety FeatureS anD pOtential hazarDS. Contemporary 
variable bypass vaporizers incorporate many features that 
have minimized or eliminated many hazards once as-
sociated with these devices. Agent-specific, keyed filling 
devices help prevent filling a vaporizer with the wrong 
agent. Overfilling of these vaporizers is minimized be-
cause the filler port is located at the maximum safe liquid 
level. Finally, today’s vaporizers are firmly secured to a 
vaporizer manifold on the anesthesia workstation. Thus, 
problems associated with vaporizer tipping have become 
much less frequent. Contemporary interlock systems 
prevent the administration of more than one inhaled 
 anesthetic agent. However, virtually all safety systems 
have vulnerabilities, so understanding these potentially 
hazardous situations is important.

Misfilling. Misfilling of anesthetic vaporizers can 
result in potentially hazardous volatile agent outputs 
that can overdose or underdose anesthetic agents.96,97 
Vaporizer output in these circumstances depends on 
the erroneous agent’s saturated vapor pressure and the 
splitting ratio of the vaporizer. Similarly, mixtures of 
anesthetic agents can result potentially harmful dosing 
as well.61 The potential for misfilling anesthetic vapor-
izers with the wrong agent has been reduced but not 
eliminated with the use of agent specific filling devices; 
however, current standards recommend but do not 
mandate the use of these devices.12 A potential for mis-
filling exists even in vaporizers equipped with keyed 
fillers, although few recent reports exist.98-100 The use 
of breathing circuit gas analysis may alert the user to 
misfilling. If a variable bypass vaporizer such as an iso-
flurane or sevoflurane vaporizer is misfilled with des-
flurane, a substantial overdose could occur because of 
desflurane’s high vapor pressure, particularly at normal 
operating temperatures.

Contamination. Although unusual and rarely reported, 
contamination of anesthetic vaporizer contents has 
occurred as a result of filling an isoflurane vaporizer with 
a contaminated bottle of isoflurane. A potentially serious 
incident was avoided because the operator did not use 
the contaminated vaporizer after detecting an abnormal 
acrid odor.101

Tipping. Tipping of a variable bypass vaporizer can 
occur when it is incorrectly removed, transported, or 
replaced. Excessive tipping can allow the liquid agent 
to enter the bypass chamber and cause an output with 
an extremely high concentration of agent.102 Although 
some vaporizers may be more immune to tipping than 
others, most vaporizers should not be used until it they 
have been flushed for a period of time at high flow 
rates. Manufacturers’ instructions differ regarding their 
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Figure 29-24. Simplified schematic of the Tec 6 desflu-
rane vaporizer (Datex-Ohmeda, Madison, Wis.). Please see 
text for details. (From Andrews JJ: Operating principles of 
the Ohmeda Tec 6 desflurane vaporizer: a collection of 
twelve color illustrations, Washington, D.C., 1996, Library 
of Congress.)
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posttipping procedures, precluding any generic recom-
mendation.68,70,71,94 The specific user’s manual should be 
consulted. Following any of these specified procedures, 
a breathing gas analyzer should be used to assess vapor-
izer output before patient use. The Dräger Vapor 20.n 
series vaporizers have a transport (“T”) dial setting that 
isolates the vaporizer chamber from the bypass chamber 
and eliminates the possibility of internal overflow.68

Overfilling. Improper filling procedures combined 
with failure of the vaporizer sight glass can cause over-
filling and patient overdose. If overfilled, liquid anes-
thetic may enter the bypass chamber, and a harmful 
dose of vapor concentration can be delivered to the 
common gas outlet.103 It is a design requirement that 
contemporary vaporizers cannot be overfilled when 
they are used in a normal operating position.12 Side-fill 
variable bypass vaporizers, as opposed to top-fill devices, 
largely prevent overfilling because the maximum safe 
fill amount is predetermined by the level of the filler 
port, which is situated to minimize the chance of over-
filling. In addition, some vaporizers are equipped with 
an overflow hole as an additional safeguard.68 However, 
despite safeguards, vaporizer overfilling can still occur. 
Hazardous situations include tipping of the vaporizer 
while filling, filling of the vaporizer while it is turned 
on, and air entry at the bottle neck and filler adapter 
caused by a loose or faulty seal.103-106 User’s manuals for 
contemporary vaporizers warn specifically about these 
conditions.68,70,71,94

Leaks. Vaporizers and the vaporizer-machine inter-
face are potential sources of gas leaks that can result 
in a patient’s awareness during anesthesia. Loose filler 
caps, filler plugs, and drain valves are probably the most 
common sources of vaporizer leaks. Such a leak can be 
obvious as an audible gas leak with possible spillage of 
anesthetic agent or a more subtle presentation with lower 
than expected inhaled agent concentration or the odor 
of anesthetic gas.107,108 Another common source of gas 
leak associated with vaporizers occurs at the junction 
of the vaporizer and the mounting bracket or manifold, 
where broken mounting assemblies or foreign bodies can 
compromise the seal between the vaporizer and its point 
of attachment.109-112 Gas leaks can also occur within the 
vaporizer itself as a result of mechanical failure. Assess-
ment for low-pressure system leaks, including the vapor-
izer mount, is addressed in the section on ‘checking your 
anesthesia workstation.

Environmental Considerations. Today more than ever, 
anesthesia care providers are being asked to provide 
anesthesia to patients outside the operating room. One 
such location that has sometimes proved difficult to 
work in is the magnetic resonance imaging (MRI) suite. 
The presence of a powerful magnet field, significant 
noise pollution, and limited access to the patient dur-
ing the procedure all complicate care in this setting. 
The anesthesia provider must have a clear understand-
ing of the extremely powerful magnetic fields used in 
these devices and must know that only nonferrous (MRI-
compatible) equipment can be used in these settings. 
Although some anesthesia vaporizers may appear non-
ferrous by testing with a horseshoe magnet, they may 
indeed contain substantial internal ferrous components. 
Inappropriate use of such devices in an MRI suite may 
potentially turn them into dangerous missiles if they are 
left unsecured.113

dEsFlurAnE VAPorizEr. Because of its unique physical 
characteristics, the controlled vaporization of desflurane 
required a novel approach to vaporizer design. The first 
such system, the Datex-Ohmeda Tec 6 vaporizer, was 
released into clinical use in the early 1990s. The Tec 6 
is an electrically heated, pressurized device specifically 
designed to deliver desflurane (Fig. 29-24).114,115 The 
vapor pressure of desflurane is three to four times that of 
other contemporary inhaled anesthetic agents (669 mm 
Hg at 20° C), and it boils at 22.8° C (73.1° F),116 which 
is basically room temperature (see Table 29-1). In 2004, 
Dräger Medical received approval from the U.S. Food and 
Drug Administration (FDA) for its own version of the Tec 
6 desflurane vaporizer. The operating principles described 
in the following discussion are applicable to either system, 
although the discussion refers to the Tec 6 specifically. The 
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Datex-Ohmeda Aladin cassette vaporizer and the Maquet 
vaporizers are also capable of delivering desflurane, but 
their operational principles are different. These vaporizers 
are discussed in later sections.

unSuitability OF cOntempOrary variable bypaSS vapOr-
izerS FOr cOntrOlleD vapOrizatiOn OF DeSFlurane. Desflu-
rane’s high volatility and moderate potency preclude 
its use with contemporary variable bypass vaporizers for 
three main reasons114

 1.  Desflurane’s high rate of evaporation would require 
excessive diluting gas (bypass chamber) flow. At 68° 
F (20° C), the vapor pressure of desflurane is nearly 
1 atm. This pressure is significantly higher than the 
vapor pressure of the other conventional anesthetic 
agents (see Fig. 29-16 and Table 29-1).116 If desflurane 
were placed in a variable bypass vaporizer, tremendous 
gas flow rates would be required to dilute the vapor-
izing chamber output to clinical concentrations. For 
example, at 1 atm and 68° F (20° C), 100 mL/minute 
passing through the vaporizing chamber would entrain 
735 mL/minute of desflurane, as opposed to 29, 46, 
and 47 mL/minute of enflurane, isoflurane, and halo-
thane, respectively.114 Under these same conditions, to 
produce a 1% desflurane output, the amount of bypass 
flow necessary to achieve sufficient dilution of the 
large volume of desflurane-saturated anesthetic vapor 
would be approximately 73 L/minute, in contrast to 5 
L/minute or less for the other three anesthetic agents. 
This would be neither practical nor possible using con-
ventional anesthesia workstations.

 2.  Desflurane’s high rate of evaporation would cause 
substantial anesthetic cooling. Variable bypass vapor-
izers require ambient sources heat to stay warm as they 
cool during vaporization. Although the latent heat of 
vaporization for desflurane is approximately equal to 
that of enflurane, isoflurane, and halothane, its MAC 
is four to nine times higher than those of the other 
three inhaled anesthetic agents. Thus, the absolute 
amount of desflurane vaporized over a given period is 
considerably greater than that of the other anesthetic 
drugs. Supplying desflurane through a variable bypass 
vaporizer in equivalent MAC concentrations would 
lead to excessive cooling of the vaporizer and signifi-
cantly reduce its output. In the absence of an external 
heat source, temperature compensation with the tradi-
tional mechanical devices would be almost impossible. 
Because of the broad range of temperatures seen in the 
clinical setting and because of desflurane’s steep vapor 
pressure–versus-temperature curve (V-P curve), deliv-
ery of desflurane in a conventional anesthetic vapor-
izer would be at best unpredictable.114

 3.  Desflurane is more likely to boil. At temperatures higher 
than 73° F (22.8° C) at 1 atm, desflurane boils. This tem-
perature is at the higher end of normal operating room 
temperatures. If the anesthetic agent were to boil within 
a variable bypass–type vaporizer, the output would be 
uncontrollable because the amount of vapor produced 
would be limited only by the heat energy available from 
the vaporizer because of its specific heat.114

Operating principleS OF the tec 6 anD tec 6 pluS. The  
Tec 6 vaporizer was designed to achieve controlled 
 vaporization of desflurane, and it was the first clinically 
available vaporizer ever to be electrically heated and pres-
surized. Although the physical appearance and operation 
of the desflurane vaporizers and the variable bypass va-
porizers are similar, many aspects of their internal design 
and operating principles are radically different.

Functionally, operation of the Tec 6 is more accurately 
described as a dual-gas blender than as a vaporizer. A sim-
plified schematic of the Tec 6 is shown in Figure 29-24. 
The vaporizer has two independent gas circuits arranged 
in parallel. The fresh gas circuit is shown in orange, and 
the vapor circuit is shown in blue. Fresh gas from the flow-
meters enters at the fresh gas inlet, passes through a fixed 
restrictor (R1), and exits at the vaporizer gas outlet. The 
vapor circuit originates at the desflurane sump, which is 
electrically heated and thermostatically controlled to 39° 
C, a temperature much higher than desflurane’s boiling 
point. The heated sump assembly serves as a reservoir 
of desflurane vapor. At 39° C, the vapor pressure in the 
sump is approximately 1300 mm Hg,117 or approximately 
2 atm. Just downstream from the sump is the shut-off 
valve. After the vaporizer warms up, the shut-off valve 
fully opens when the concentration control valve is 
turned to the “on” position. A pressure-regulating valve 
located downstream from the shut-off valve down regu-
lates the pressure to approximately 1.1 atm absolute (74 
mm Hg gauge) at a fresh gas flow rate of 10 L/minute. The 
operator controls the output of desflurane by adjusting 
the concentration control valve (R2), which is a variable 
restrictor.114

The vapor flow through R2 joins the fresh gas flow 
through R1 at a point downstream from the restrictors. 
Until this point, the two circuits are physically sepa-
rated. They are interfaced pneumatically and electroni-
cally, however, through differential pressure transducers, 
a control electronics system, and a pressure-regulating 
valve. When a constant fresh gas flow rate encounters the 
fixed restrictor R1, a specific backpressure proportional 
to the fresh gas flow rate pushes against the diaphragm 
of the control differential pressure transducer. The dif-
ferential pressure transducer conveys the pressure differ-
ence between the fresh gas circuit and the vapor circuit 
to the control electronics system. The control electron-
ics system regulates the pressure-regulating valve so that 
the pressure in the vapor circuit equals the pressure in 
the fresh gas circuit. This equalized pressure supplying 
R1 and R2 is the working pressure, and the working pres-
sure is constant at a fixed fresh gas flow rate. If the opera-
tor increases the fresh gas flow rate, more backpressure 
will be exerted on the diaphragm of the control pressure 
transducer, and the working pressure of the vaporizer will 
increase.114

Table 29-4 shows the approximate correlation of the 
fresh gas flow rate with working pressure for a typical 
vaporizer. At a fresh gas flow rate of 1 L/minute, the 
working pressure is 10 millibars, or 7.4 mm Hg gauge. 
At a fresh gas flow rate of 10 L/minute, the working 
pressure is 100 millibars, or 74 mm Hg gauge. There-
fore, a linear relationship exists between the fresh gas 
flow rate and working pressure. When the fresh gas flow 
rate is increased 10-fold, the working pressure increases 
10-fold.114



The following are two specific examples to demon-
strate the operating principles of the Tec 6114:

Example A: Constant fresh gas flow rate of 1 L/minute with an 
increase in the dial setting. With a fresh gas flow rate of 1 L/
minute, the working pressure of the vaporizer is 7.4 mm 
Hg. In other words, the pressure supplying R1 and R2 is 
7.4 mm Hg. As the operator increases the dial setting, 
the opening at R2 becomes larger, thereby allowing more 
vapor to pass through R2. Specific vapor flow values at 
different dial settings are shown in Table 29-5.

Example B: Constant dial setting with an increase in fresh gas 
flow from 1 to 10 L/minute. At a fresh gas flow rate of 1 
L/minute, the working pressure is 7.4 mm Hg, and at a 
dial setting of 6%, the vapor flow rate through R2 is 64 
mL/minute (see Tables 29-4 and 29-5). With a 10-fold 
increase in the fresh gas flow rate, a concomitant 
10-fold increase in the working pressure to 74 mm Hg 
occurs. The ratio of R2 to R1 resistance is constant at a 
fixed dial setting of 6%. Because R2 is supplied by 10 
times more pressure, the vapor flow rate through R2 
increases 10-fold to 640 mL/minute. Vaporizer output 
is constant because both fresh gas flow and vapor flow 
increase proportionally.
FactOrS that inFluence vapOrizer Output. Varied al-

titude and carrier gas composition influence the Tec 
6 vaporizer output. Each is discussed in the following 
paragraphs.

Varied Altitudes. Although ambient pressure changes 
affect variable bypass vaporizer output significantly in terms 
of volume percent, their effect on anesthetic potency (par-
tial pressure) is minimal. However, the change in variable 
bypass vaporizer output with altitude is in stark contrast 
to the response of the Tec 6 style desflurane vaporizer at 
varied altitudes, as can be seen in Table 29-3. One must 
remember that the Tec 6 style desflurane vaporizer device 
is more accurately described as a dual-gas blender than 
a vaporizer. Regardless of ambient pressure, the Tec 6 
will maintain a constant concentration of vapor output 
(v/v%), not a constant partial pressure. This means that 
at high altitudes, the partial pressure of desflurane will 
decrease in proportion to the reduction in atmospheric 
pressure divided by the calibration pressure (normally 
760 mm Hg) per the following formula:

 
Required dial setting (% ) =

Normal dial setting × 760 mm Hg
Ambient pressure (mm Hg)

 

TABLE 29-4 FRESH GAS FLOW RATE VERSUS 
WORKING PRESSURE 

Working Pressure at R1 and R2 
(Gauge) (Gas Inlet Pressure)

Fresh Gas Flow 
Rate (L/min) Millibar cm H2O mm Hg

1 10 10.2 7.4
5 50 51.0 37.0

10 100 102.0 74.0

From Andrews JJ, Johnston RV Jr: The new Tec 6 desflurane vaporizer, Anesth 
Analg 76:1338, 1993.
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For example, at an altitude of 2000 m, or 6564 feet, 
where the ambient pressure is 608 mm Hg, the operator 
must advance the concentration control dial from 10% 
to 12.5% to maintain the required anesthetic partial pres-
sure. In hyperbaric settings, the operator must decrease 
the dial setting to prevent delivery of an overdose. At 2 
atm or 1520 mm Hg of pressure, the desflurane output in 
mm Hg is twice that at sea level (91.2 versus 45.6 mm Hg).

Carrier Gas Composition. Vaporizer output approxi-
mates the dial setting when oxygen is the carrier gas 
because the Tec 6 vaporizer is calibrated with 100% oxy-
gen. At low flow rates when a carrier gas other than 100% 
oxygen is used, however, a clear trend toward reduction 
in vaporizer output emerges. This reduction parallels 
the proportional decrease in viscosity of the carrier gas. 
Nitrous oxide has lower viscosity than does oxygen, so 
the backpressure generated by resistor R1 (see Fig. 29-24) 
is less when nitrous oxide is the carrier gas, and the work-
ing pressure is reduced. At low flow rates and with nitrous 
oxide used as the carrier gas, vaporizer output is approxi-
mately 20% less than the dial setting. This suggests that 
at clinically useful fresh gas flow rates, gas flow across 
resistor R1 is laminar, and the working pressure is propor-
tional to both the fresh gas flow rate and the viscosity of 
the carrier gas.118

SaFety FeatureS. Because desflurane’s vapor pressure is 
nearly 1 atm, misfilling contemporary variable bypass va-
porizers with desflurane could theoretically result in both 
desflurane overdose and creation of a hypoxic gas mix-
ture.119 Like most of its contemporaries, the desflurane 
vaporizer has a unique, anesthetic-specific filling system 
to minimize occurrence of this potential hazard. The 
agent-specific filler of the desflurane bottle, known as the 
“Saf-T-Fill” adapter, is intended to prevent its use with 
traditional vaporizers. The filling system also minimizes 
spillage of liquid or vapor anesthetic by maintaining a 
closed system during the filling process. Each desflurane 
bottle has a spring-loaded filler cap with an O-ring on the 
tip. The spring seals the bottle until it is engaged in the 
filler port of the vaporizer. Thus, this anesthetic-specific 
filling system interlocks the vaporizer and the dispensing 
bottle and thereby prevents loss of anesthetic agent to the 
atmosphere.

Major vaporizer faults cause the shut-off valve 
located just downstream from the desflurane sump (see 
Fig. 29-24) to close and produce a no-output situation. 
The valve is closed, and a no-output alarm is activated 
immediately if any of the following conditions occur: 
(1) the anesthetic level decreases to less than 20 mL, 

TABLE 29-5 DIAL SETTING VERSUS FLOW 
THROUGH RESTRICTOR R2 

Dial Setting 
(vol%)*

Fresh Gas Flow 
Rate (L/min)

Approximate Vapor Flow 
Rate Through R2 (mL/min)

1 1 10
6 1 64

12 1 136
18 1 220

From Andrews JJ, Johnston RV Jr: The new Tec 6 desflurane vaporizer, Anesth 
Analg 76:1338, 1993.
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Figure 29-25. Simplified schematic of 
Datex-Ohmeda Aladin cassette vaporizer 
(Datex-Ohmeda, Madison, Wis.). The black 
arrows inside the vaporizer represent flow 
from the flowmeters, and the yellow circles 
represent anesthetic vapor. The heart of the 
vaporizer is the electronically controlled flow 
control valve located in the outlet of the 
vaporizing chamber. CPU, Central processing 
unit; FBC, flow measurement unit that mea-
sures flow through the bypass chamber; FVC, 
flow measurement unit that measures flow 
through the vaporizing chamber; P, pressure 
sensor; T, temperature sensor. Please see text 
for additional details. (Modified from Andrews 
JJ: Operating principles of the Datex-Ohmeda 
Aladin cassette vaporizer: a collection of color 
illustrations, Washington, D.C., 2000, Library of 
Congress.)
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(2) the vaporizer is tilted, (3) a power failure occurs, or 
(4) a disparity between the pressure in the vapor circuit 
and the pressure in the fresh gas circuit exceeds a speci-
fied tolerance. Although such automated safeguards 
can enhance the patient’s safety, they can sometimes 
have unintended consequences. For example, when 
a Datex-Ohmeda D-Tec “plus” was used with a new 
anesthesia machine that, by design, interrupted fresh 
gas flow during mechanical inspiration in the volume 
mode as means of fresh gas decoupling, the vaporizer 
was reported to provide a no output warning during 
mechanical ventilation.120 These purposeful fresh gas 
flow interruptions, which occurred in the volume-mode 
of ventilation only, were sensed as a fault situation, 
and the vaporizer output was terminated. Although the 
vaporizer was subsequently modified, the circumstance 
serves as a reminder that new technology can bring 
about new problems.

Summary. The Tec 6 and Dräger D-Vapor vaporizers are 
electrically heated, thermostatically controlled, constant-
temperature, pressurized, electromechanically coupled 
dual-circuit, gas vapor blenders. The pressure in the va-
por circuit is electronically regulated to equal the pressure 
in the fresh gas circuit. At a constant fresh gas flow rate, 
the operator regulates vapor flow with a conventional 
concentration control dial. When the fresh gas flow rate 
increases, the working pressure increases proportionally. 
For a given concentration setting, even when varying the 
fresh gas flow rate, the vaporizer output is constant be-
cause the amount of flow through each circuit remains 
proportional.114

dAtEx-oHmEdA AlAdin CAssEttE VAPorizEr. The vapor-
izer system used in the Datex-Ohmeda S/5 ADU and GE 
Aisys anesthesia workstations is unique in that a single 
electronically controlled vaporizer is designed to deliver 
five different inhaled anesthetic agents, including halo-
thane, isoflurane, enflurane, sevoflurane, and desflu-
rane (Fig. 29-25). The vaporizer consists of a permanent 
internal control unit housed within the workstation and 
interchangeable cassettes that contain anesthetic liquid 
and serve as vaporizing chambers. The Aladin cassettes 
are color coded for each anesthetic agent, and they are 
also magnetically coded so the workstations can identify 
which anesthetic cassette has been inserted. The cassettes 
are filled using agent-specific fillers.120

Operationally, the Aladin cassette vaporizing sys-
tem is best described, during most circumstances, as a 
computer-controlled variable bypass vaporizer because 
it consists of a bypass section and vaporizing chamber. 
Within the cassette, anesthetic agent vaporizes freely to 
saturated vapor pressure. A flow control valve, modu-
lated by a central processing unit (CPU), precisely meters 
the amount of gas flow through the vaporizing chamber 
or cassette, which then joins the bypass flow after being 
saturated with anesthetic agent. The CPU receives input 
from multiple sources, including the concentration con-
trol dial, a pressure sensor located inside the vaporizing 
chamber, a temperature sensor located inside the vapor-
izing chamber, a flow measurement unit located in the 
bypass chamber, and a flow measurement unit located 
in the outlet of the vaporizing chamber. The CPU also 
receives input from the flowmeters regarding the com-
position of the carrier gas because this can affect vapor-
izer output, as described earlier. By using data from these 
multiple sources, the CPU is able to regulate the flow of 
fresh gas through the vaporizing chamber precisely with 
the flow control valve to obtain the desired vapor con-
centration output.121

A fixed restrictor located in the bypass chamber causes 
gas flow from the vaporizer system inlet to split into two 
flow streams. One stream passes through the bypass cham-
ber, and the other portion enters the inlet of the vapor-
izing chamber and passes through a one-way check valve. 



The presence of this check valve is unique to the Aladin 
system. This one-way valve prevents retrograde flow of 
the anesthetic vapor back into the bypass chamber, and 
its presence is crucial when delivering desflurane if room 
temperature is higher than the boiling point of desflurane 
(22.8° C).47 A precise amount of vapor-saturated carrier 
gas passes through the flow control valve, which is regu-
lated by the CPU. This flow then joins the bypass flow 
and is directed to the outlet of the vaporizer.47

As mentioned in the discussion of the Tec 6, controlled 
vaporization of desflurane presents a unique challenge, 
particularly when room temperature is higher than the 
boiling point of desflurane (73° F [22.8° C]). If the desflu-
rane were to boil, the pressure inside the vaporizing cham-
ber would increase to more than ambient pressure. When 
this pressure exceeds pressure in the bypass chamber, the 
one-way check valve located in the vaporizing chamber 
inlet closes to prevent carrier gas from entering the vapor-
izing chamber. At this point the carrier gas passes straight 
through the bypass chamber and its flow sensor. Under 
these conditions, the electronically regulated flow con-
trol valve simply meters in the appropriate flow of pure 
desflurane vapor needed to achieve the desired final con-
centration selected by the user. The vaporizer then begins 
functioning as an injector, as opposed to resembling a 
variable bypass unit. At least one case report has described 
failure of the vaporizing chamber inlet check valve to 
function as designed. In this case, an anesthetic overdose 
occurred as a result of regurgitation of desflurane from 
the vaporizing chamber in retrograde fashion back into 
the bypass chamber. Because of this report, ADU users 
should be cautious of this potential problem, especially 
when desflurane is used.121

During operating conditions in which high fresh gas 
flow rates or high dial settings (or both) are used, large 
quantities of anesthetic liquid are vaporized rapidly. As 
a result, the temperature of the remaining liquid anes-
thetic and the vaporizer itself decreases because of energy 
consumption or from the latent heat of vaporization. To 
offset this cooling effect, the S/5 ADU is equipped with a 
fan that forces warmed air from an “agent heating resis-
tor” across the cassette (vaporizer sump) to raise its tem-
perature when necessary. The fan is activated during two 
common clinical situations: (1) desflurane induction and 
maintenance and (2) sevoflurane induction.

The Aladin vaporizing system incorporates several 
important safety features. The electronic ratio control 
of the workstation is incorporated into the vaporizing 
system. This ensures no less than 25% oxygen at the 
common gas outlet regardless of the gas composition 
and the concentration of anesthetic agent. By contrast, 
anesthetic agent concentration does not affect conven-
tional oxygen ratio controllers, so this feature is unique. 
The system is equipped with a safety relief valve that 
opens when the pressure within the cassette exceeds 2.5 
bar (1899 mm Hg). When the Aladin cassette is removed 
from the unit, valves prevent the loss of fresh gas from 
the mount. Another valve prevents liquid anesthetic 
from entering the fresh gas line. This system also has 
an overfilling protection mechanism. Finally, because 
the Aladin cassette is immune from the problems associ-
ated with tipping that occur with conventional variable 
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bypass vaporizers, it has no restrictions on tilting during 
handling or storage.121

mAquEt injECtion-tyPE VAPorizEr. The Maquet vaporizer 
is an electronically controlled, injection-type vaporizer 
that is used exclusively with Maquet FLOW-i anesthe-
sia workstations. Because these vaporizers are located 
upstream from the patient’s breathing circuit, they are 
designated as out-of-circuit vaporizers, similar to the des-
flurane vaporizer and most variable bypass vaporizers. The 
Maquet injection vaporizers are also agent specific, with 
vaporizers available for isoflurane, sevoflurane, and des-
flurane. Agent-specific filling adapters are used for each 
anesthetic agent. Externally, the device has a lid, filling 
port, electronic level indicator, and alert indicators, but 
no concentration control dial. Vaporizer output adjust-
ments are accomplished through an electronic interface 
on the workstation (personal communication, Maquet 
Critical Care, January 14, 2013).

The Maquet vaporizer principle of operation is illus-
trated in Figure 29-26. Gas from the anesthesia machine 
is used to pressurize an anesthetic liquid storage con-
tainer. Pressurization of the reservoir provides the force 
to drive liquid anesthetic agent through the vaporizer 
injector and minimizes evaporation of the agent within 
the chamber. Liquid anesthetic agent is injected into a 
heated vaporizing chamber under microprocessor con-
trol in a pulsed and intermittent manner, and it rapidly 
evaporates. Anesthetic liquid is injected at small incre-
ments until the desired injection volume is obtained. The 
total amount of anesthetic injected at any given inter-
val is based on the desired anesthetic concentration and 
the fresh gas flow through the vaporizer. A dedicated gas 
analysis line downstream from the vaporizer monitors 
the output. An optical sensor in the vaporizer monitors 
the integrity of the anesthetic injections (personal com-
munication, Maquet Critical Care, January 14, 2013).

Fresh gas from the anesthesia workstation, under the 
control of operator and the fresh gas modules, flows 
through the vaporizing chamber and is enriched with 
gaseous anesthetic agent. Although some of the injected 
liquid anesthetic evaporates while in flight within the 
vaporizing chamber, the remaining liquid is deposited 
on an evaporative surface within the chamber. This 
evaporative surface is heated to ensure immediate evapo-
ration. The heating of the surface is carefully regulated 
to compensate for the effect of evaporative cooling (per-
sonal communication, Maquet Critical Care, January 14, 
2013).

During the daily workstation preuse check, the vapor-
izers are automatically tested with respect to functional-
ity and leaks. This feature is unique relative to variable 
bypass vaporizers, which must be manually selected to 
participate in automated or manual leak testing. A safety 
valve stops the flow of liquid agent in the case of vaporizer 
malfunction. The vaporizer is not vulnerable to tipping 
because it has no wicks to saturate, and agent cannot spill 
into the vaporizing chamber. The vaporizer can be filled 
during use, although no vaporizer output occurs during 
filling. An alarm triggers when the vaporizer level is less 
than 10%, and a higher-priority alarm triggers when it 
reaches 5%. At this time, no published data are available 
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Figure 29-26. The Maquet anesthetic vaporizer. 
Drive gas from the anesthesia machine is used to 
pressurize a liquid anesthetic reservoir. Under micro-
processor control, liquid agent is injected into a 
vaporizing chamber. Injection is carefully monitored. 
A heated surface within the vaporizing chamber 
facilitates evaporation of the anesthetic agent. Fresh 
gas flows through the chamber and is enriched with 
anesthetic gas. A safety valve stops the flow of liquid 
agent in the case of vaporizer malfunction. (Personal 
communication, illustration adapted with permission 
from Maquet Critical Care, Solna, Sweden, January 14, 
2013).
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on the vaporizer’s performance at variable barometric 
pressure, temperature, flesh gas flow rates, or with vari-
able fresh gas compositions (personal communication, 
Maquet Critical Care, January 14, 2013).

ANESTHETIC BREATHING CIRCUITS

Fresh gas departs from the gas supply system and enters 
the anesthetic breathing circuit through the fresh gas 
line. The functions of the breathing circuit are to deliver 
oxygen and other gases to the patient and to eliminate 
carbon dioxide. The breathing system must contain a 
low-resistance conduit for gas flow, a reservoir for gas that 
can meet the patient’s inspiratory flow demand, and an 
expiratory port or valve to vent excess gas.122 Applying 
these criteria as foundational for any anesthetic breath-
ing system, one can then further categorize the circuits 
as those that use an absorber to eliminate carbon dioxide 
(the circle system) and those that do not (the Mapleson 
circuits).123 Circle systems are the most common breath-
ing circuits used for anesthetic delivery. However, certain 
Mapleson systems are used in anesthesia workstations, 
particularly in pediatrics, and they are often used by 
anesthesia providers for ventilation and oxygenation dur-
ing transport of patients, procedural sedation, liberation 
from tracheal intubation (the T-piece), and preoxygen-
ation during out-of-the-operating-room airway manage-
ment. Therefore, both systems are discussed.

Leaks and obstruction represent the two most impor-
tant hazards associated with the breathing circuit. Most 
of the time, these problems can be detected during the 
preuse checkout of the workstation. However, a firm 
understanding of the components and function of the 
breathing system is critical if one is to perform a proper 
preuse checkout of the workstation and troubleshoot 
acute problems. The operator should also be aware of the 
various standards and alarms associated with this critical 
part of the anesthesia workstation.

Circle Breathing Systems
For many years, the overall design of the classic circle 
breathing system changed very little (Figs. 29-27 to 
29-29). From one anesthesia workstation to the next, the 
circle breathing circuits shared similar schematics and 
components. More recently, however, with the increas-
ing technologic complexity of the anesthesia worksta-
tion, circle breathing systems have evolved and their 
diversity has increased. These changes have resulted 
in part from an effort to improve patients’ safety, such 
as integration of fresh gas decoupling during positive- 
pressure ventilation.

The circle breathing system is so named because it 
allows circular, unidirectional gas flow, which is facilitated 
by unidirectional valves. Some of the main advantages 
of the circle system include (1) maintenance of relatively 
stable inspired gas concentrations, (2) conservation of 
respiratory moisture and heat, (3) elimination of carbon 
dioxide, (4) an economy of anesthetic gases resulting from 
rebreathing, and (5) prevention of operating room pollu-
tion. The capability to rebreathe and conserve anesthetic 
gases is a unique aspect of the circle breathing system as 
compared with an ICU ventilator breathing circuit, in 
which the entirety of each exhaled breath is vented into 
the room. To allow rebreathing of the exhaled gases, car-
bon dioxide must be removed. Another unique aspect of 
the circle system is that waste gases, which are composed 
of excess gas flows, anesthetic agent, and carbon dioxide, 
must able to be scavenged and eliminated. Circle systems 
also must allow for spontaneous ventilation, manual ven-
tilation, and positive-pressure ventilation. Therefore, the 
circle system must function with both the anesthesia res-
ervoir bag and a ventilator.
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Figure 29-27. Classic circle breathing system. Spontaneous breathing-inspiratory phase (ventilator not shown). Gas is drawn by the patient from 
the breathing bag and through the carbon dioxide (CO2) absorber. It is then mixed with the fresh gas inflow from the gas supply system, traverses 
the inspiratory valve, and flows to the patient. The expiratory valve prevents rebreathing by disallowing bypass of the CO2 absorber. PEEP, Positive 
end-expiratory pressure. (Courtesy Dr. Michael A. Olympio; modified with his permission.)
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Figure 29-28. Spontaneous breathing: early expiratory phase. The inspiratory unidirectional valve ensures that all exhaled carbon dioxide 
(CO2)–containing gas flows toward the breathing bag and adjustable pressure-limiting (APL) valve before being scrubbed of CO2. Fresh gas 
continues to flow, but now in retrograde fashion, and combines with the exhaled breath. The APL valve remains closed in this example because 
circuit pressure is still lower than the practitioner-set APL valve pressure threshold (i.e., 10 cm H2O). PEEP, Positive end-expiratory pressure. 
(Courtesy Dr. Michael A. Olympio; modified with his permission.)
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The major disadvantage of the circle system stems 
from its complex design. Commonly, the circle system 
may have 10 or more different connections. These mul-
tiple connection sites set the stage for misconnections, 
disconnections, obstructions, and leaks. In a closed-claim 
analysis of adverse anesthetic outcomes arising from gas 
delivery equipment, 39% of malpractice claims resulted 
from breathing circuit misconnections or disconnec-
tion.124 Malfunction of the circle system’s unidirectional 
valves can cause life-threatening problems. Rebreathing 
can occur if the valves stick in the open position, and 
total occlusion of the circuit can occur if the valves are 
stuck shut. If the expiratory valve is stuck in the closed 
position, breath stacking and barotrauma can result. 
The circle breathing system is large compared with the 
apleson systems. Therefore, the overall compliance of 
he circuit tends to be higher, and this can decrease tidal 
olume delivery during controlled ventilation. Many 
ewer anesthesia workstations assess circuit compliance 

o better deliver accurate tidal volumes, or they can com-
ensate for disparities in set versus delivered tidal volume. 
inally, because circle breathing systems use a carbon 
ioxide absorber, anesthetic degradation can occur (see 
he section on carbon dioxide absorbers).125

The circle system consists of several essential compo-
ents, including (1) a fresh gas inflow source, (2) inspira-

ory and expiratory unidirectional valves, (3) inspiratory 
nd expiratory corrugated tubes, (4) a Y-piece that con-
ects to the patient, (5) an overflow or adjustable pressure 

imiting (pop-off) valve (the APL valve), (6) a reservoir or 
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breathing bag, and (7) a canister containing a carbon diox-
ide absorbent (see Fig. 29-27). Several additional common 
circuit components are added to enhance patients’ safety, 
including a circuit pressure sensor, a circuit pressure 
gauge, an expiratory (and possibly an inspiratory) flow 
sensor, and an inspired oxygen concentration sensor. A 
separate positive end-expiratory pressure (PEEP) valve 
may be present. A ventilator serves as an alternate source 
of ventilation apart from the patient or the anesthesiol-
ogy provider. The inspiratory and expiratory valves are 
placed in the system to ensure that gas flow through the 
circuit remains unidirectional. The fresh gas inflow enters 
the circle by a connection from the common gas outlet of 
the anesthesia machine. The major circle system compo-
nents are described in the following subsections.

unidirECtionAl VAlVEs. The one-way valves are essential 
elements of the circle breathing system (Fig. 29-30; see 
Fig. 29-57). They are usually constructed so that their 
function is not impaired by the humidity that sometimes 
accumulates in the breathing system. However, incompe-
tence is one of the most common problems encountered 
with these usually reliable valves, and the expiratory 
valve seems to be most vulnerable because it is subject 
to greater moisture exposure. Stuck-open unidirectional 
valves result in rebreathing of carbon dioxide, and each 
valve demonstrates a characteristic incompetence pattern 
on the capnography tracing.126 Assessing for proper uni-
directional valve function should be part of the anesthe-
sia workstation preuse check out procedure. Anesthesia 
machines are constructed so functioning of these valves 
is visible.127

AdjustAblE PrEssurE-limitinG VAlVE. The APL valve is an 
operator-adjustable relief valve that vents excess breath-
ing circuit gas to the scavenging system and provides 
control of the breathing system pressure during sponta-
neous and manual modes of ventilation. Switching the 
workstation to a ventilator mode excludes or closes the 
valve.127 Several other common names exist for these 
devices, including “pop-off” valve and pressure relief 
valve.122 The two basic types of pressure-limiting valves 
are the variable-resistor (or variable-orifice) type and the 
pressure-regulating type. The variable-type functions 
as a needle valve, much like a flow control valve (Fig. 
29-31). The operator adjusts the outlet orifice size, so the 
APL
valve

To
scavenger

Inspiratory
valve

Expiratory
valve

CPAP

Fresh gas
inflow

Figure 29-29. Spontaneous breathing: end-expiratory phase with continuous positive airway pressure (CPAP). Fresh gas continues to flow 
into the circuit generating pressure that maintains distention of the lungs (CPAP) and the breathing bag. Once the circuit pressure exceeds the 
adjustable pressure-limiting (APL) valve’s set threshold (i.e., 10 cm H2O), the valve opens, and excess gas flow is vented to the scavenger. (Courtesy 
Dr. Michael A. Olympio; modified with his permission.)
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Figure 29-30. Circle breathing system unidirectional valves (Modified from Yoder M: Absorbers and breathing systems. In Understanding modern 
anesthesia systems, Telford, Pa., 2009, Dräger Medical, pp 83-126.)
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resultant breathing system pressure at any given adjust-
ment is directly related to the fresh gas flow rate. Modern 
machines now mostly use pressure-regulating–type APL 
valves (Fig. 29-32). This type of APL valve has an adjust-
able internal tension spring and an external scale indicat-
ing approximate or relative opening pressure. When the 
pressure in the system exceeds spring tension, a disk opens 
and gas is vented (see Fig. 29-32, B). In this manner, the 
operator can adjust the circuit pressure, which remains 
stable even as the fresh gas flow is increased. Continu-
ous positive airway pressure (CPAP) can be more reliably 
controlled using this type of APL valve; however, circuit 
pressure should be carefully monitored. This type of valve 
usually has a fully open position for spontaneous breath-
ing whereby the valve is open to the atmosphere (see Fig. 
29-32, C). Gas is prevented from returning from the scav-
enging system by a downstream check valve. When the 

Needle
valve

Adjusting
knob

To
scavenger

Check
valve

From
breathing

circuit

Needle
valve seat

Figure 29-31. Adjustable pressure-limiting valve: variable orifice 
type. A weighted check valve prevents gas from flowing backward 
after being sent to the scavenger. A variable orifice needle valve con-
trols rate of gas egress from the breathing circuit, thereby controlling 
the circuit pressure. At any given adjusted valve orifice, the pressure in 
the circuit will depend on the fresh gas flow rate. (Modified from Yoder 
M: Absorbers and breathing systems. In Understanding modern anes-
thesia systems, Telford, Pa., 2009, Dräger Medical, pp 83-126.)
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alve is placed in the manual mode, spring pressure is 
pplied to the valve in an amount proportional to the 
esired maximal circuit pressure as described before.41,122

nEstHEsiA rEsErVoir bAG or “brEAtHinG bAG.” The 
nesthesia reservoir bag, or “breathing bag,” provides 
everal important functions, including (1) serving as a 
eservoir for exhaled gas and excess fresh gas, (2) provid-
ng a means of delivering manual ventilation or assisting 
pontaneous breathing, (3) serving as a visual or tactile 
eans of monitoring a patient’s spontaneous breath-

ng efforts, and (4) partially protecting the patient from 
xcessive positive pressure in the breathing system such 
s in the case of inadvertent closure of the APL valve or an 
bstruction of the scavenge line (Fig. 29-33). The reservoir 
ag is the most compliant part of the breathing system. 
he pressure-volume characteristics of this bag are such 
hat it inflates to a maximal pressure and then slightly 
ecreases to a plateau as it continues to fill even to high 
olumes.122,128,129 Anesthesia reservoir bags must adhere 
o pressure standards, which allow a minimal pressure 
f approximately 30 cm H2O and a maximal pressure of 
pproximately 60 cm H2O when the bag is filled to four 
imes its stated capacity.130 Although most bags adhere 
o these standards, some latex-free bags have exceeded 
his maximal value.129 Classically, the reservoir bag was 
xcluded from the breathing circuit when the ventila-
or was in use. However, on some contemporary work-
tations, such as the Dräger Fabius and Dräger Apollo, 
he reservoir bag is integral to circuit function during 

echanical ventilation, where it serves as an exhaled and 
resh gas reservoir.41,131

orruGAtEd brEAtHinG CirCuit tubinG. The breath-
ng circuit tubing, which accounts for most of the vol-
me within the breathing, has certain vulnerabilities. 
irst, these circuits are distensible; therefore, some of the 
olume to be delivered to the patient during positive-
ressure ventilation is absorbed by the distention of the 
ubing. Many modern machines perform a compliance 
est to compensate for this distention, so it is important 
hat these tests be performed with the circuit that is to 
e used. For instance, if an extension is to be used on the 
Figure 29-32. Adjustable pressure-limiting 
(APL) valve: pressure-regulating type. A, In 
the “manual” setting, the operator adjusts 
spring tension, thereby adjusting valve open-
ing pressure. In this image the breathing cir-
cuit pressure has not yet exceeded spring 
tension. B, Breathing circuit pressure has 
exceeded the set pressure (spring tension), 
and gas is vented to the scavenger. With the 
pressure regulating type of APL valve circuit 
pressure is independent of the fresh gas flow 
rate. C, When the valve is placed in the spon-
taneous mode, the disk is lifted off the valve 
seat, and gas flows freely to the scavenger. A 
check valve downstream prevents waste gas 
from returning to the breathing circuit.

Manual
ventilation mode

Spring pressure
exceeded by

circuit pressure

Spontaneous
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Control
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From
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To
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A B C

Figure 29-33. Breathing circuit reservoir bag or breathing bag. The standard for reservoir bags is that their maximum pressure should not 
exceed approximately 60 cm H2O at four times their stated capacity.130 However, many reservoir bags peak and plateau at lower pressures, and all 
should maintain plateau as they expand.128 reservoir bags peak at lower pressures yet continue to expand. A peak pressure followed by a plateau 
is usually seen. In A and B, this breathing bag was allowed to inflate to several times its capacity. C, The breathing circuit pressure has plateaued 
at approximately 40 cm H2O. Vigilance should prevent this from occurring because the continuing positive-pressure alarm should be sounding 
while the bag is inflating.
circuit to facilitate turning the operating room table 180 
degrees, the compliance, leak, and flow tests should be 
performed with the extension in place. Another poten-
tial problem is that these circuits can leak or house an 
obstruction (see later).

y-PiECE. The Y-piece of the circuit is the distal part of 
the near the patient connection that merges the inspira-
tory and expiratory limbs of the circle breathing system. 
It has a distal inner 15-mm diameter to it can connect to 
an endotracheal tube or elbow connector, and a 22-mm 
outer diameter to connect to a face directly if needed. On 
modern anesthesia machines, the gas monitoring sample 
port is located at or near the Y-piece because inspiratory 
and expiratory gases can be sampled there. The anatomic 
dead space in the circle system begins at the Y-piece.

insPirEd oxyGEn ConCEntrAtion monitor. The ASTM 
standards state that the workstation must be provided 
with an oxygen monitor for the measurement of the 
oxygen concentration in the breathing circuit inspira-
tory limb or at the Y-piece. A low–oxygen concentration 
alarm must be associated with the device, and the alarm 
must activate within 30 seconds of an oxygen concentra-
tion drop below the set limit, which cannot be adjust-
able to less than 18% v/v%.12 The oxygen sensor is truly 
the patient’s last line of defense from receiving a hypox-
emic gas mixture. Galvanic cell oxygen analyzers are 
often used for this purpose (see Fig. 29-55). A common 
location for this sensor is on the housing of the inspira-
tory unidirectional valve. Galvanic cell oxygen analyz-
ers have a finite life span and are prone to drift. They 
therefore require daily calibration during the workstation 
preuse check (see the section on the Preuse check). Side-
stream multigas analyzers are now used more often as the 
exclusive inspiratory oxygen monitor because machines 
are increasingly incorporating integrated gas monitor-
ing capabilities. Paramagnetic oxygen analysis is typi-
cally employed within these monitors, and this analysis 
requires less frequent calibration. Multigas side-stream 
analysis is performed at the Y-piece.
Flow sEnsors. Flow sensors are used on the anesthesia 
machine primarily to provide tidal volume measurement. In 
fact, ASTM standards state that the workstation must have 
a device that monitors the patient’s exhaled tidal volume or 
minute ventilation, or both.12 Some machines, if capable, 
also use the sensors to produce flow waveform or flow-vol-
ume loops, or both. Finally, some machines use tidal vol-
ume measurements as a feedback signal to maintain stable 
tidal volume delivery regardless of the total fresh flow rate. 
Although early flow sensors were usually mechanical respi-
rometers, contemporary machines may employ differential 
pressure sensors, heated wire anemometers, ultrasonic flow 
sensors, and variable orifice flow sensors. The location of 
the flow sensor can vary, but the machine must have, at a 
minimum, a sensor for exhaled gas flow.

brEAtHinG CirCuit PrEssurE sEnsors. The continuous 
measurement of airway pressure in the patient’s breath-
ing circuit is critical to the patient’s safety, and it fulfills 
several requirements. First, anesthesia workstations must 
continuously display pressure in the breathing system. 
Second, operator-adjustable alarm conditions must exist 
for high pressure, as well as for continuing positive pressure 
for 15 seconds or longer. Excessive high pressure or pro-
longed positive airway pressure can compromise venous 
return, decrease cardiac output, interfere with ventila-
tion, or cause barotrauma.12 An alarm must also occur if 
the pressure in the breathing circuit becomes less than −10 
cm H2O for more than 1 second. Finally, when automatic 
ventilation is in use, the machine must alarm whenever 
the breathing pressure falls below a preset or adjustable 
pressure threshold for more than 20 seconds. Because the 
machine must also have a breathing system disconnec-
tion alarm, this low-pressure alarm may serve that pur-
pose. However, low-volume or exhaled CO2 monitoring 
may also be used.12 The location of pressure sample site 
in the breathing system can be variable. It can be located 
in either the inspiratory or expiratory nondisposable cir-
cuitry, but it is usually close to one of the unidirectional 
valves. Anesthesia machines also have an analog breath-
ing pressure gauge. Although it does not have any alarm 



capabilities or an electronic interface, it continues to 
serve as a faithful adjunct.

FiltErs And HEAt And moisturE ExCHAnGErs. The use 
of heat and moisture exchangers and filters within the 
anesthesia breathing circuit is common. The rationale 
for the use of heat and moisture exchangers is to replace 
the normal warming and humidifying function of the 
upper airway, which is bypassed by an artificial airway.132 
The basis for filter use is to prevent the transmission of 
microbes from the patient to the machine and hence 
potentially to other patients. Heat and moisture exchang-
ing filters serve both purposes. Although a discussion of 
the benefits and potential hazards associated with these 
devices is beyond the scope of this chapter, no consensus 
agreement pertaining to the use of these devices exists. 
Further, current ASA recommendations endorse the use 
of filters only in the context of patients with tubercu-
losis, to protect the machine from contamination with 
airborne infectious disease.133 If a filter is to be used for 
this purpose, it should have an efficiency rating higher 
than 95% for particle sizes of 0.3 um. The filter should be 
placed between the endotracheal tube and the Y-piece.134

CirClE systEm FunCtion. Classic circle system function 
is illustrated in Figures 29-27 to 29-29. The extent of 
rebreathing and the conservation of the other exhaled 
gases depend on the fresh gas flow rate. Higher fresh gas 
flow rates result in less rebreathing and greater waste gas. 
Contemporary circle systems are usually operated in a 
semiclosed manner, meaning that some waste flow is always 
vented through the APL valve or the waste gas valve asso-
ciated with the ventilator. The use of low gas flows (≈1.0 
L/minute) or minimal flows (≈0.5 L/minute) during anes-
thesia is an example. A semiopen system, as it pertains to 
the circle system, connotes higher fresh gas flows where 
minimal rebreathing would occur and more waste gas is 
vented. The potential advantages of conducting minimal 
fresh gas flow anesthesia include a decreased use of volatile 
anesthetic agents, improved temperature and humidity 
control, and reduced environmental pollution. The disad-
vantages include difficulty in rapidly adjusting anesthetic 
depth and the theoretical possibility of accumulation of 
endogenously released gases (e.g., carbon monoxide [CO], 
acetone, methane) or volatile anesthetic–absorbent related 
degradation products (e.g., compound A, CO).135 A closed 
circuit is one in which the rate of oxygen inflow exactly 
matches metabolic demand, rebreathing is complete, and 
no waste gas is vented (APL valve remains closed). A vola-
tile anesthetic agent is added to the breathing circuit in 
liquid form in precise amounts or is initially introduced 
through the vaporizer.136 Closed-circuit anesthesia maxi-
mizes the advantages of low and minimal flow anesthesia. 
However, the technical demands of the technique relative 
to the benefits make it impractical for routine use with 
contemporary equipment, thus it is rarely employed.137

PotEntiAl CirClE systEm ProblEms

leakS anD DiScOnnectiOnS. Breathing circuit leaks and dis-
connections continue to cause critical incidents in anes-
thesia.138-140 Common sources of leaks include disposable 
tubing and components, as well as points of connection 
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within the breathing circuit and at the carbon dioxide 
absorber canister.141 Although leaks can develop during 
the course of anesthesia, such as a partial disconnection, 
most leaks can be detected during a thorough worksta-
tion preuse checkout. Leaks can be small, compensated 
only by increase in fresh gas flow to overcome the loss 
of volume, or they can be very large, prohibiting any 
ventilation at all. No matter the size, all leaks should be 
i nvestigated. Several monitors can assist the anesthesia 
provider in detecting a leak or circuit disconnection dur-
ing the course of anesthetic care (Table 29-6).

Breathing circuit pressure monitoring is an extremely 
important aid in diagnosing leaks and disconnections. 
As discussed earlier, breathing circuit pressure monitor-
ing is a required feature, and alarms must be present for 
high-pressure, elevated sustained-pressure, and negative-
pressure situations. The threshold pressure limit alarm is 
useful for detecting leaks and disconnections. Machines 
must be designed so that whenever the breathing system 
pressure remains lower than the threshold limit while in 
a controlled ventilation mode for more than 20 seconds, 
an audible and visual alarm is generated (Fig. 29-34, A). 

TABLE 29-6 METHODS OF DETECTING LEAKS  
AND DISCONNECTIONS DURING THE COURSE  
OF ANESTHESIA

Method Leak Indications

Breathing circuit 
pressure 
sensors

Threshold pressure alarm*

Pressure waveform evaluation
Trend of peak pressures

Workstation tidal 
volume sensors

Low minute ventilation or low tidal volume 
alarm

Failure to deliver set tidal volume
Disparity between inhaled and exhaled tidal 

volumes
Decreasing trend of tidal volume and 

minute ventilation

Exhaled gas 
analysis

Exhaled carbon dioxide automated 
monitoring

Abnormal appearance and trend of 
capnography tracing

Physiologic 
sensors (e.g., 
SpO2%, HR, BP)

Late detection of significant leaks and 
disconnections because the patient is 
already decompensating

A vigilant 
practitioner

Assesses breath sounds and chest wall 
excursion

Pays close attention to alarms and responds 
promptly

Observes workstation and physiologic 
monitors

Notes that ventilator bellows is not refilling 
completely and tidal volumes are 
decreasing

Notes that flow rate requirements are 
increasing to refill an ascending bellows

Senses that breathing bag motion and feel 
are not normal

Detects the odor of anesthetic gas
Follows his or her instinct that something is 

not right

BP, Blood pressure; HR, heart rate; SpO2, saturation of peripheral oxygen.
*ASTM standard.
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Figure 29-34. Threshold pressure alarm limit. A, The thresh-
old pressure alarm limit (dotted line) has been set appropriately. 
An alarm is actuated when partial disconnection occurs (arrow) 
because the threshold pressure alarm limit is not exceeded by 
the breathing circuit pressure. B, Partial disconnection is unrec-
ognized by the pressure monitor because the threshold pressure 
alarm limit has been set too low. (Redrawn from North Ameri-
can Dräger: Baromed breathing pressure monitor: operator’s 
instruction manual, Telford, Pa., 1986, North American Dräger.)
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Visual alarm examples include “Apnea Pressure,” “Check 
Breathing Circuit,” and “Low Pressure.”33,34,41 The spe-
cific pressure threshold alarm times on machines may 
vary slightly. The pressure threshold limit may be oper-
ator adjustable on some machines, and some may also 
have an “autoset” feature, which applies an algorithm to 
set an appropriate threshold limit based on the current 
airway pressures.31,131 As can be seen in Figure 29-34, B, 
allowing the threshold limit to remain too low may allow 
a partial disconnection (leak) to go unrecognized. Con-
versely, allowing the threshold pressure limit to remain 
too high can result in an erroneous “apnea pressure” or 
“threshold low” alert.

Respiratory volume monitors are useful in detecting 
leaks or disconnections, and anesthesia workstations 
must be able to monitor exhaled tidal volume or minute 
ventilation. Alarms for low minute ventilation and low 
exhaled tidal volume alert the operator when these val-
ues drop to less than adjustable limits. The user should 
bracket the high and low threshold minute ventilation 
alarm slightly higher and lower than the patient’s require-
ments. For example, if the exhaled minute volume of a 
patient is 10 L/minute, reasonable alarm limits would be 
8 to 12 L/minute. An autoset feature may be available for 
minute ventilation monitoring as well.131 Some worksta-
tions have an alarm if a significant disparity exists between 
inhaled and exhaled tidal volume, or when the measured 
tidal volume does not achieve the set tidal volume.142 
Finally, some workstations that have integrated gas moni-
toring may also use exhaled carbon dioxide as a means 
to alert the operator in the event of a loss of ventilation.

miScOnnectiOnS. Misconnections of the breathing sys-
tem are unfortunately not uncommon. Despite the ef-
forts of standards committees to eliminate this problem 
by assigning different diameters to various hoses and 
hose terminals, they continue to occur. Anesthesia work-
stations, breathing systems, ventilators, and scavenging 
systems incorporate many of these diameter-specific con-
nections. The ingenuity of some individuals in outwit-
ting these “foolproof” systems has led to various hoses 
being cleverly adapted or forcefully fitted to inappropriate  
terminals and even to various other solid cylindrically 
shaped protrusions of the anesthesia machine.143,144 Op-
erators and technicians should be properly trained on 
their respective workstations, and workstation modifica-
tion should be discouraged.

OccluSiOn. Occlusion (obstruction) of the breathing 
circuit may occur and can have severe consequences. Tra-
cheal tubes can become kinked. Breathing circuit valves 
or other components can malfunction. Hoses through-
out the breathing circuit are subject to occlusion by in-
ternal obstruction or external mechanical forces that 
can impinge on flow. Blockage of heat and moisture ex-
changers by secretions can cause significant obstruction, 
and blockage of a bacterial filter in the expiratory limb 
of the circle system has caused bilateral tension pneu-
mothorax.145,146 A misplaced disk in an expiratory valve 
also caused expiratory limb obstruction and tension 
pneumothorax.147 Because retained carbon dioxide ab-
sorber canister wrapping has been associated with circuit 
obstruction, ASTM standards now require that absorb-
ers be packaged in a way that immediately identifies the 
presence of a wrapper.127,148,149 Defects associated with 
disposable circuit components or the disposable tubing 
itself have been associated with severe circuit obstruction 
and sometimes injury to the patient.150-154 Misplaced 
Luer caps have made their way into the elbow connec-
tor of the circuit because of packaging or processing and 
have caused significant circuit obstruction.155,156 Incor-
rect insertion of flow direction–sensitive components can 
result in a no-flow state. Examples of these components 
include some older PEEP valves and cascade humidi-
fiers. Only the performance of manual circuit flow test, 
or a similar automated test, during the preuse checkout 
procedure reliably detects a circuit obstruction. If you are 
struggling to ventilate a patient and are unsure regarding why, 
do not delay in switching to a self-inflating resuscitation bag. 
Ventilate first, troubleshoot later.

VAriAtions in CirClE brEAtHinG systEm dEsiGn. Numer-
ous variations of the circle arrangement are possible, 
depending on the relative positions of the unidirectional 



valves, the pop-off valve, the reservoir bag, the carbon 
dioxide absorber, and the site of fresh gas entry. However, 
to prevent rebreathing of carbon dioxide in a traditional 
circle system, three rules must be followed: (1) a unidi-
rectional valve must be located between the patient and 
the reservoir bag on both the inspiratory and expiratory 
limbs of the circuit, (2) the fresh gas inflow cannot enter 
the circuit between the expiratory valve and the patient, 
and (3) the overflow (pop-off) valve cannot be located 
between the patient and the inspiratory valve. If these 
rules are followed, any arrangement of the other com-
ponents will prevent rebreathing of carbon dioxide.125 
Design departures from the traditional circle breathing 
system are becoming more common as workstations 
evolve. Some of these designs are driven by the com-
pensatory strategies intended to eliminate the impact of 
varying fresh gas flow rates or oxygen flush on inspira-
tory tidal volume and airway pressure during mechani-
cal ventilations (fresh gas decoupling or compensation). 
Breathing system variations are addressed later, in the 
section on anesthesia ventilators.

Carbon Dioxide Absorbers
Circle breathing systems require a means of carbon diox-
ide removal from the exhaled gases to avoid carbon diox-
ide rebreathing and hypercapnia. Although increasing 
the fresh gas inflow to high levels can dilute out most car-
bon dioxide in the circle breathing circuit, this would be 
a very inefficient way to conduct an anesthetic regimen 
for reasons described earlier. Because gas flows through 
the anesthetic machine are less than minute ventilation, 
absorption of carbon dioxide prevents hypercarbia from 
occurring. If one could design an ideal carbon dioxide 
absorbent, its characteristics would include a lack of reac-
tivity with common anesthetics, an absence of toxicity, 
low resistance to airflow, minimal dust production, small 
cost, ease of handling, and high efficiency carbon diox-
ide absorption. There should also exist a reliable method 
of assessing for absorbent depletion (i.e., a diminished 
ability to remove carbon dioxide). Finally, the container 
that houses the absorbent should be easy to remove 
and replace, should maintain breathing circuit integ-
rity during rapid “in-flight” replacement, and should 
impose minimal risk of causing breathing system leaks or 
obstruction. Carbon dioxide absorbers are not unique to 
anesthesiology. They are also used in certain military and 
commercial diving equipment, submarines, space opera-
tions, mining and rescue operations, and hyperbaric facil-
ities. In these environments, carbon dioxide absorbers are 
often referred to as CO2 scrubbers.

AbsorbEr CAnistEr. Although anesthesia circuit absorber 
canister configurations vary considerably, they are all 
similar in that they must be visible to the operator and 
transparent to monitor for absorbent presence and color. 
Traditionally, the absorber canister has been composed of 
one or two clear plastic canisters arranged in series. Open-
ing the canister assembly abolished the integrity of the 
breathing circuit, so ventilation had to be accomplished 
via other means if the absorbent had to be changed dur-
ing the course of anesthesia and apnea could not be tol-
erated. Because of the multiple components and their 
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compression assembly method, absorber canister assem-
blies of this type are not an uncommon source of leaks.141 
The canisters are filled either with loose bulk absorbent 
or with absorbent supplied by the factory in prefilled 
plastic disposable cartridges called prepacks. Free granules 
from bulk absorbent can create a clinically significant 
leak if they lodge between the clear plastic canister and 
the O-ring gasket of the absorber. Leaks have also been 
caused by defective prepacks that were larger than factory 
specifications.157 Prepacks can also cause total obstruc-
tion of the circle system if the clear plastic shipping wrap-
per is not removed before use or if the prepack itself is 
defective.148,154 Problems with rebreathing carbon diox-
ide have been caused by canister apparatus reassembly 
issues.158-160 Many modern workstations now use single 
canister absorbers, with some being disposable and easily 
replaceable. Increasingly, workstation design allows the 
canister to be replaced during anesthesia without interfer-
ing with breathing system continuity, sometimes referred 
to as a bypass feature.33 A potential risk imposed by this 
feature is that the machine may pass an automated or 
manual leak test without the absorber attached. This 
emphasizes the importance of actually inspecting the 
absorber before every anesthetic.

CHEmistry oF AbsorbEnts. The process of removing carbon 
dioxide from the breathing circuit involves the absorp-
tion of the exhaled carbon dioxide by chemical absor-
bents contained within the absorber canister, whereby 
carbon dioxide is converted into water, heat, and other 
byproducts. Therefore, the removal of the acid gas carbon 
dioxide from the breathing circuit ultimately occurs via 
a series of chemical reactions; it is not merely a physical 
process like water soaking into a sponge. Most anesthesia 
machine absorbents use calcium hydroxide [Ca(OH)2] to 
react with the expired carbon dioxide, producing insolu-
ble calcium carbonate (CaCO3). However, because carbon 
dioxide does not react quickly with Ca(OH)2, water and 
small amounts of stronger bases have been used to speed 
up the carbon dioxide reaction. These calcium absorbents 
vary in terms of their contents of water; reaction catalysts 
such as sodium hydroxide (NaOH), potassium hydroxide 
(KOH), humectants (i.e., calcium chloride); and harden-
ing agents such as silica. Many newer absorbents have 
only trace amounts of KOH, or it is absent altogether 
because this base has been associated with anesthetic deg-
radation. Some have also limited or eliminated NaOH for 
the same reason. One absorbent brand replaces Ca(OH)2 
entirely with lithium hydroxide (LiOH), which does not 
require any additional catalysts to react with carbon diox-
ide. Key differences in absorbents include their absorp-
tive capacity of carbon dioxide and their propensity to 
react with volatile anesthetics that produce potentially 
harmful degradation products (e.g., CO and compound 
A). The composition of several absorbents is shown in 
Table 29-7.161-166

The chemistry of carbon dioxide absorption by 
Ca(OH)2-based absorbents is illustrated next using clas-
sic soda lime as an example. Carbon dioxide reacts rela-
tively slowly with the Ca(OH)2, so a few steps must occur 
first to catalyze the reaction. First, carbon dioxide reacts 
with liquid water present on and within the granules and 
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TABLE 29-7 CARBON DIOXIDE ABSORBER COMPARISONS

Absorbent (Reference) Ca(OH)2 (%) LiOH (%) H20 (%) NaOH (%) KOH (%) Other (%)

Classic soda lime (165) 80 0 16 3 2 -
Baralyme (164)* 73 0 11-16 0.0 5 11 Ba(OH)2

Sodasorb (161)* 76.5 0 18.9 2.25 2.25 -

Dragersorb 800 Plus (162, 166)* 82 0 16 2 0.003 -
Medisorb (166)* 81 0 18 1-2 0.003 -
New soda lime* 73 0 <19 <4 0 -
Sodasorb LF (163) >80 0 15-17 <1 0 -
Dragersorb Free (161, 164) 74-82 0 14-18 0.5-2 0 3-5 CaCl2

Sofnolime* >75 0 12-19 <3 0 -

Amsorb Plus (161, 165) >75 0 14.5 0 0 <1 CaCl2 
and CaS04

Litholyme* >75 0 12-19 0 0 <3 LiCl
SpiraLith* 0 ≈ 95 0† 0 0 ≤5 PE

Ba(OH)2, Barium hydroxide; CaCl2, calcium chloride; Ca(OH)2, calcium hydroxide; CaS04, calcium sulfate; KOH, potassium hydroxide; LiCL, lithium chlo-
ride; LiOH, lithium hydroxide; NaOH, sodium hydroxide; PE, polyethylene.

*Materials Safety Data Sheets, Occupational Safety and Health Administration, U.S. Department of Labor.
†Up to 60% of LiOH is chemically bound 1:1 with H20 as Lithium Hydroxide Monohydrate (see text for details).
creates weak carbonic acid (H2CO3). This step empha-
sizes the importance water in the reaction, thus all cal-
cium hydroxide–based absorbents contain approximately 
12% to 19% H2O by weight. Because the H2CO3 also does 
not react quickly with Ca(OH)2, the strong base addi-
tives NaOH and KOH are used to form sodium carbonate 
(Na2CO3) and potassium carbonate (K2CO3). This occurs 
in the second step of the reaction. Na2CO3 and K2CO3 
are capable of reacting quickly with Ca(OH)2, which is 
seen in the third reaction. This results in the formation of 
insoluble CaCO3 and the liberation of NaOH and KOH for 
reuse. The rate of conversion of carbon dioxide to H2CO3 
in the first reaction is determined by how fast H2CO3 
can be consumed by the catalyst requiring a second reac-
tion. Therefore the third reaction is the rate-limiting step. 
Some carbon dioxide may react directly with Ca(OH)2, 
but as mentioned, this reaction is slower. Byproducts of 
the entire process are water and heat.167,168 As it became 
apparent that the strong base catalysts such as NaOH and 
KOH were associated with potentially adverse effects, 
their proportions were reduced or they were removed 
altogether.

1. CO2 + H2O ⇌ H2CO3
2. H2CO3 + 2NaOH (KOH) ⇌ Na2CO3 (K2CO3)

+ 2H2O + Heat
3. Na2CO3 (K2CO3) + Ca(OH)2 ⇌ CaCO3

+ 2NaOH (KOH) + Heat

  

In contrast to the calcium hydroxide–based absorbents, 
lithium hydroxide (LiOH)-based absorbents do not 
require additives to react with carbon dioxide. LiOH is 
capable of reacting quickly with carbon dioxide by itself. 
Although liquid water is not required as in the classic 
Ca(OH)2 reaction (where it combines with CO2 to create 
H2CO3), H2O molecules are still required for the reaction 
to take place. Traditionally, these water molecules come 
from exhaled breathing gases to complete the reaction of 
carbon dioxide with LiOH to produce lithium carbonate. 
Additionally, LiOH absorbents may contain molecules 
of water, where they are chemically bound to LiOH (1:1) 
through the following exothermic reaction:168a

2LiOH + 2H2O ⇌ 2LiOH * H2O + Heat

LiOH that does not contain water is referred to as LiOH 
anhydrous. LiOH containing chemically bound water is 
called lithium hydroxide monohydrate. Because the water 
addition reaction gives off heat, LiOH absorbents that 
already contain chemically bound water (lithium hydrox-
ide monohydrate) react at a lower temperature than LiOH 
anhydrous absorbents.

Granular anhydrous LiOH is formed by removing the 
water from a granule of lithium hydroxide monohydrate. 
This provides greater surface area for reaction with car-
bon dioxide when the absorbent is of granular form. 
One manufacturer has a technique that creates a large 
surface area by using lithium hydroxide anhydrous pow-
der instead of large granules and binds this fine powder 
within a nongranular polymer matrix. The fine powder is 
then partially hydrated, resulting in both a large surface 
area for carbon dioxide to quickly react while also reduc-
ing the reaction temperature (personal communication, 
Micropore, Inc., Elkton, MD, 2014). When LiOH is bound 
with water (lithium hydroxide monohydrate), it removes 
carbon dioxide from the breathing circuit through the 
following endothermic reaction, producing insoluble 
lithium carbonate:

2LiOH * H2O + CO2 ⇌ Li2CO2 + 3H2O − Heat



intErACtions oF inHAlEd AnEstHEtiCs witH AbsorbEnts

FOrmatiOn OF pOtentially harmFul DegraDatiOn prOD-
uctS. The interaction of volatile anesthetic agents with 
the strong bases present in calcium hydroxide–based 
carbon dioxide absorbents, such as KOH and NaOH, has 
been long known to be associated with the formation of 
degradation products. For historical perspective, trichlo-
roethylene, a volatile anesthetic introduced to clinical 
use in 1940, was found to be associated with neurologic 
toxicity, particularly cranial nerve neuropathies and en-
cephalitis.169,170 Experimental investigation determined 
that dichloroacetylene, a toxin, was being formed by a 
base-catalyzed reaction due to prior formulations of soda 
lime, particularly if the soda lime had a large base con-
tent and was dry. Today, the main degradation products 
of concern are compound A, associated with the use of 
sevoflurane, and CO, mainly associated with the use of 
desflurane, enflurane, and isoflurane.171 Other degrada-
tion products include formaldehyde and methanol, but 
these are not discussed here.165

Compound A Production. Sevoflurane can undergo a 
base-catalyzed degradation within the breathing circuit 
into fluoromethyl-2,2-difluoro-1-(trifluoromethyl) vinyl 
ether, known as compound A. Compound A has been 
shown to be nephrotoxic in rats at concentrations that 
are capable of occurring in the breathing circuit during 
clinical conditions.169,172 Moreover, in a limited num-
ber of volunteer studies, sevoflurane was associated with 
transient albuminuria and glucosuria.173,174 To date, how-
ever, mounting data have shown no relationship between 
sevoflurane use and postoperative renal dysfunction in 
humans, including patients with preoperative renal insuf-
ficiency.169,175-180 Several physical factors can contribute 
to an increase in the concentration of compound A in the 
breathing circuit, including the following:

 •  Low-flow or closed-circuit anesthetic techniques
 •  Higher concentrations of sevoflurane in the anesthetic 

circuit
 •  The type of absorbent
 •  Higher absorbent temperatures
 •  Fresh absorbent171,172,175,181

  

Sevoflurane product information states that, to mini-
mize the risk of exposure to compound A, sevoflurane 
exposure should not exceed 2 MAC-hours at flow rates 
of 1 to less than 2 LPM, although this recommendation 
predates several studies demonstrating safety at lower 
flow rates.

The type and ratio of strong bases within the car-
bon dioxide absorbent seem to be related to the degree 
of degradation of sevoflurane and compound A forma-
tion. KOH seems to be a stronger precipitant of break-
down than is NaOH.164,166 For example, the absorbent 
Baralyme, which has been voluntarily withdrawn from 
the market, and classic soda lime, which both contain 
KOH and NaOH, have a greater propensity to cause 
sevoflurane degradation to compound A than do newer 
absorbents that contain only trace amounts of KOH.166 
Calcium hydroxide–based absorbents that contain nei-
ther KOH nor NaOH produce negligible amounts of com-
pound A in some studies, and none in others.163,166,182 
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LiOH-based absorbent has negligible or no compound 
A production.162,182,182a,182b Given the safe track record 
of sevoflurane and the ongoing improvements in car-
bon dioxide absorbents, the risk to patients imposed by 
compound A during routine clinical practice must be 
minimal.183

Carbon Monoxide Production. Strong-base absorbents 
that are extremely dry (desiccated) can also degrade con-
temporary inhaled anesthetics to clinically significant 
concentrations of CO and can cause patient injury.164 
Under certain conditions, this process can produce very 
high carboxyhemoglobin concentrations that reach 35% 
or greater.184 A typical scenario involving patient expo-
sure to a high concentration of CO would involve the 
first case of the day on a Monday, where high continuous 
gas flows circulating through the breathing system dur-
ing the weekend cause desiccation of the absorbent.185,186 
Machines in remote locations are also at a more fre-
quent risk of absorbent desiccation.186 In the absence of 
a patient connected to the circuit, prolonged fresh gas 
flow rates of 5 L/min or greater through the absorbent are 
sufficient to cause critical drying of the absorbent mate-
rial. The situation is even worse when the breathing bag 
is left off the breathing circuit with conventional circle 
systems. An absence of a slight pressure building in the 
reservoir bag facilitates retrograde flow through the circle 
system.184 Because the inspiratory valve leaflet produces 
some resistance to flow, fresh gas flow takes the retro-
grade path of least resistance through the absorbent and 
out the 22-mm breathing bag mount (see the classic circle 
breathing system in Fig. 29-27).

Several factors increase the production of CO and 
resultant increased carboxyhemoglobin levels, including 
the following:

 •  The inhaled anesthetic used (for a given MAC multiple, 
the magnitude of CO production from greatest to least 
is desflurane ≥ enflurane > isoflurane >> halothane = 
sevoflurane),

 •  The dryness of the absorbent
 •  The type of absorbent
 •  The temperature (increased temperature increases CO 

production)
 •  The anesthetic concentration (more CO is produced 

with higher anesthetic concentrations)187

 •  Low fresh gas flow rates
 •  Reduced experimental animal (patient) size per 100 g 

of absorbent.188,189

  

As with compound A production, the presence of 
strong bases like KOH and NaOH in the absorbent cor-
relates to the ability of desiccated absorbent to degrade 
certain anesthetics and liberate CO. Therefore the now 
withdrawn agent Baralyme and, to a lesser extent, con-
ventional soda lime and similar absorbents were more 
likely to produce CO when desiccated than are newer-
generation absorbents, which have minimized or elimi-
nated the presence of these bases.190 Elimination of NaOH 
and KOH from the calcium hydroxide–based absorbents 
diminishes or eliminates degradation of desflurane to CO 
and sevoflurane to compound A, but it does seem to com-
promise carbon dioxide absorption.182,191 LiOH absorbent 
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produces essentially no CO and maintains the same or 
higher carbon dioxide absorption.162, 182b,191a

abSOrbent heat prODuctiOn. One extremely rare but 
potentially life-threatening complication related to 
carbon dioxide absorbent is the development extreme 
exothermic reactions that lead to fires and explosions 
within the breathing system.192-194 Specifically, this 
seems to occur as a result of interactions between desic-
cated strong-base absorbents (particularly Baralyme) and 
the inhaled anesthetic sevoflurane. Under experimental 
conditions using desiccated Baralyme, absorber tempera-
tures reached 200° C (392° F) and higher, and fire was 
noted in some of the breathing circuits.195 The buildup 
of very high temperatures, the formation of combustible 
degradation byproducts (formaldehyde, methanol, and 
formic acid), and the oxygen- or nitrous oxide–enriched 
environment provide all the substrates necessary for a 
fire to occur.196 Avoidance of the combination of sevo-
flurane with strong base–heavy absorbents like the now 
discontinued Baralyme, especially if they have become 
desiccated, is the best way to prevent this unusual, po-
tentially life-threatening complication. Anhydrous lith-
ium hydroxide absorbents reacting with moisture from 
expired gas also can generate high temperatures, but for-
mulations containing lithium hydroxide monohydrate 
do not.

A consensus statement established by the Anesthesia 
Patient Safety Foundation provides guidance to reduce 
the risk adverse interactions between volatile anesthet-
ics and conventional carbon dioxide absorbents that may 
degrade volatile anesthetics when absorbent desiccation 
occurs.164 The recommendations include the following:

 •  Turning off all gas flow when the machine is not in use
 •  Changing the absorbent regularly
 •  Changing the absorbent whenever the color change 

indicates exhaustion
 •  Changing all absorbent, not just one canister in a two-

canister system
 •  Changing the absorbent when uncertain about the 

state of hydration, such as if the fresh gas flow has been 
left on for an extensive of indeterminate period of time

 •  If used, changing compact canisters more frequently
  

Given the improvements in absorbent chemistry, select-
ing an absorbent that minimizes risk adverse reactions 
is a prudent risk reduction strategy. Finally, educating 
anesthesia personnel regarding these hazards and their 
preventive measures will also reduce the likelihood of an 
adverse event.

indiCAtors. Conventional absorbents contain an indica-
tor dye, ethyl violet, that allows anesthesia personnel to 
visually assess the functional integrity of the absorbent. 
Ethyl violet is a substituted triphenylmethane dye with 
a critical pH of 10.3.168 The dye changes from colorless 
to violet when the pH of the absorbent decreases as a 
surrogate indicator of exhaustion. When the absorbent 
is fresh, the pH exceeds the critical pH of the indicator 
dye, and it exists in its colorless form. However, as the 
absorbent becomes exhausted, the pH decreases below 
10.3 and ethyl violet changes to its violet form because 
of alcohol dehydration. This change in color indicates 
that the absorptive capacity of the material has been con-
sumed. Unfortunately, in some circumstances ethyl violet 
may not always be a reliable indicator of the functional 
status of the absorbent. For example, prolonged exposure 
of ethyl violet to fluorescent light can produce photode-
activation of this dye. When this occurs, the absorbent 
appears white even though it may have a reduced pH and 
its absorptive capacity has been exhausted.197 Similarly, 
color reversion (purple back to white) can occur with 
some absorbents due to the strongly alkaline nature of 
NaOH. Many newer generation absorbent indicators are 
more resistant to color reversion, and several now endorse 
permanent color change. At least one absorbent contains 
no indicator and relies upon the measured increase in 
inspired carbon dioxide and/or a time schedule to trigger 
replacement.

Like absorbent exhaustion, desiccation of calcium 
hydroxide–based absorbents is also an occult phenom-
enon. Therefore some newer generation Ca(OH)2 absor-
bents may also include indicators that reveal whether 
the material has become desiccated. Users should refer 
to the product manufacturer’s literature to determine 
whether their absorbent material uses this type of 
indicator.

CArbon dioxidE rEmoVAl CAPACity And AbsorbEr rEsis-
tAnCE. The ability of the workstation’s absorber to remove 
carbon dioxide is related to three main factors: (1) the 
amount of surface area of the absorbent that the exhaled 
gas is exposed to, (2) the intrinsic capacity of the absor-
bent to remove carbon dioxide, and (3) the amount of 
functionally intact absorbent remaining in the absorber. 
The size and shape of the actual absorptive granules 
are intended to maximize absorptive surface and flow 
throughout the canister while trying to minimize the 
resistance to airflow.198 The smaller the granule size, the 
greater the surface area that is available for absorption. 
However, as particle size decreases, airflow resistance 
increases. The size and shape of the granules is of a pro-
prietary nature. The granule size is often referred to by 
mesh size. Mesh size refers to the number of openings 
per linear inch in a sieve through which the granular par-
ticles can pass. For example, a 4-mesh screen means that 
there are four quarter-inch openings per linear inch.167 
The granular size of some common absorbents is between 
4 and 8 mesh, a size at which absorptive surface area and 
resistance to flow are optimized.

As the absorbent granules stack up in the absorber can-
isters, small passageways inevitably form. These small pas-
sages channel gases preferentially through low-resistance 
areas. Because of this phenomenon, known as channel-
ing, the functional absorptive capacity of the absorbent 
may be substantially decreased.199 At least one manufac-
turer makes a nongranular, molded absorbent that uses 
a polymer to bind the absorbent particles together. This 
absorbent has molded airflow channels, eliminating the 
phenomenon of channeling typical of granular systems 
(personal communication, Micropore, Inc., Elkton, MD, 
June 3, 2014).

If completely reacted, a pound of calcium hydroxide 
has the capacity to absorb 0.59 lb of carbon dioxide. 



Lithium hydroxide has the ability to absorb 0.91 lb of 
carbon dioxide per pound.199a Lithium hydroxide absor-
bents typically neutralize or “scrub” more carbon dioxide 
by weight 199a,199b because of their higher capacity to react 
with carbon dioxide.

Mapleson Breathing Systems
In 1954, Mapleson described and analyzed five different 
breathing circuits, and they are now classically referred to 
as the Mapleson systems.200 These systems are similar to 
the circle breathing system in that they accept a fresh gas 
flow, supply the patient with a sufficient volume of gas 
from a reservoir to satisfy the inspiratory flow and vol-
ume requirements, and eliminate carbon dioxide. They 
differ from the circle system because they have bidirec-
tional flow and do not use an absorber. Therefore, these 
systems depend on an appropriate rate of fresh gas inflow 
to eliminate carbon dioxide.

Mapleson described five circuits, designated A through 
E (Fig. 29-35).200 Subsequently, in 1975, Willis and coau-
thors described the F system, which was added to the 
original five.201 The Mapleson systems consist of several 
common components, including a connection point to a 
facemask or endotracheal tube, reservoir tubing, fresh gas 
inflow tubing, and an expiratory pop-off valve or port. All 
the Mapleson circuits except for the E version use a bag as 
an additional reservoir.

Three distinct functional groups can be seen: A, BC, 
and DEF groups. The Mapleson A, also known as the 
Magill circuit, has a spring-loaded pop-off valve located 
near the facemask, and fresh gas flow enters the opposite 
end of the circuit near the reservoir bag. In the B and C 
systems, the spring-loaded pop-off valve is located near 
the facemask, but the fresh gas inlet tubing is located 
near the patient. The reservoir tubing and breathing bag 
serve as a blind limb where fresh gas, dead space gas, 
and alveolar gas can collect. Finally, in the Mapleson D, 
E, and F, or “T-piece” group, fresh gas enters near the 
patient, and excess gas is vented off at the opposite end 
of the circuit.

Even though the components and their arrangement 
are simple, functional analysis of the Mapleson systems 
can be complex.202,203 The amount of carbon dioxide 
rebreathing associated with each system is multifacto-
rial, and variables that dictate the ultimate carbon diox-
ide concentration include the following: (1) the fresh 
gas inflow rate, (2) minute ventilation, (3) the mode of 
ventilation (spontaneous or controlled), (4) tidal volume, 
(5) the respiratory rate, (6) the inspiratory-to-expiratory 
ratio, (7) the duration of the expiratory pause, (8) the 
peak inspiratory flow rate, (9) the volume of the reservoir 
tube, (10) the volume of the breathing bag, (11) ventila-
tion by mask, (12) ventilation through an endotracheal 
tube, and (13) the carbon dioxide sampling site.

The performance of the Mapleson systems is best 
understood by studying the expiratory phase of the 
respiratory cycle.204 Illustrations of the various arrange-
ments of Mapleson systems components may be found in  
Figure 29-35. During spontaneous ventilation, the Maple-
son A has the best efficiency of the six systems because 
it requires a fresh gas inflow rate of only 1 times minute 
ventilation to prevent rebreathing of carbon dioxide.205 
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However, it has the worst efficiency during controlled 
ventilation because a minute ventilation as high as 20 
L/minute is needed to prevent rebreathing. Systems DEF 
are slightly more efficient than systems BC. To prevent 
rebreathing carbon dioxide, the DEF systems require a 
fresh gas inflow rate of approximately 2.5 times minute 
ventilation, whereas the fresh gas inflow rates required 
for BC systems are somewhat higher.203

The following summarizes the relative efficiency of 
different Mapleson systems with respect to prevention of 
rebreathing during spontaneous ventilation: A > DFE > 
CB. During controlled ventilation, DFE > BC > A.200,203 
The Mapleson A, B, and C systems are rarely used today, 
but the D, E, and F systems are commonly used. In the 
United States, the most popular representative from the 
DEF group is the Bain circuit.

Mapleson systems have low resistance to gas flow, 
they are small and contain few parts, and changes in the 
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Figure 29-35. Mapleson breathing systems. FGF, Fresh gas flow. 
(Redrawn from Willis BA, Pender JW, Mapleson WW: Rebreathing in a 
T-piece: volunteer and theoretical studies of the Jackson-Rees Modification of 
Ayer’s T-piece during spontaneous respiration, Br J Anesth 47:1239, 1975.)
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fresh gas flow composition result in rapid similar changes 
in the breathing circuit. In addition, the volatile anes-
thetic agents within a Mapleson breathing circuit have 
no chance of degradation because of the absence of a 
carbon dioxide absorber. However, given their need for 
higher gas flows, to dilute carbon dioxide their minimum 
required fresh gas flows are much higher than the circle 
system. Because of the higher gas flows, heat and humid-
ity conservation is less efficient. Finally, scavenging can 
be challenging with these circuits, except for the Maple-
son D, which has the pressure-limiting valve located away 
from the patient.205

Bain Circuit
The Bain circuit is a coaxial circuit and a modification 
of the Mapleson D system (Fig. 29-36). Fresh gas flows 
through a narrow inner tube within the outer corrugated 
tubing.206 The central fresh gas tubing enters the outer 
corrugated hose near the reservoir bag, but the fresh gas 
actually empties into the circuit at the patient’s end. 
Exhaled gases enter the corrugated tubing and are vented 
through the expiratory valve near the reservoir bag. The 
Bain circuit may be used for both spontaneous and con-
trolled ventilation. The fresh gas inflow rate necessary to 
prevent rebreathing is 2.5 times minute ventilation.

The Bain circuit has many advantages over other sys-
tems. It is lightweight, convenient, easily sterilized, and 
potentially reusable. Being a Mapleson system, it has a 
very low resistance to breathing. Scavenging of gases 
from the expiratory valve is facilitated because the valve 
is located away from the patient. Exhaled gases in the 
outer reservoir tubing add warmth to the inspired fresh 
gases by countercurrent heat exchange. The main haz-
ards related to use of the Bain circuit are an unrecog-
nized disconnection and kinking of the inner fresh gas 
hose. These problems can cause hypercapnia as a result 
of inadequate gas flow or increased respiratory resistance. 
As with other circuits, an obstructed antimicrobial filter 
positioned between the Bain circuit and the endotra-
cheal tube can result in increased resistance in the cir-
cuit. This may produce hypoventilation and hypoxemia 
that may even mimic the signs and symptoms of severe 
bronchospasm.207
The outer corrugated tube should be transparent to 
allow ongoing inspection of the inner tube. The integrity 
of the inner tube can be assessed as described by Peth-
ick.208 With his technique, high-flow oxygen is fed into 
the circuit while the patient’s end is occluded until the 
reservoir bag is filled. The patient’s end is opened, and 
oxygen is flushed into the circuit. If the inner tube is 
intact, the Venturi effect occurs at the patient’s end. This 
causes a decrease in pressure within the circuit, and as a 
result, the reservoir bag deflates. Conversely, a leak in the 
inner tube allows fresh gas to escape into the expiratory 
limb, and the reservoir bag remains inflated. This test is 
recommended as part of the preanesthesia check if a Bain 
circuit is used.

ANESTHESIA VENTILATORS

Only a few decades ago, anesthesia ventilators were mere 
adjuncts to the anesthesia machine. Historical draw-over 
systems relied only on spontaneous breathing by the 
patient. Later, breathing bags were added to anesthetic 
delivery devices to allow manual ventilation. As the use of 
muscle relaxants and opiates became more common and 
the scope of surgery expanded, the need for automated 
mechanical ventilation increased. Today, ventilators 
have attained a prominent central role within the anes-
thesia workstation. Whereas early anesthesia ventilators 
provided only controlled mandatory ventilation that did 
not allow any patient-ventilator synchrony, many mod-
ern workstations incorporate ventilators with ICU-like 
capabilities that allow triggering by the patient’s inspira-
tory effort, patient breath cycling, and multiple modes of 
ventilation. As the demands for precise, controlled ven-
tilation and supported spontaneous ventilation increase, 
anesthesia workstation ventilator capability attempts to 
keep pace. However, incorporating an ICU-like ventilator 
on the anesthesia workstations is a challenging engineer-
ing endeavor because anesthesia ventilator requirements 
are unique. In particular, the anesthesia ventilator must 
act as a reservoir to receive and redeliver the patient’s 
exhaled gas. For this reason, anesthesia machine venti-
lators incorporate either a bellows or piston-like design 
(or a volume reflector in the case of the Maquet FLOW-I 
Fresh gas inlet

Corrugated tubing

Facemask

Reservoir bag

Overflow
valve

Figure 29-36. The Bain circuit. (Redrawn from Bain JA, Spoerel WE: A streamlined anaesthetic system, Can Anaesth Soc J 19:426, 1972.)



Anesthesia System. See Maquet FLOW-i section). Further, 
the anesthesia ventilator system must function in the 
semiclosed environment of the circle breathing system 
and must be capable of venting excess circuit gas (waste 
gas). ICU ventilators are simply open circuit, venting all 
exhaled gas into the atmosphere. The demands imposed 
on the anesthesia ventilator systems mandate differences 
in circuit design and control. This discussion focuses on 
the classification, operating principles, and hazards asso-
ciated with contemporary anesthesia ventilators.

Classification
Modern anesthesia ventilators can be best classified 
according to the type of reservoir that receives and deliv-
ers the breathing gas (bellows, piston, or volume reflector) 
and the drive mechanism of the reservoir (pneumatic or 
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mechanical). The latter classification is almost unneces-
sary because bellows-type ventilators are virtually always 
pneumatically driven, and piston-type ventilators are 
usually mechanically driven. Bellows-type ventilators can 
be subclassified as ascending or descending. The direction 
of bellows movement during the expiratory phase deter-
mines the bellows classification. An ascending (standing) 
bellows ascends during the expiratory phase, whereas a 
descending (hanging) bellows descends during the expi-
ratory phase. The implications of this difference are dis-
cussed later. Both types of bellows ventilators and a piston 
ventilator are illustrated in Figures 29-37 and 29-38.

Additional classifications involve the modes of ventila-
tion that are available. Older anesthesia machine venti-
lators operated only in a time-triggered and time-cycled 
manner, or as “controller ventilators.” Modern machines 
A B C

Figure 29-38. Anesthesia workstation ventilators. To allow rebreathing and the conservation of anesthetic gases, the anesthesia workstation 
ventilator must serve a reservoir for the patient’s exhaled breathing gas, just as the breathing bag does in manual and spontaneous modes of 
ventilation. This is a unique requirement of ventilators in anesthesia workstations. Intensive care unit ventilators, conversely, can simply vent 
exhaled gases into the environment. A, Ascending bellows. B, Descending (hanging) bellows. C, Piston ventilator housing.

Figure 29-37. Three types of anesthesia ventilators 
during exhalation (top row) and inhalation (bottom 
row). Breathing gas is green. Ventilator drive gas is 
yellow. A, Ascending bellows B, Descending bellows. 
C, Piston ventilator. See text for additional details. 
(Piston ventilator modified from Yoder M: Ventilators. In 
Understanding modern anesthesia systems, Telford, 
Pa., 2009, Dräger Medical.)
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Figure 29-39. Inspiratory phases of ventilation with an ascending bellows ventilator represented by GE Aisys anesthesia workstation.. The 
ventilator drive gas circuit is located outside the bellows, and the patient’s breathing circuit is inside the bellows. During the inspiratory phase 
the electronically controlled ventilator driving gas enters the bellows chamber and causes the pressure to increase, thereby compressing the 
bellows, which delivers gas to the patient’s lungs. The drive gas also closes the exhalation valve and prevents the breathing gas from escaping 
into the scavenging system. Compensation for the impact of fresh gas flow on tidal volume accuracy is accomplished by monitoring the inhaled 
tidal volumes and adjusting ventilator drive gas volumes accordingly. APL, Adjustable pressure-limiting; CO2, carbon dioxide. (Image courtesy Dr. 
Michael A. Olympio; modified with his permission. Adapted from Datex-Ohmeda: Aisys anesthesia machine: technical reference, Madison, Wis., 2005, 
Datex-Ohmeda.)
that offer synchronized intermittent mandatory ventila-
tion (SIMV), assist control (A/C), and pressure support 
ventilation (PSV) must offer patient’s triggering and 
patient’s breath cycling and can be referred to as “non-
controller” ventilators. Many anesthesia ventilators can 
function in a volume-controlled or pressure-controlled 
modes. Finally, even though some ventilators may be 
pneumatically driven, all modern ventilators are under 
electronic control. The following sections review ventila-
tor classification from a functional perspective, using spe-
cific workstations as examples.

Pneumatically Driven Bellows Ventilator
The operating principle of the bellows ventilator is that 
it functions as bellows in a box. The bellows, which is 
enclosed in an airtight housing, serves as reservoir for the 
patient’s breathing gas. The driving force used to squeeze 
the gas out of bellows and back to the patient, as an anes-
thesia provider would squeeze a breathing bag, is pres-
surized gas that flows into the bellows housing under 
electropneumatic control. As the bellows is compressed, 
it delivers the breathing gas to the patient. The patient’s 
exhalation and fresh gas flowing into the breathing cir-
cuit refill the bellows. Once the bellows is refilled, excess 
circuit gas is vented to the scavenging system during the 
expiratory pause. The mechanisms that vent breathing 
circuit waste gas during mechanical ventilation with bel-
lows ventilators differ among manufacturers and mod-
els. The bellows ventilator is traditionally designated as 
a double circuit, meaning that the ventilator drive gas and 
the breathing gas exist in two separate circuits. The bellows 
serves as the interface between the breathing gas and the 
drive gas, much like the reservoir bag serves as the inter-
face between the breathing gas and the anesthesia care 
provider’s hands.209 Figures 29-39 to 29-41 illustrate the 
inspiratory, early expiratory, and late expiratory phases 
of mechanical ventilation with an ascending bellows 
ventilator on the GE Aisys workstation. Many modern 
bellows ventilators, like the one shown in the example, 
can provide pressure- and volume-controlled ventilation, 
patient’s triggering to support modes such as SIMV, and 
patient’s cycling for pressure support ventilation.

The source of the drive gas for the bellows is either 
oxygen or air, which is obtained from the gas supply sec-
tion of the workstation. Some workstations allow for the 
selection of either oxygen or air as the ventilator drive 
gas, and some can entrain room air through a Venturi 
effect into the oxygen drive gas flow, thereby decreasing 
the oxygen gas requirement. The type of gas used does 
have implications. First, if oxygen is used as the drive gas, 
the consumption of oxygen by the machine will equal 
that selected at the oxygen flow control valve in addition 
to an amount approximately equal to the minute ventila-
tion being delivered by the ventilator. When oxygen is 
in finite supply (e.g., loss of hospital line supply, austere 
conditions), the use of the ventilator may rapidly deplete 
the oxygen supply. For example, a full E-cylinder contains 
approximately 625 L of oxygen. At an average oxygen 
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Figure 29-40. During the early expiratory phase, the patient is able to exhale into the bellows because the ventilator exhalation valve is now 
open, thus allowing the drive gas in the bellows housing to vent through the scavenger outlet. The pop-off or ventilator relief valve prevents bel-
lows gas from escaping at this point so the bellows can fill. (Courtesy Dr. Michael A. Olympio; modified with his permission. Adapted with permission 
from Datex-Ohmeda: Aisys anesthesia machine: technical reference, Madison, Wis., 2005, Datex-Ohmeda.)
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Figure 29-41. During the late expiratory phase, positive end-expiratory pressure (PEEP) is provided by pressurization of the bellows housing and 
pressure modulation of the expiratory valve. Whenever the pressure in the bellows exceeds the surrounding housing pressure by 2.5 cm H2O, 
the pop-off or ventilator relief valve vents excess breathing gas to the scavenger. Bellows ventilator PEEP control and excess gas venting methods 
differ among manufacturers. (Courtesy Dr. Michael A. Olympio; modified with his permission. Adapted from Datex-Ohmeda: Aisys anesthesia machine: 
technical reference, Madison, Wis., 2005, Datex-Ohmeda.)
fresh gas flow rate of 1.5 L/minute, the tank would last 
almost 7 hours. However, if oxygen is also required as the 
ventilator drive gas, and the delivered minute ventilation 
is approximately 5.75 L/min, the tank would only last 
approximately 86 min.

As described earlier, bellows-type ventilators can 
be classified according to the direction that they move 
during patient exhalation. Ascending bellows rises with 
exhalation, and descending bellows falls with exhalation 
(see Fig. 29-37). Older pneumatic ventilators and some 
newer anesthesia workstations use weighted descend-
ing bellows, but most contemporary bellows ventilators 
employ an ascending bellows design. Of the two con-
figurations, the ascending bellows is considered safer. 
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An ascending bellows will not fill if total disconnec-
tion occurs, or it may only partially fill if a circuit leak 
exceeds the fresh gas flow rate. However, the bellows of a 
descending bellows ventilator continues its upward and 
downward movement despite patient disconnection, so 
a descending bellows does not provide a visual cue for 
a circuit disconnect. The driving gas pushes the bellows 
upward during the inspiratory phase. During the expira-
tory phase, room air can entrained into the breathing 
system at the site of the disconnection because gravity 
acts on the weighted bellows. The disconnection pressure 
monitor and the volume monitor may be fooled even if 
disconnection is complete.37 An essential safety feature of 
any anesthesia workstation that uses a descending bellows 
is an integrated carbon dioxide apnea alarm that cannot 
be disabled while the ventilator is in use. Some contem-
porary anesthesia workstation designs have returned to 
the descending bellows to integrate fresh gas decoupling.

bEllows AssEmbly ProblEms. Leaks can occur in the bel-
lows assembly. Improper seating of the plastic bellows 
housing can result in inadequate ventilation because a 
portion of the driving gas is vented to the atmosphere. 
A hole in the bellows can lead to alveolar hyperinflation 
and possibly barotrauma in some ventilators because 
high-pressure driving gas can enter the patient’s cir-
cuit. The oxygen concentration of the patient’s gas may 
increase when the driving gas is 100% oxygen, or it may 
decrease if the driving gas is composed of air or an air-
oxygen mixture.210

The ventilator relief valve can potentially cause prob-
lems. Hypoventilation can occur if the valve becomes 
incompetent because anesthetic gas is delivered to the 
scavenging system during the inspiratory phase instead 
of to the patient. Ventilator relief valve incompetency can 
result from a disconnected pilot line, a ruptured valve, 
or a damaged flapper valve.211,212 A ventilator relief valve 
stuck in the closed or partially closed position can cause 
either barotrauma or undesired PEEP.213 Excessive suc-
tion from the scavenging system can draw the ventilator 
relief valve to its seat and close the valve during both the 
inspiratory and expiratory phases.37 In this case, breath-
ing circuit pressure escalates because the excess anesthetic 
gas cannot be vented. During the expiratory phase, some 
machines (e.g., Datex-Ohmeda S/5 ADU, Many contem-
porary GE machines, Mindray AS 3000 [Mindray, Mah-
wah, NJ]) send to the scavenge interface both excess 
patient’s gas and the exhausted ventilator drive gas. In 
other words, when the ventilator relief valve opens and 
waste anesthetic gases are vented from the breathing cir-
cuit, the drive gas from the bellows housing joins with 
these gases to enter the scavenging system. Under certain 
conditions, the large volume of exhaust gases could over-
whelm the scavenging system and cause pollution of the 
operating room with waste anesthetic gases (see the sec-
tion on scavenging systems). Other mechanical problems 
that can occur include leaks within the system, faulty 
pressure regulators, and faulty valves.

Mechanically Driven Piston Ventilator
A resurgence in the use of mechanically driven anesthesia 
ventilators has occurred. These “piston”-type ventilators 
use a computer-controlled stepper motor instead of com-
pressed drive gas to drive the cylinder and actuate gas 
movement in the breathing system (see Fig. 29-37, C). 
They are classified, in anesthesia ventilator parlance, as 
piston-driven single-circuit ventilators because a separate 
ventilator drive gas circuit is not necessary The piston 
operates much like the plunger of a syringe to deliver the 
desired tidal volume or airway pressure to the patient. 
Computerized controls can provide advanced types of 
ventilation support in addition to the conventional 
control-mode ventilation such as SIMV, pressure-con-
trolled ventilation (PCV), and pressure support–assisted 
ventilation.

Because the patient’s mechanical breath is delivered 
without the use of compressed gas to actuate a bellows, 
these systems consume dramatically less compressed gas 
during ventilator operation than do traditional pneu-
matic ventilators. This improvement in efficiency may 
have clinical significance when the anesthesia worksta-
tion is used in a setting where no pipeline gas supply is 
available (e.g., remote locations or office-based anesthe-
sia practices). Another advantage of the piston ventilator 
is the potential for very accurate tidal volume delivery. 
Because of the low compliance of the piston chamber, 
tidal volume delivery is closely related to piston move-
ment. This is in contrast to bellows-type ventilators, in 
which the drive gas can be subject to varying degrees of 
compression. However, with either piston or bellows ven-
tilators, feedback mechanisms that help maintain stable 
tidal volume delivery are becoming increasingly more 
common. These include circuit compliance compensa-
tion and the use of inspired tidal volume measurement 
as a feedback signal. Figures 29-42 to 29-44 illustrate the 
inspiratory and expiratory phases of mechanical ventila-
tion with a piston ventilator on the Dräger Fabius work-
station. Note the location of the ventilator within the 
breathing circuit on the Dräger Fabius system, the fresh 
gas decoupling valve (described later), and the fact that 
the breathing bag participates in the mechanical ventila-
tion mode.

Piston ventilators tend to be hidden relative to their 
bellows ventilator counterparts because they are usually 
fully or partially concealed from view. Because of this con-
cealment, visual feedback of the patient’s exhaling back 
into the piston reservoir, as can easily be observed with 
the ascending bellows, is lost. In addition, piston ventila-
tors tend to be extremely quiet, so the partially reassuring 
sound of the mechanical ventilator in operation is much 
more subtle. Some systems incorporate a breathing sound 
emulator that creates ventilator sounds to substitute for 
the traditional feedback noise (i.e., Dräger Apollo).

A potential hazard associated with piston ventilators 
is that, like descending bellows ventilators, they will 
refill even if a circuit disconnection occurs. Similarly, if 
a circuit leak is present, piston ventilators may entrain 
room air through the leak, thereby diluting oxygen and 
anesthetic agent. The associated risks are hypoxemia 
and awareness. The Dräger Fabius series piston ventila-
tor will entrain room air through an auxiliary air valve, 
seen in Figure 29-37, C, to fill the piston chamber if the 
fresh gas flow fails or is inadequate (instead of causing 
negative pressure in the breathing circuit). However, if 
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Figure 29-42. Inspiratory phase of ventilation with a piston ventilator represented by Dräger Fabius anesthesia workstation. During inspiration, 
the positive end-expiratory pressure (PEEP)/maximum pressure (Pmax) valve is held closed. The pressure in the breathing circuit that is generated 
by the ventilator closes the fresh gas decoupling valve. This directs fresh gas flow toward the breathing bag during inspiration so it does not 
interfere with tidal volume accuracy. Excess gas fresh gas flows past the open adjustable pressure-limiting (APL) bypass valve, through the exhaust 
check valve, and to the scavenger. Note how the breathing bag is integral to circuit function during mechanical ventilation. In the manual and 
spontaneous modes of ventilation, the piston ventilator is held in the upward position, and the APL bypass valve closes, thus making the APL valve 
operable. (Courtesy Dr. Michael A. Olympio; modified with his permission. Adapted from Dräger Medical: Dräger technical service manual: Fabius GS 
anesthesia system, Telford, Pa., 2002 Rev: E, Dräger Medical.)

Figure 29-43. During the first 
step of exhalation the patient 
exhales into the breathing bag, 
and fresh gas continues to flow in 
retrograde fashion, as shown. APL, 
Adjustable pressure-limiting. (Cour-
tesy Dr. Michael A. Olympio; modified 
with his permission. Adapted from 
Dräger Medical: Dräger technical 
service manual: Fabius GS anesthe-
sia system, Telford, Pa., 2002 Rev: E, 
Dräger Medical.)
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this occurs, an alarm will alert the operator. A positive-
pressure relief valve on the ventilator prevents exces-
sively high breathing circuit pressure (60 to 80 cm 
H2O).214

Maquet FLOW-i Anesthesia System With 
Volume Reflector
Instead of employing a bellows or piston ventilator, the 
Maquet FLOW-i anesthesia workstation uses a device 
called the volume reflector (Figs. 29-45 and 29-46). The 
volume reflector is a coiled, 3.6-m plastic channel with an 
approximate 1.2-L capacity, which serves as reservoir for 
exhaled gases. The volume reflector is functional and “in-
circuit” during all modes of ventilation. It is interposed 
between the patient and the reflector gas module dur-
ing positive-pressure ventilation or between the patient 
and the breathing bag during spontaneous or assisted 
ventilation.
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Figure 29-44. During the second step of exhalation the ventilator returns to its staring position, drawing in gas stored within the breathing 
bag and fresh gas from the gas supply system. Positive end-expiratory pressure (PEEP) is maintained by the PEEP/maximum pressure valve, which 
also prevents the ventilator from pulling in gas from the lungs. Once the piston reaches the bottom of its stroke, fresh gas flow reverses course 
and flows in retrograde fashion toward the breathing bag and the absorber (as in Figure 29-42). Excess gas vents through the exhaust valve to 
the scavenger (also depicted in right side of Figure 29-42). APL, Adjustable pressure-limiting. (Courtesy Dr. Michael A. Olympio; modified with his 
permission. Adapted from Dräger Medical: Dräger technical service manual: Fabius GS anesthesia system, Telford, Pa., 2002 Rev: E, Dräger Medical.)

Figure 29-45. Simplified schematic of 
the Maquet FLOW-i anesthesia workstation 
breathing circuit and gas supply system. 
During controlled positive-pressure ventila-
tion, the reflector gas module provides the 
driving force for ventilation by pushing gas 
out of the volume reflector to the patient. 
Volume reflector gas combines with the 
fresh gas flow downstream from the car-
bon dioxide (CO2) absorber. APL, Adjust-
able pressure-limiting; N2O, nitrous oxide; 
O2, oxygen; PEEP, positive end-expiratory 
pressure. Please see text for additional 
details. (Personal communication, Maquet 
Critical Care, January 14, 2013. Adapted 
from Maquet Critical Care: User’s manual: 
FLOW-i 1.2 anesthesia system, Solna, Swe-
den, 2011, Rev: 11, Maquet Critical Care.)
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The reflector gas module serves as the controlled venti-
lation driving force. At the end of exhalation, the volume 
reflector is filled at its proximal end (nearer the patient) 
with exhaled gas and is filled distally with a mixture of 
exhaled gases and reflector gas. The reflector gas module 
is a solenoid-controlled oxygen flow source, which pushes 
the exhaled gas back out of the volume reflector during 
inspiration, much like a piston, through the carbon diox-
ide absorber to the patient. Fresh gas combines with the 
volume reflector outflow to maintain the desired oxygen 
and anesthetic concentration. The fresh gas modules and 
the reflector gas module work together in a coordinated 
manner to control gas flow and pressure in the breathing 
circuit so that operator determined ventilation param-
eters are maintained. All the gas modules use feedback 
loop–controlled, solenoid-actuated, pneumatic valves 
similar in function those found in a servo-controlled ICU 
ventilator (personal communication, Maquet Critical 
Care, January 14, 2013).

When the workstation is in the spontaneous mode of 
ventilation, the breathing bag is enabled, and the reflec-
tor gas module is disabled. The patient breathes in and 
out of the volume reflector, and circuit pressure con-
trolled by the operator adjustable APL valve. Excess gases 



in controlled and spontaneous modes of ventilation are 
vented to the scavenger through the dual-function PEEP-
APL valve.

The FLOW-i system can compensate for breathing sys-
tem leaks by increasing reflector gas module flow. The 
operator is informed if this occurs. Because the reflec-
tor gas module provides only 100% oxygen, dilution of 
anesthetic gas occurs in this circumstance. The machine 
is nearly entirely electronically interfaced; therefore, 
an emergency manual ventilation backup mode is pro-
vided for cases of system failure. This emergency backup 
mode provides mechanical oxygen flow adjustment and 
mechanical APL valve linkage (personal communication, 
Maquet Critical Care, January 14, 2013).

Fresh Gas Flow Compensation and Fresh 
Gas Decoupling
On most anesthesia workstations, gas flow from the fresh 
gas line into the breathing circuit is continuous and inde-
pendent of ventilator activity. During the inspiratory 
phase of mechanical ventilation, the ventilator relief valve 
(also known as the ventilator pop-off valve) is typically 
closed, and the breathing system’s APL valve is most com-
monly out of circuit. Therefore, during  positive-pressure 
ventilation on most traditional machines, the patient’s 
lungs received the volume from the bellows in addition 
to that from the flowmeters during the inspiratory phase. 
The amount of excess volume (and pressure) that the 
patient received was proportional to the direction and 
magnitude of the change in the fresh gas flow rate. As the 
practitioner turned up the fresh gas flow, the tidal volume 
increased. The opposite would occur if the flow rate were 
decreased from the baseline. It was therefore common 
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knowledge that the operator needed to adjust the set 
tidal volume on the ventilator if the total fresh gas flow 
rate was changed to maintain stable tidal volumes and 
airway pressure. Many newer workstations have engineer-
ing features that provide compensation of fresh gas flow 
to maintain stable tidal volume delivery. The manner in 
which this is accomplished also accounts for much of 
the variation in breathing system design. Using GE Aisys 
as an example (see Fig. 29-39), inspiratory tidal volume 
measurement serves as a feedback signal for the automatic 
adjustment of ventilator drive gas volume to compensate 
for changes in fresh gas flow, small leaks, and compres-
sion upstream of the breathing circuit.144 On the Dräger 
Fabius workstation, a principle called fresh gas decoupling 
is used to prevent changes in the fresh gas flow rate from 
altering positive-pressure tidal volumes and breathing 
circuit pressures. During the inspiratory phase of ventila-
tion, a decoupling valve located upstream from the piston 
ventilator diverts the fresh gas stream toward the breath-
ing bag and scavenge outlet during each positive-pressure 
breath (see Fig. 29-42).

On traditional and many contemporary workstations 
without a fresh gas decoupling feature, inappropriate 
activation of the oxygen flush valve during the inspira-
tory phase of mechanical ventilation can add a substan-
tial amount of volume to the circuit and can result in 
barotrauma or volutrauma (or both) because excess pres-
sure and volume may not be able to be vented from the 
breathing circuit.26 Although the circuit high-pressure 
alarm may provide warning, unless an adjustable inspi-
ratory pressure limiter is set to a relatively low value, 
high pressures can be realized. On workstations equipped 
with adjustable inspiratory pressure limiters, maximal 
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Figure 29-46. Maquet FLOW-i breathing circuit and gas supply during exhalation in a controlled ventilation mode. The patient exhales into the 
volume reflector, which serves as an exhalation reservoir. The patient only partially fills the volume reflector. Fresh gas flows in retrograde fashion 
and combines with the exhaled gas. Excess gas is vented to the scavenger through the positive end-expiratory pressure (PEEP)/adjustable pressure-
limiting (APL) valve, which also controls breathing circuit pressure (PEEP). When the machine is placed in the manual mode of ventilation, the 
breathing bag is enabled and the reflector gas module is disabled. In the manual mode, the patient breathes in and out of the volume reflector 
and can be assisted with the breathing bag. The PEEP/APL valve vents excess gas to the scavenger and serves controls breathing circuit pressure 
(continuous positive airway pressure). CO2, Carbon dioxide, N2O, nitrous oxide; O2, oxygen. (Personal communication, Maquet Critical Care, January 
14, 2013. Adapted from Maquet Critical Care: User’s manual: FLOW-i 1.2 anesthesia system, Solna, Sweden, 2011, Rev: 11, Maquet Critical Care.)
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inspiratory pressure may be set by the user to a desired 
peak airway pressure. An adjustable pressure relief valve 
opens when the predetermined user-selected pressure is 
reached. This theoretically prevents the generation of 
excessive airway pressure. However, this feature depends 
on the user’s having preset the appropriate pop-off pres-
sure. If the setting is too low, insufficient pressure for ven-
tilation may be generated and can result in inadequate 
minute ventilation; if set too high, the excessive airway 
pressure may still occur and result in barotrauma. Some 
machines may also include a factory-preset inspiratory 
pressure safety valve that opens at a preset airway pres-
sure, such as 60 to 80 cm H2O, to minimize the risk of 
barotrauma. Therefore, modern workstations without 
fresh gas decoupling usually reach a maximum pressure 
limit and terminate ventilation, release pressure, or sus-
tain at the pressure limit.215 In machines with a fresh gas 
decoupling feature, the oxygen flush inflow is diverted 
away from the patient during positive-pressure ventila-
tion, thereby maintaining stable volumes and pressures 
(Fig. 29-47).

SCAVENGING SYSTEMS

Scavenging is the collection and subsequent removal of 
waste anesthetic gases from both the anesthesia machine 
and the anesthetizing location.216 Scavenging is required 
because the fresh gas flow rates used during most anes-
thetic regimens deliver more volatile anesthetic agent 
and nitrous oxide than necessary, as well as more oxygen 
than is being consumed. When air is used, all the nitro-
gen is excess. Therefore, scavenging minimizes operating 
room pollution by removing these excess gases. In 1977, 
the National Institute for Occupational Safety and Health 
(NIOSH) prepared a document entitled Criteria for a Recom-
mended Standard: Occupational Exposure to Waste Anesthetic 
Gases and Vapors.217 Although it was maintained that a 
minimal safe level of exposure could not be defined, the 
NIOSH proceeded to issue the recommendations shown 
in Table 29-8. These same criteria remain in place today. 
ASTM International standard ASTM F1343-02 entitled 
Standard Specification for Anesthetic Equipment: Scavenging 
Systems for Anesthetic Gases established requirements for 
transfer and receiving systems of active anesthetic gas 
scavenging systems intended to reduce the exposure of 

TABLE 29-8 NATIONAL INSTITUTE FOR 
OCCUPATIONAL SAFETY AND HEALTH 
RECOMMENDATIONS FOR TRACE GAS LEVELS 

Anesthetic Gas
Maximum TWA 
Concentration (ppm)*

Halogenated agent alone 2
Nitrous oxide 25
Combination of halogenated agent 

plus nitrous oxide
 Halogenated agent 0.5
 Nitrous oxide 25
Dental facilities (nitrous oxide alone) 50

From U.S. Department of Health, Education and Welfare: Criteria for a rec-
ommended standard: occupational exposure to waste anesthetic gases 
and vapors, Washington, DC, 1977, U.S. Department of Health, Education 
and Welfare.

TWA, Time-weighted average.
*Time-weighted average sampling, also known as time-integrated sam-

pling, is a sampling method that evaluates the average concentration of 
anesthetic gas over a prolonged period, such as 1 to 8 hours.
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Figure 29-47. Fresh gas decoupling during an oxygen (O2) flush shown on the Dräger Fabius workstation. During inspiration the positive end-
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Figure 29-48. Components of a scavenging system using the exam-
ple of a Dräger Fabius system (Dräger Medical, Telford, Pa.) connected 
to an open, active scavenging system. The transfer tubing has a con-
nector size distinct from the breathing circuit to prevent misconnec-
tions. Obstructions in the gas-collecting assembly or transfer tubing can 
cause high pressure in the breathing circuit. Leaks, inadequate suction, 
or failure of the scavenging interface can cause environmental con-
tamination. Closed systems can cause other problems. APL, Adjustable 
pressure-limiting. Please see text for details. (From Brockwell RC: Delivery 
systems for inhaled anesthesia. In Barash PG, editor: Clinical anesthesia, 
ed 5, Philadelphia, 2006, Lippincott Williams & Wilkins, p 589.)

health care personnel to anesthetic gases and vapors.218 
In 1999, the ASA Task Force on Trace Anesthetic Gases 
developed a booklet entitled Waste Anesthetic Gases: Infor-
mation for Management in Anesthetizing Areas and the Post-
anesthesia Care Unit. This publication describes the role of 
regulatory agencies, reviews scavenging and monitoring 
equipment, and provides recommendations.219

The two major causes of waste gas contamination in 
the operating room are the anesthetic technique used 
and equipment issues.219,220 Regarding the anesthetic 
technique, the following are some of the causes of oper-
ating room contamination: (1) failure to turn off the gas 
flow control valves or the vaporizer when the circuit is 
disconnected from the patient; (2) use of poorly fitting 
masks; (3) flushing of the circuit into the room; (4) filling 
of anesthetic vaporizers, particularly if spillage occurs; (5) 
use of uncuffed endotracheal tubes; and (6) use of breath-
ing circuits other than the circle system. Equipment fail-
ure or lack of understanding of proper equipment use can 
also contribute to operating room contamination. Leaks 
can occur in the high-pressure hoses, the nitrous oxide 
tank mounting, the high- or low-pressure circuits of the 
anesthesia machine, or the circle system, particularly 
at the carbon dioxide absorber assembly. The anesthe-
sia care provider must be certain that the room suction 
and scavenging system is operational and adjusted prop-
erly to ensure adequate scavenging. Side-stream breath-
ing gas analyzer waste flow (50 to 250 mL/minute) must 
be directed to the scavenging system or returned to the 
breathing system to prevent pollution of the operating 
room. 219,220

Components
Scavenging systems classically have five components (Fig. 
29-48): (1) the gas-collecting assembly, (2) the transfer 
Chapter 29: Inhaled Anesthetics: Delivery Systems 801

tubing, (3) the scavenging interface, (4) the gas disposal 
assembly tubing, and (5) an active or passive gas disposal 
assembly.216 An “active system” uses a central evacuation 
system to eliminate waste gases. With a “passive system,” 
the pressure imposed by the venting of the breathing 
circuit produces flow. Although active systems are more 
common today, both are addressed here.

GAs-CollECtinG AssEmbly. The gas-collecting assemblies 
are the points of waste gas exit from the breathing cir-
cuit that connect to the transfer tubing.221 Waste anes-
thetic gases are vented from the anesthesia system either 
through the APL valve or through some sort of ventilator 
relief valve. Excess patient’s gas either exits the breath-
ing system through one of these valves or is shed into 
the room (e.g., poor facemask fit, endotracheal tube leak, 
machine leak). Conventional machines have separate 
outlet ports for these valves; however, many newer work-
stations only have one. Some anesthesia workstations 
may also exhaust the ventilator drive gas into the scav-
enging system (i.e., Datex-Ohmeda S/5 ADU, Mindray 
AS 3000). This is significant because under conditions of 
high fresh gas flow and high minute ventilation, the gases 
flowing into the scavenging interface may overwhelm the 
evacuation system. If this occurs, waste anesthetic gases 
may overflow the system through the positive-pressure 
relief valve (closed systems) or through the atmospheric 
vents (open systems) and pollute the operating room. In 
contrast, many other pneumatically driven ventilators 
exhaust their drive gas (100% oxygen or oxygen/air mix-
ture) into the operating room through a small vent on the 
back of the ventilator control housing.

trAnsFEr tubinG. The transfer means carries excess gas 
from the gas-collecting assembly to the scavenging inter-
face. As specified by ASTM standard 1343-02, if the tubing 
is interchangeable, it must have 30-mm connectors on 
either end, which are distinct from the 22-mm connec-
tors on the breathing system tubing.218 Some manufac-
turers color-code the transfer tubing with yellow bands 
to distinguish it from 22-mm breathing system tubing. 
The tubing must be sufficiently rigid to prevent kinking 
to minimize the chance of occlusion, or it must con-
tain some means of pressure relief in case of occlusion. 
Occlusion of the transfer means can be very problematic 
because it is upstream from the pressure-limiting fea-
tures of the scavenging interface. If the transfer means is 
occluded by kinking or misconnection, breathing circuit 
pressure will increase and barotrauma can occur.144,222-

224 On machines that have separate transfer tubes for the 
APL valve and for the ventilator relief valve, the two tubes 
merge before or at the scavenging interface.

sCAVEnGinG intErFACE. The scavenging interface is the 
most important component of the system because it 
protects the breathing circuit or ventilator from exces-
sive positive or negative pressure.216 The interface should 
limit the pressure immediately downstream from the gas-
collecting assembly to between −0.5 and +3.5 cm H2O 
under normal working conditions.218 Positive-pressure 
relief is mandatory irrespective of the type of disposal 
system used, so the system can vent excess gas in case 



PART III: Anesthetic Pharmacology802

of occlusion (or inadequate suction with active systems) 
downstream from the interface. If the disposal system is 
an active system (see later), negative-pressure relief will 
be necessary to protect the breathing circuit or ventilator 
from excessive subatmospheric pressure. Subatmospheric 
pressure in the scavenging system could induce gas flow 
from the patient’s breathing system. A reservoir is highly 
desirable with active systems because it stores waste gases 
until the evacuation system can remove them. Interfaces 
can be open or closed, depending on the method used to 
provide positive- and negative-pressure relief.216

An “active” anesthetic gas scavenging system relies on 
a hospital central evacuation system to remove gas from 
the anesthetic scavenging system. “Passive” systems sim-
ply vent the waste gas in to into a nonrecirculating heat-
ing, ventilation, and air conditioning (HVAC) system or 
through a hose to the building’s exterior through a wall, 
ceiling, or floor (or out of a tent in the case of an austere 
setting). Passive systems rely only on the slight positive 
pressure of the gases leaving the gas-collecting assembly 
to provide the flow. Passive systems are less common in 
contemporary operating rooms. The other major classifi-
cation of scavenging interfaces is “open” or “closed.”

Open interFaceS. The open scavenge interface requires 
no positive- or negative-pressure relief valves because the 
canister is open to the atmosphere. Relief ports on the top 
of the canister provide positive- and negative- pressure re-
lief. Open interfaces are active systems designed to op-
erate only with a central vacuum or hospital waste gas 
elimination system. Open interfaces require a reservoir 
canister because waste gases are intermittently discharged 
in surges whereas flow from the evacuation system is 
continuous.216 Many contemporary anesthesia machines 
are equipped with open interfaces, such as those in  
Figure 29-49. An open scavenging interface is also shown 
in Figure 29-48. An open canister provides reservoir ca-
pacity. Waste gas enters the system at the top of the can-
ister and travels to the bottom through an inner tube, 
where a vacuum line removes waste gases. When adjusted 
properly, the vacuum rate should exceed the rate of waste 
gas flow into the chamber, and some room air should also 
be drawn into the canister through the relief port. The 
vacuum flow rate is usually adjusted on the scavenging 
interface using a flow control valve and flowmeter. Ad-
justing the scavenger vacuum flow rate is an important 
part of the workstation daily preuse checkout procedure. 
If vacuum flow is inadequate, waste gas can spill out into 
the room through the relief ports.

clOSeD interFaceS. Closed scavenging interfaces are 
isolated from the environment by pressure relief valves, 
so the relationship of waste gas flow, vacuum flow, and 
the size of the system’s reservoir bag determines the ef-
fectiveness of the gas elimination. All closed interfaces 
must have a positive-pressure relief valve to vent excess 
system pressure if obstruction occurs downstream from 
the interface. A negative-pressure relief valve is manda-
tory to protect the breathing system from subatmospher-
ic pressure if an active disposal system is used.216 Two 
types of closed interfaces are used in clinical practice. 
One is used with passive scavenging systems and has 
positive-pressure relief only; the other is used with active 
scavenging systems and has both positive- and negative-
pressure relief. Each type is discussed in the following 
paragraphs.

Positive-Pressure Relief Only. This interface has a single 
positive-pressure relief valve and is designed to operate 
only with passive disposal systems (Fig. 29-50, A). Waste 
gas enters the interface at the waste gas inlets. Transfer 
of the waste gas from the interface to the disposal system 
relies on the slight positive pressure of the gases leaving 
the patient’s breathing system because a negative-pres-
sure evacuation system is not used. Waste gases are then 
passively vented to a nonrecirculating HVAC system or to 
the outdoors. The positive-pressure relief valve opens at a 
preset value such as 5 cm H2O if an obstruction between 
the interface and the disposal system occurs.225 With this 
type of system, a reservoir bag is not required.

Positive- and Negative-Pressure Relief. This interface has 
a positive-pressure relief valve and at least one nega-
tive-pressure relief valve, in addition to a reservoir bag. 
It is designed to be used with active disposal systems.  
Figure 29-50, B, is a schematic of Dräger Medical’s closed 
Figure 29-49. A and B, Open scavenge 
interface.
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scavenge interface for active suction systems. A variable 
volume of waste gas intermittently enters the interface 
through the waste gas inlets. The reservoir bag intermit-
tently accumulates excess gas until the evacuation sys-
tem eliminates it. The operator must adjust the vacuum 
control valve so that the reservoir bag remains properly 
inflated (see Fig. 29-50, B, label A), and not overdistended 
(label B) or completely deflated (label C). Gas is vented to 
the atmosphere through the positive-pressure relief valve 
if the system pressure exceeds +5 cm H2O. Room air is 
entrained through the negative-pressure relief valve if 
the system pressure is more negative than −0.5 cm H2O. 
On some systems, a backup negative-pressure relief valve 
opens at −1.8 cm H2O if the primary negative-pressure 
relief valve becomes occluded by dust or other causes. 
The effectiveness of a closed system in preventing spill-
age depends on the rate of waste gas inflow, the evacu-
ation flow rate, and the size of the reservoir. Leakage of 
waste gases into the atmosphere occurs only when the 
reservoir bag becomes fully inflated and the pressure 
increases sufficiently to open the positive-pressure relief 
valve.

GAs disPosAl AssEmbly Conduit or ExtrACt Flow. The 
gas disposal assembly conduit conducts waste gas from 
the scavenging interface to the receiving end of the gas 
disposal system (see Fig. 29-48). It should be collapse-
proof and should run overhead, if possible, to minimize 
the chance of accidental occlusion. The connection to the 
scavenging interface can be a permanent or proprietary 
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–0.5 cm H2O

onnector, but the connection to an active gas disposal 
ystem should be a DISS-type connector.218

As disPosAl systEm. The gas disposal assembly ulti-
ately eliminates excess waste gas (see Fig. 29-48). The 

wo types of environmental disposal mechanisms, active 
nd passive, have been described.

azards
cavenging systems minimize operating room pollution, 
et they add complexity to the anesthesia system. A scav-
nging system functionally extends the anesthesia circuit 
ll the way from the anesthesia machine to the ultimate 
isposal site. This extension increases the potential for 
roblems. Obstruction of scavenging pathways can cause 
xcessive positive pressure in the breathing circuit, and 
arotrauma can occur. Excessive vacuum applied to a 
cavenging system can cause undesirable negative pres-
ures within the breathing system. In contrast, inadequate 
acuum to the interface can cause venting of waste gas 
nto the operating room. In one case report, inadequate 
uction caused a ventilator alarm condition resulting 
rom backpressure caused within scavenge system.226,227 
n 2004, another unusual problem that resulted from 
aste gas scavenging was reported in the ASA Newsletter 
y Allen and Lees.228 They reported fires in engineering 
quipment rooms that house the vacuum pumps used 
or evacuation of waste anesthetic gases. It seems that in 
ome hospitals, waste gases are not directly vented out-
ide but may be vented into machine rooms that have 
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Figure 29-50. Closed scavenging interfaces. A, Interface used with a passive disposal system. B, Interface used with an active system. See text 
for details. (A, Modified from North American Dräger: Scavenger interface for air conditioning: instruction manual, Telford, Pa., 1984, North Ameri-
can Dräger; B, from North American Dräger: Narkomed 2A anesthesia system: technical service manual, Telford, Pa., 1985, North American Dräger.)
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vents opening to the outside. Because some anesthesia 
machines scavenge ventilator drive gas (which is 100% 
oxygen in most cases) in addition to gas from the breath-
ing system, the environments in these machine rooms 
may become highly enriched with oxygen gas. The result 
has been the production of fires in these spaces outside 
the operating room. These sites may contain equipment 
or materials such as petroleum distillates (pumps, oil, or 
grease) that in the presence of an oxygen-enriched atmo-
sphere could be excessively combustible and a severe fire 
hazard.228

CHECKING YOUR ANESTHESIA 
WORKSTATION

HISTORICAL PERSPECTIVE

A complete anesthesia apparatus checkout procedure 
must be performed each day before the anesthesia work-
station is first used, and an abbreviated version should be 
performed before each subsequent case. The preanesthesia 
machine checkout (PAC) is a checklist-oriented procedure. 
The obvious industry parallel is in aviation, in which strict 
adherence to prevent checklists (e.g., Before Start, Takeoff, 
Approach) is known to enhance compliance with impor-
tant procedural steps and save lives. Similarly, the rou-
tine performance of a PAC procedure is associated with a 
decreased risk of perioperative morbidity and mortality.229

Data predating the 1986 publication of the FDA’s first 
Anesthesia Apparatus Checkout Recommendations demon-
strated a low level of proficiency by anesthesiologists in 
detecting life-threatening machine-related problems.230 At 
that time, available preuse checkout procedures for anes-
thesia machines were provided and promoted by individ-
ual machine manufacturers. These procedures were not 
entirely user-friendly or well suited for clinical applica-
tion. Prompted by a series of anesthesia machine related 
accidents, in 1984 the FDA met with representatives of 
the ASA, anesthesia equipment experts, and anesthesia 
machine manufacturers to discuss methods of reducing 
the risks to patients during anesthesia.231,232 As result, the 
first anesthesia workstation preuse checkout was released 
in August of 1986. Limited information suggests that this 
detailed guideline did not appear to be extensively used, 
nor did it greatly improve the ability of anesthesiologists 
to detect anesthesia machine faults.232-234 Recognizing 
the poor compliance with the 1986 guideline, the FDA 
revised the PAC in the early 1990s. Other factors, includ-
ing the development of monitoring standards by the ASA, 
the retirement of many older machines, and the intro-
duction of newer-generation anesthesia machines follow-
ing the ASTM specifications also provided impetus for the 
update.233 The revised checklist was issued in 1993.10,235 
Although the newer checklist was fairly comprehensive 
and universal, a stated intent of the authors, similar to 
the 1986 version, was to encourage users to “modify [the 
guideline] to accommodate differences in equipment 
design and variations in local clinical practice” and to 
subject modifications to local peer review.10,235

Although the data are limited, evidence that the 1993 
PAC recommendations led to improved detection of 
machine faults was also not forthcoming. Researchers 
demonstrated that anesthesiologists demonstrated poor 
fault detection on sabotaged machines despite having the 
guideline in hand.236,237 Larson and associates observed 87 
participants at a “nationally attended anesthesia meeting” 
while they were asked to perform a checkout on an anes-
thesia machine with preset faults. In other studies within 
controlled settings, researchers noted limited machine 
fault detection and low checklist item compliance.3-5

As tempting as it is to implicate the checklists for this 
poor performance, human factors and machine knowl-
edge issues are more likely to blame. In particular, a lack 
of cultural discipline in the routine use of a PAC (a check-
list) seems to be a key problem. Surveys have demon-
strated poor compliance with machine checks, as well as 
low self-admitted competence with the procedure.7,8,238 
Further, human error and failures to check and inspect 
equipment have been related to a significant percentage 
of anesthetic mishaps.6,239 It seems that no matter how 
well conceived and strongly promoted PAC recommen-
dations have been, adoption and routine use of the PAC 
have not been consistent. Increasing machine diversity 
could potentially compound the issue because the appli-
cation of a simple, generic PAC is now unlikely.

2008 RECOMMENDATIONS FOR 
PREANESTHESIA CHECKOUT PROCEDURES

To improve PAC compliance and performance, it is rec-
ommended that individual anesthesia departments align 
the ASA’s Recommendations for Pre-Anesthesia Checkout 
Procedures (2008) with their respective manufacturers’ 
suggested checkout procedures to develop their own effec-
tive, workstation-specific PAC checklists (Box 29-1).240 
The recommendations were developed with the knowl-
edge that the existing PAC was neither well understood 
nor reliably used by anesthesia providers and that anes-
thesia delivery systems have evolved to the point where 
one checkout procedure was no longer universally appli-
cable. The recommendations are therefore designed as a 
template to develop “checkout procedures that are appro-
priate for each individual anesthesia machine design and 
practice setting.”240

The 2008 recommendations warn against an overre-
liance on automated machine checkouts and assert that 
anesthesiology providers may be unaware of what is actu-
ally assessed by these features and may omit important 
preuse checkout items if they place all faith in an auto-
mated checkout. When developing a local PAC, a detailed 
understanding of what is actually checked by the machine 
should be determined. However, this is not always easy to 
ascertain by simply reviewing user’s manuals.

The authors of the 2008 guideline recognized that 
using anesthesia technicians or biomedical technicians, or 
both, to perform some aspects of the checkout procedures 
may improve compliance with a department’s PAC and 
could add redundancy to critical steps.240 Although the 
2008 guideline suggests which steps may be checked by “a 
qualified anesthesia technician, biomedical technician, or 
manufacturer-certified technician,” this should be an insti-
tutional decision. Local skill levels, work flow patterns, and 
training requirements may vary greatly. According to the 
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BOX 29-1 Summary Recommendations of the 2008 Preanesthesia Checkout Procedures

Items to Be Completed daIly

Item # Task Responsible Parties?

1 Verify that auxiliary oxygen cylinder and self-inflating manual ventilation device are 
available and functioning

Provider and technician

2 Verify that patient suction is adequate to clear the airway Provider and technician

3 Turn on the anesthesia delivery system and confirm that AC power is available Provider or technician
4 Verify the availability of required monitors, including alarms Provider or technician
5 Verify that pressure is adequate on the spare oxygen cylinder mounted on the anesthesia 

machine
Provider and technician

6 Verify that the piped gas pressures are ≥50 psig Provider and technician
7 Verify that vaporizers are adequately filled and, if applicable, that the filler ports are 

tightly closed
Provider only

8 Verify that the gas supply lines have no leaks between the flowmeters and the common 
gas outlet

Provider or technician

9 Test the scavenging system function Provider or technician
10 Calibrate, or verify the calibration of, the oxygen monitor, and check the low-oxygen 

alarm
Provider or technician

11 Verify that carbon dioxide absorbent is not exhausted Provider or technician
12 Perform breathing system pressure and leak testing Provider and technician
13 Verify that gas flows properly through the breathing circuit during both inspiration and 

exhalation
Provider and technician

14 Document the completion of checkout procedures Provider and technician
15 Confirm the ventilator settings, and evaluate readiness to deliver anesthesia care  

(Anesthesia Time Out)
Provider only

Items to Be Completed Before eaCh proCedure

Item # Task Responsible Parties?

1 Verify that patient suction is adequate to clear the airway Provider and technician
2 Verify the availability of required monitors, including alarms Provider or technician
3 Verify that vaporizers are adequately filled and, if applicable, that the filler ports are 

tightly closed
Provider only

4 Verify that carbon dioxide absorbent is not exhausted Provider or technician
5 Perform breathing system pressure and leak testing Provider and technician
6 Verify that gas flows properly through the breathing circuit during both inspiration and 

exhalation
Provider and technician

7 Document the completion of checkout procedures Provider and technician
8 Confirm the ventilator settings, and evaluate readiness to deliver anesthesia care  

(Anesthesia Time Out)
Provider only

Modified from Sub-Committee of American Society of Anesthesiologists Committee on Equipment and Facilities: Recommendations for pre-anesthesia checkout procedures 
(2008). <http://www.asahq.org/For-Members/Clinical-Information/2008-ASA-Recommendations-for-PreAnesthesia-Checkout.aspx>. (Accessed 01.03.11.)
guideline, the use of technician checks is not intended to 
be mandatory. Regardless of who participates in the PAC, 
the anesthesia care provider is ultimately responsible for 
the proper and safe functioning of the equipment.

The recommendations are intended to describe a basic 
approach to developing sound institution-specific PAC 
procedures designed “for the equipment and resources 
available.” The method used to check each item depends 
on the specific equipment. The recommendations simply 
suggest the minimum machine-related items that should 
be assessed before use. A local PAC checklist should repre-
sent a workable merger of this guideline with the manu-
facturer’s checkout recommendations.

In addition to developing effective PACs, it is also 
important that anesthesia providers remain knowledge-
able about their equipment and embrace a “checklist cul-
ture.” The 2008 guideline can be found at https://www.
asahq.org/For-Members/Clinical-Information/2008-ASA-
Recommendations-for-PreAnesthesia-Checkout.aspx.240 
Anesthesia workstation-specific PACs from individual 
departments can also be found at the site, which can be 
used for PAC development.

MINIMUM PREANESTHESIA CHECKLIST

Item 1: Verify Auxiliary Oxygen Cylinder 
and Self-Inflating Manual Ventilation 
Device Are Available and Functioning
Frequency: Daily
Responsible parties: Provider and technician

“Failure to be able to ventilate is a major cause of mor-
bidity and mortality related to anesthesia care. Because 
equipment failure with resulting inability to ventilate 

http://www.asahq.org/clinical/fda.htm
http://www.asahq.org/clinical/fda.htm
http://www.asahq.org/clinical/fda.htm
http://www.asahq.org/clinical/fda.htm


PART III: Anesthetic Pharmacology806

the patient can occur at any time, a self-inflating manual 
ventilation device (e.g., an Ambu bag) should be present 
at every anesthetizing location for every case and should 
be checked for proper function. In addition, a source of 
oxygen separate from the anesthesia machine and pipe-
line supply, specifically an oxygen cylinder with regula-
tor and a means to open the cylinder valve, should be 
immediately available and checked. After checking the 
cylinder pressure, it is recommended that the main cyl-
inder valve be closed to avoid inadvertent emptying of 
the cylinder through a leaky or open regulator.”240

This step was the most important item on the checklist on 
the 1993 PAC and remains so in the 2008 recommendations. 
No matter what happens to the machine, you should 
always be prepared to keep the patient alive without it. 
The auxiliary ventilation device should be self-inflating, 
which excludes Mapleson circuits that are often found in 
and out of the operating room. These devices should be 
located at “every anesthetizing location,” and the guide-
line further recommends that they be checked for proper 
function. The recommendation also states that the auxil-
iary oxygen source should be separate from the machine 
and its pipeline supply, “specifically an oxygen cylin-
der.” Ensuring that properly filled portable cylinders with 
attached flowmeters are available at specific locations 
requires an institutional logistic commitment and careful 
attention to detail by support staff.

Item 2: Verify Patient Suction Is Adequate 
to Clear the Airway
Frequency: Before each use
Responsible parties: Provider and technician

“Safe anesthetic care requires the immediate availability 
of suction to clear the airway if needed.”240

Item 3: Turn on Anesthesia Delivery System 
and Confirm That AC Power Is Available
Frequency: Daily
Responsible party: Provider or technician

“Anesthesia delivery systems typically function with 
backup battery power if AC power fails. Unless the pres-
ence of AC power is confirmed, the first obvious sign 
of power failure can be a complete system shutdown 
when the batteries can no longer power the system. 
Many anesthesia delivery systems have visual indicators 
of the power source showing the presence of both AC 
and battery power. These indicators should be checked 
and connection of the power cord to a functional AC 
power source should be confirmed. Desflurane vapor-
izers require electrical power and recommendations 
for checking power to these vaporizers should also be 
followed.”240

Item 4: Verify Availability of Required 
Monitors and Check Alarms
Frequency: Before each use
Responsible party: Provider or technician

“Standards for patient monitoring during anesthesia are 
clearly defined. The ability to conform to these standards 
should be confirmed for every anesthetic. The first step 
is to visually verify that the appropriate monitoring sup-
plies (BP cuffs, oximetry probes, etc.) are available. All 
monitors should be turned on and proper completion 
of power-up self tests confirmed. Given the importance 
of pulse oximetry and capnography to patient safety, 
verifying proper function of these devices before anes-
thetizing the patient is essential. Capnometer function 
can be verified by exhaling through the breathing circuit 
or gas sensor to generate a capnogram, or verifying that 
the patient’s breathing efforts generate a capnogram 
before the patient is anesthetized. Visual and audible 
alarm signals should be generated when this is discon-
tinued. Pulse oximeter function, including an audible 
alarm, can be verified by placing the sensor on a finger 
and observing for a proper recording. The pulse oxim-
eter alarm can be tested by introducing motion artifact 
or removing the sensor. Audible alarms have also been 
reconfirmed as essential to patient safety by ASA, AANA, 
APSF and JCAHO [The Joint Commission]. Proper moni-
tor functioning includes visual and audible alarm signals 
that function as designed.”240

Verifying the availability and proper functioning 
of standard and other required monitors is a relatively 
straightforward task. However, the process of checking 
alarm thresholds, and possibly resetting them, can be 
tedious. Monitor alarm settings may possibly vary within 
individual facilities as a result of provider manipulation 
of alarms for case requirements, a lack of standard default 
settings, and failure to reset alarm limits routinely. 
Departmental alarm default settings can be established 
and programmed into anesthesia workstation monitors. 
Alarm limit settings also include anesthesia machine 
alarms such as volume, pressure, and inspired oxygen 
concentration limits (Fig. 29-51). The practitioner should 
ensure that critical alarm limits are set to values that per-
mit these alarms to do what they were intended to do. 

Figure 29-51. Setting machine alarm limits: Note the inappropriately 
low setting that was encountered on this machine’s low minute 
ventilation alarm limit. Alarm limit values are easy to adjust, although 
this process can be time consuming during routine preuse checkout. 
Safe default values can be established locally and set by trained 
technicians, to help keep limits consistent.



Here, anesthesia technicians can improve the quality of 
the preuse checkout by checking the function of standard 
monitors and confirming that critical alarm thresholds 
are set to established default values.

Item 5: Verify That Pressure Is Adequate on 
the Spare Oxygen Cylinder Mounted on the 
Anesthesia Machine
Frequency: Daily
Responsible parties: Provider and technician

“Anesthesia delivery systems rely on a supply of oxygen 
for various machine functions. At a minimum, the oxy-
gen supply is used to provide oxygen to the patient. Pneu-
matically-powered ventilators also rely on a gas supply. 
Oxygen cylinder(s) should be mounted on the anesthesia 
delivery system and determined to have an acceptable 
minimum pressure. The acceptable pressure depends on 
the intended use, the design of the anesthesia delivery 
system and the availability of piped oxygen.”240

Verification of oxygen cylinder pressure is accom-
plished by opening the oxygen cylinder or cylinders on 
the back of the machine and evaluating the tank gauge 
pressure, which is located on the front of the machine. 
Some newer machines may also have a tank gauge located 
on the back of the machine. The 1986 PAC guideline rec-
ommended to “replace any cylinder less than about 600 
psig.”241 The 1993 PAC guideline recommended that the 
oxygen cylinder be “at least half full (about 1000 psi)” 
during checkout. The current recommendations do not 
provide a specific value, but some manufacturer’s manuals 
still suggest the 1000 psi minimum.242

Additional bulleted comments in this item of the 2008 
guideline include the following:

“Typically, an oxygen cylinder will be used if the central 
oxygen supply fails.”240

The auxiliary oxygen cylinder or cylinder will be used 
if the pipeline supply of oxygen fails or becomes con-
taminated. As discussed earlier, if the tank is to be used 
in the setting of a suspected oxygen pipeline contami-
nation, the pipeline supply must be disconnected from 
the machine for tank gas to flow into the gas supply  
system.

“If the cylinder is intended to be the primary source 
of oxygen (e.g., remote site anesthesia), then a cylin-
der supply sufficient to last for the entire anesthetic is 
required.”240

It is always wise to estimate finite oxygen source needs 
(e.g., portable tank supply) by applying a wide margin on 
the side of safety.

“If a pneumatically-powered ventilator that uses oxy-
gen as its driving gas will be used, a full “E” oxygen cyl-
inder may provide only 30 minutes of oxygen. In that 
case, the maximum duration of oxygen supply can be 
obtained from an oxygen cylinder if it is used only to 
provide fresh gas to the patient in conjunction with 
manual or spontaneous ventilation. Mechanical ven-
tilators will consume the oxygen supply if pneumati-
cally powered ventilators that require oxygen to power 
the ventilator are used. Electrically-powered ventila-
tors do not consume oxygen so that the duration of 
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a cylinder supply will depend only on total fresh gas 
flow.”240

Generally speaking, mechanical ventilators using a bel-
lows are typically gas driven (with either oxygen or air), 
the Maquet volume reflector is oxygen driven, and piston 
driven ventilators are electrically driven. This underscores 
the importance of machine familiarity.

“The oxygen cylinder valve should be closed after it has 
been verified that adequate pressure is present, unless 
the cylinder is to be the primary source of oxygen (i.e., 
piped oxygen is not available). If the valve remains open 
and the pipeline supply should fail, the oxygen cylinder 
can become depleted while the anesthesia provider is 
unaware of the oxygen supply problem.”240

The operator should remember to close the tank valve 
after checking the pressure so the tank does not slowly 
loose pressure (see the earlier discussion of the gas supply 
system).

“Other gas supply cylinders (e.g., Heliox, CO2, Air, N2O) 
need to be checked only if that gas is required to provide 
anesthetic care.” 240

Item 6: Verify That Piped Gas Pressures Are 
50 psig or Higher
Frequency: Daily
Responsible parties: Provider and technician

“A minimum gas supply pressure is required for proper 
function of the anesthesia delivery system. Gas supplied 
from a central source can fail for a variety of reasons. 
Therefore the pressure in the piped gas supply should be 
checked at least once daily.” 240

Normal pipeline pressures in the United States for 
common gases (oxygen, air, nitrous oxide) are 50 to 55 
psig.243 Although the guideline suggests verifying gauge 
pressures, an inspection of the supply hoses and con-
nections is also recommended by some manufacturers. 
Checking that “hoses are connected” was a checklist 
item on the 1993 PAC. Despite gas-specific connectors, 
misconnections of gas hoses have been reported.244-246 
Similarly, medical gas supply lines behind the walls of 
the operating room are not immune from misconnection 
or contamination.247-251 A preuse check that includes a 
quick daily inspection of connections, supply hoses, gas 
pressures, and the presence of more than 90% oxygen in 
the inspiratory limb greatly minimizes risk. An important 
safety item on all machines is an audible and visual alarm 
that warns the operator of diminishing oxygen supply 
pressure. The only way to evaluate this pneumatic safety 
device is to disconnect the wall oxygen supply and shut 
off the oxygen supply tank or tanks. During development 
of the 1993 PAC, it was noted that provider failure to 
reconnect the main oxygen supply line during the PAC 
was not a rare occurrence. Concern also existed that daily 
removal and reconnection of oxygen supply line connec-
tor could contribute to wear or breakdown. Given these 
concerns, disconnection of the oxygen pipeline sup-
ply is not a specified recommendation within the 1993 
and 2008 guideline (personal communication, Dr. J. Jeff 
Andrews, February 9, 2011).
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Item 7: Verify That Vaporizers Are 
Adequately Filled and, If Applicable, That 
the Filler Ports Are Tightly Closed
Responsible parties: Provider (technician if redundancy 

desired)

“If anesthetic vapor delivery is planned, an adequate 
supply is essential to reduce the risk of light anesthesia or 
recall. This is especially true if an anesthetic agent moni-
tor with a low agent alarm is not being used. Partially 
open filler ports are a common cause of leaks that may 
not be detected if the vaporizer control dial is not open 
when a leak test is performed. This leak source can be 
minimized by tightly closing filler ports. Newer vapor-
izer designs have filling systems that automatically close 
the filler port when filling is completed. High and low 
anesthetic agent alarms are useful to help prevent over- 
or under-dosage of anesthetic vapor. Use of these alarms 
is encouraged and they should be set to the appropriate 
limits and enabled.”240

Although not part of the 2008 PAC guideline, some 
manufacturers recommend a check of their machine’s 
vaporizer interlock system, which, if present, prevents 
more than one vaporizer from being activated simultane-
ously. If this step is added to a local checklist, make sure 
that when one vaporizer hand wheel is turned to a setting 
greater than “0,” the other vaporizer remains locked in 
its “0” position. Test the system for all mounted vaporiz-
ers; then ensure all vaporizers are placed back to their “0” 
position. This is also a good time to make certain that the 
vaporizers are firmly mounted.

Item 8: Verify That No Leaks Are Present 
in the Gas Supply Lines Between the 
Flowmeters and the Common Gas Outlet
Frequency: Daily and whenever a vaporizer is changed
Responsible party: Provider or technician

“The gas supply in this part of the anesthesia delivery 
system passes through the anesthetic vaporizer(s) on 
most anesthesia delivery systems. To perform a thorough 
leak test, each vaporizer must be turned on individually 
to check for leaks at the vaporizer mount(s) or inside 
the vaporizer. Furthermore, some machines have a 
check valve between the flowmeters and the common 
gas outlet, requiring a negative-pressure test to check for 
leaks adequately. Automated checkout procedures typi-
cally include a leak test but may not evaluate leaks at 
the vaporizer especially if the vaporizer is not turned on 
during the leak test. When relying on automated testing 
to evaluate the system for leaks, the automated leak test 
would need to be repeated for each vaporizer in place. 
This test should also be completed whenever a vaporizer 
is changed. The risk of a leak at the vaporizer depends on 
the vaporizer design. Vaporizer designs where the filler 
port closes automatically after filling can reduce the risk 
of leaks. Technicians can provide useful assistance with 
this aspect of the machine checkout since it can be time 
consuming.”240

This step checks the integrity of the so-called low-pres-
sure section (LPS) of the workstation’s gas supply system, 
which extends from the flow control valves to the fresh 
gas outlet. It evaluates the portion of the machine that 
is downstream from all safety devices except the oxygen 
analyzer. Leaks in this section of the machine are associ-
ated with hypoxemia or patient awareness under anes-
thesia.23,25 The components located within this area are 
precisely the ones most subject to breakage and leaks, 
such as the anesthetic vaporizer, the vaporizer mounting, 
or the flowmeter tubes (Fig. 29-52). Loose filler caps on 
vaporizers are a common source of leaks, and these leaks 
can cause patient awareness under anesthesia.230,238

Because of significant machine design differences, sev-
eral tests have been described to check for leaks within 
the LPS.215 These tests use either positive pressure (assess-
ing either leak flow or system pressure stability) or nega-
tive pressure to facilitate leak detection in this vulnerable 
part of the anesthesia machine. Selecting the proper test 
had been historically confusing because a few machines 
have an outlet check between the common gas outlet 
and the vaporizers, whereas most do not. An example 
of an anesthesia machine with an outlet check valve is 
Figure 29-52. The negative-pressure 
“universal” low-pressure system leak test. 
A, A specially configured suction bulb is 
connected to the common (fresh) gas 
outlet and collapsed. Subatmospheric 
pressure is created in the low pressure cir-
cuit, thus opening the outlet check valve 
(if present) and exposing the vaporizers, 
tubing, and associated piping and con-
nections to the vacuum. B, Leaks in the 
system draw in ambient air and inflate the 
suction bulb. O2, Oxygen.
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seen in Figures 29-1 and 29-52. The check valve is meant 
to minimize the effects of intermittent backpressure on 
vaporizer output. For machines without an outlet check 
valve, positive-pressure tests of the LPS are generally suffi-
cient. These include simple pressurization of the patient’s 
breathing circuit in the manner of performing a breath-
ing circuit leak test as described later, or more complex 
positive-pressure testing of the low pressure system using 
specialized bulbs, manometers, or flowmeters.5,32 Several 
mishaps have resulted from application of the wrong leak 
test to the wrong machine.231-234 It is therefore manda-
tory that the appropriate low-pressure leak test be per-
formed each day.

Again, the presence of an outlet check valve on some 
machines precludes manual positive-pressure testing of 
the LPS because the valve is held closed by downstream 
positive pressure (see Figs. 29-1 and 29-52). To elimi-
nate confusion with this, the 1993 PAC’s Leak Check of 
the Machine Low Pressure System prescribed the so-called 
Universal Leak Test. The universal leak test is a negative-
pressure test that checks for leaks in the LPS regardless of 
whether or not an outlet check valve is present. The neg-
ative-pressure leak test is simple to perform and is highly 
sensitive, detecting leaks as small as 30 mL/minute. This 
simple test requires that the machine be turned off and 
that the flow control valves be fully closed to prevent 
any flow of gas into the low-pressure circuit. A specially 
configured suction bulb, which can either be constructed 
or obtained from the manufacturer, is then attached to 
the common gas outlet by tubing and a 15-mm adapter 
(Fig. 29-53; see also Fig. 29-52). The bulb is then squeezed 
repeatedly until it is fully collapsed. If the bulb does not 
stay collapsed for a specified period of time, then air is 
being sucked by the bulb into the machine through a 
leak that will allow gas to escape when the machine is 
pressurized. The same maneuver is carried out with each 
vaporizer opened in turn to check for associated leaks. 
The specified period of bulb collapse varies by reference, 
from 10 seconds in popular texts to 30 seconds in some 
workstation’s user’s manuals.30,215,252-254 Although small 
leaks may require more than 10 seconds for bulb reinfla-
tion, it is likely that the collapsed bulb will be noted to be 
steadily expanding before that time.32 The most impor-
tant aspect about the universal negative-pressure leak 
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test is that it eliminates any potential for error in which 
an operator might mistakenly apply a positive-pressure 
leak test to a machine with an outlet check valve. Suction 
bulbs for negative-pressure leak testing can be purchased 
or constructed as shown in Figure 29-54.

Many of the newer-generation anesthesia machines 
do not have an accessible common gas outlet; therefore, 
negative-pressure low-pressure system testing cannot be 
performed. On these machines, either manual positive-
pressure testing of the LPS (and vaporizers) is performed 
during the preuse checkout, or LPS testing is accom-
plished as part of an automated checkout feature. Table 
29-9 describes the LPS checkout requirement for several 
common anesthesia workstations. These machines test 
the integrity of the low-pressure system by means of an 
automated checkout. For machines that require manual 
LPS leak testing, the universal negative-pressure leak test 
can be applied unless the common gas outlet not readily 
accessible or the manufacturer specifies a positive-pres-
sure test maneuver. A locally devolved PAC should indi-
cate which method is required based on user’s manual 
instructions. Regardless of what type of test is performed, 
the practitioner must understand that variable bypass 
anesthetic vaporizers and the Tec 6–style desflurane 
vaporizer will not be leak tested unless the concentration 
control dial is turned “on” during the leak test. If this 
step is not taken, large leaks that could potentially result 
in a patient’s awareness, such as from a loose filler cap or 
cracked fill indicator, could go undetected. An exception 
to this rule applies to workstations that perform auto-
mated vaporizer leak testing on their unique vaporizers 
such as Maquet anesthesia machines and GE Healthcare 
workstations that use the ADU vaporizer.

Item 9: Test Scavenging System Function
Frequency: Daily
Responsible party: Provider or technician

“A properly functioning scavenging system prevents 
room contamination by anesthetic gases. Proper func-
tion depends upon correct connections between the 
scavenging system and the anesthesia delivery system. 
These connections should be checked daily by a pro-
vider or technician. Depending upon the scavenging 
system design, proper function may also require that 
A B C

Figure 29-53. The negative-pressure “universal” low-pressure system leak test. A, With the machine off and the flow control valves fully closed, 
a specially configured suction bulb is connected to the common (fresh) gas outlet. B, The bulb is pumped until it is fully collapsed. It is then 
observed to verify that it stays collapsed for more than 10 seconds, thus indicating that the low-pressure side of the machine is gas tight. Then, 
each vaporizer is opened in turn, and the maneuver is repeated to establish that no leak is associated with that vaporizer. C, The ventilator was 
intentionally tilted on its mount to cause a low-pressure system leak resulting in immediate inflation of the suction
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the vacuum level is adequate which should also be con-
firmed daily. Some scavenging systems have mechani-
cal positive and negative pressure relief valves. Positive 
and negative pressure relief is important to protect the 
patient circuit from pressure fluctuations related to the 
scavenging system. Proper checkout of the scavenging 
system should ensure that positive and negative pressure 
relief is functioning properly. Due to the complexity of 
checking for effective positive and negative pressure 
relief, and the variations in scavenging system design, 
a properly trained technician can facilitate this aspect of 
the checkout process.”240

A test of the scavenging system begins by checking the 
proper assembly and integrity of each component and 
connection within system including the gas transfer tubes 
leading from the APL valve and the ventilator relief valve 

A

B

C

Figure 29-54. Constructing a negative-pressure system leak test 
suction bulb from a sphygmomanometer bulb. A, Remove the air 
release valve and discard. Remove the end valve. B, Reverse the end 
valve and reinsert it. Obtain a tight-fitting connector, some extra tub-
ing, and a suitable endotracheal tube adapter. Insert the connector 
into the bulb. C, Squeeze the bulb, and occlude the adapter. The 
apparatus should remain collapsed for more than 60 seconds.
to the scavenging interface. In the case of many modern 
machines, a single transfer tube may lead from a compact 
breathing system to the scavenge interface. The integrity 
of the vacuum tubing leading from the wall outlet to the 
scavenging interface should also be checked. The differ-
ent categories of scavenging systems, active versus pas-
sive and open versus closed, are discussed in a previous 
section.

A manufacturer’s recommended test of the closed, pas-
sive scavenger system as seen in Figure 29-50, A, involves 
creating gas flow (pressure) within the breathing system 
by occluding the patient “Y-piece” (or short-circuiting 
the inspiratory and expiratory limbs of the breathing 
circuit with breathing hose), occluding the exhaust hose 
outlet on the scavenging interface, and ensuring that the 
flow of gas exits the system through the positive-pressure 
safety relief valve so excess pressure does not build up in 
the breathing circuit (e.g., <10 cm H2O).

Checking a closed, active scavenger system as seen in 
Figure 29-50, B, involves two steps. A check of positive-
pressure relief is conducted as described earlier for the 
passive, closed scavenger. Some manufacturers recom-
mend that the suction needle valve be turned off for this 
step. A check of negative-pressure relief is conducted 

TABLE 29-9 LOW PRESSURE SYSTEM LEAK 
TEST TECHNIQUES OF VARIOUS ANESTHESIA 
WORKSTATIONS 

Machine Test Method

Dräger Narkomed 2B Manual/positive pressure*†

Drä Narkomed M Manual/positive pressure*†

Dräger Narkomed MRI Manual/positive pressure*†

Drä Fabius MRI Automated†

Drä Fabius Tiro Automated†

Dräger Narkomed Julian Automated†

Dräger Narkomed 6000 and 6400 Automated†

Dräger Fabius GS Automated†

Dräger Apollo Automated†

GE Aestiva/5 Manual/negative 
pressure†‡

GE Aisys Automated
GE Aisys with ACGO Manual/negative 

pressure†‡

GE S/5 Aespire Manual/negative 
pressure†‡

GE ADU Automated
GE Avance Automated†

Maquet FLOW-i Automated
Mindray Datascope AS 3000 Automated†

Mindray A5/A3 Manual/positive pressure†

Penlon Prima SP3 Manual/positive pressure†

Spacelabs Arkon Automated†

Data from user’s manuals from Datex-Ohmeda (Madison, Wis.), Dräger Med-
ical (Telford, Pa.), GE Healthcare (Little Chalfont, United Kingdom), Maquet 
Critical Care (Solna, Sweden), Mindray (Mahwah, NJ), Penlon (Abingdon, 
United Kingdom), and Spacelabs Healthcare (Snoqualmie, Wash.).

ACGO, Auxiliary common gas outlet.
*Narkomed positive-pressure test using sphygmomanometer squeeze 

bulb, adapter, and inspiratory-expiratory port interconnection hose 
(Food and Drug Administration universal negative-pressure leak test can 
also be applied).

†Must manually open vaporizers to check them for leaks.
‡Alternatively, an “ISO 5358” or “BSI” flow test can be used, but an 

apparatus is required.
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Figure 29-55. Testing the low–oxygen concentration alarm and calibrating the oxygen sensor. A, Removal of the oxygen sensor housing 
exposes the sensor to ambient air. B, When the oxygen concentration decreases to less than the alarm threshold value, which in this case is set 
at 25%, the visual and auditory low inspired oxygen concentration alarms should activate. C, After replacing the oxygen sensor, the oxygen flush 
button should be used to bring the fraction of inspired oxygen concentration (Fio2) to at least 90%.
by setting scavenge interface suction to a routine set-
ting, turning off all flow control valves on the anesthe-
sia machine, and occluding inflow into the patient’s 
breathing circuit at the patient’s Y-piece (or short circu-
iting the inspiratory and expiratory limbs of the breath-
ing circuit with breathing hose) and at the breathing 
bag mount. At this point, the breathing pressure gauge 
should indicate a negligible negative pressure (e.g., no 
lower than −1.0 cm H2O). Generally speaking, the scav-
enging suction on active systems should be adjusted so 
the reservoir bag is never overinflated or underinflated, 
but it should remain slightly inflated during routine 
use. Because the volume of gas being passed into the 
scavenging system varies, it may be necessary to adjust 
the needle valve. Given the diversity of breathing sys-
tems, this check serves as another instance in which 
users must consider manufacturer-specified protocols 
when developing a local PAC.

Checking the function of an open, active system as 
seen in Figure 29-49 is relatively simple compared with 
checking a closed, active system. After ensuring that all 
gas transfer tubes and the suction lines are properly con-
nected, the scavenger suction needle valve is adjusted to 
place the flowmeter bobbin between the indicator lines. A 
positive-pressure test and a negative-pressure test are then 
conducted as described earlier.

The 1993 PAC prescribed a simple procedure for 
checking the scavenging system that eliminated several 
steps described in manufacturer’s user’s manuals. It can 
be applied to both closed and open scavenging systems. 
For every machine, the evaluation of the scavenging 
system is a manual evolution. No automated checks are 
conducted.

Item 10: Calibrate, or Verify Calibration  
of, the Oxygen Monitor and Check  
the Low Oxygen Alarm
Frequency: Daily
Responsible Party: Provider or technician

“Continuous monitoring of the inspired oxygen con-
centration is the last line of defense against delivering 
hypoxic gas concentrations to the patient. The oxygen 
monitor is essential for detecting adulteration of the 
oxygen supply. Most oxygen monitors require calibra-
tion once daily, although some are self-calibrating. 
For self-calibrating oxygen monitors, they should be 
verified to read 21% when sampling room air. This is 
a step that is easily completed by a trained technician. 
When more than one oxygen monitor is present, the 
primary sensor, which will be relied upon for oxygen 
monitoring should be checked. The low oxygen con-
centration alarm should also be checked at this time by 
setting the alarm above the measured oxygen concen-
tration and confirming that an audible alarm signal is 
generated.”240

The oxygen concentration analyzer is one of the most 
important monitors on the anesthesia workstation. It is 
the only monitor positioned to detect oxygen delivery 
problems downstream from the flow control valves.215 All 
other oxygen related safety devices are located upstream 
from the flow control valves,254 and it is the only moni-
tor that evaluates the integrity of the low-pressure section 
of the gas supply system in an ongoing fashion. Other 
machine safety devices, such as fail-safe valves, oxy-
gen pressure sensors, and proportioning systems are all 
upstream from the flow control valves. The only device 
that detects problems downstream from the flow con-
trol valves is the oxygen analyzer. Traditionally, most 
machines have used a galvanic cell oxygen sensor located 
near the patient’s breathing circuit inspiratory valve (Fig. 
29-55). These devices have a finite life span, which is 
inversely proportional to the amount of oxygen expo-
sure.255 They are also vulnerable to drift. Therefore, daily 
verification of calibration (and recalibration, if necessary) 
is recommended.

Galvanic oxygen sensors require that the sensor be 
removed from its mount during the recalibration proce-
dure (see Fig. 29-55, A). At this time, the low-oxygen alarm 
should also be tested. The alarm should become activated 
if the low limit is set to more than 21% (see Fig. 29-55, B). 
A prudent default setting would be somewhere between 
25% and 30%, unless oxygen concentrations lower than 
this value are used routinely. In any case, it is wise to keep 
it set to 21% or more. The steps involved in recalibrating 
the sensor to room air always involve removing the sen-
sor from the breathing circuit. After calibration verifica-
tion or recalibration, the breathing system is flushed with 
100% oxygen. This should result in an oxygen concentra-
tion reading of more than 90% (see Fig. 29-55, C).

Some newer-generation anesthesia machines exclu-
sively rely on side-stream gas analyzer to measure the 
inspired oxygen concentration. This is because the multi-
gas analyzer on these workstations is an irremovable and 
permanent component. Thus, it fulfills the requirement 
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imposed on the manufacturer to provide inspired oxygen 
concentration monitoring. These monitors do not require 
daily calibration; however, the line should be discon-
nected from the circuit and sample room air to verify that 
it measures 21%.

Item 11: Verify Carbon Dioxide Absorbent 
Is Not Exhausted
Frequency: Before each use
Responsible Party: Provider or technician

“Proper function of a circle anesthesia system relies on the 
absorbent to remove CO2 from rebreathed gas. Exhausted 
absorbent as indicated by the characteristic color change 
should be replaced. It is possible for absorbent material to 
lose the ability to absorb CO2 yet the characteristic color 
change may be absent or difficult to see. Some newer absor-
bents do change color when desiccated. Capnography 
should be utilized for every anesthetic and, when using 
a circle anesthesia system, rebreathing CO2 as indicated 
by an inspired CO2 concentration > 0 can also indicate 
exhausted absorbent.”240

It is important for providers to know that absor-
bent color change is not as reliable as is the presence 
of inspired carbon dioxide on capnography in identify-
ing exhausted absorbent. Absorbent “regeneration,” 
indicator deactivation, inner canister channeling, and 
coloration of the absorbent canister wall are examples 
or circumstances that can mislead regarding the actual 
absorptive capacity.197,216 Therefore, a normal-appearing 
absorbent may be significantly degraded in its ability to 
remove carbon dioxide, although some newer-gener-
ation absorbents are touted to maintain a permanent 
color change with exhaustion. It is no longer advised for 
providers to exercise (breathe in and breathe out of) the 
breathing circuit manually to assess the functionality of 
the absorbent during preuse checkout. Visual inspection 
and clinical suspicion of exhaustion or desiccation must 
suffice.

In addition to the exhaustion of carbon dioxide absorp-
tive capacity, absorber desiccation is a potential hazard. 
Whereas colorimetric indicators identify the exhaustion 
of most absorbents, only few reportedly undergo color 
change with desiccation. Currently, no consistently reli-
able steps can be included in a PAC procedure to iden-
tify absorbent desiccation. However, certain situations 
increase the risk of absorbent desiccation, as described in 
the section on carbon dioxide absorbers.

Item 12: Breathing System Pressure and 
Leak Testing
Frequency: Before each use
Responsible parties: Provider and technician

“The breathing system pressure and leak test should be 
performed with the circuit configuration to be used dur-
ing anesthetic delivery. If any components of the circuit 
are changed after this test is completed, the test should 
be performed again. Although the anesthesia provider 
should perform this test before each use, anesthesia 
technicians who replace and assemble circuits can also 
perform this check and add redundancy to this impor-
tant checkout procedure. Proper testing will demonstrate 
that pressure can be developed in the breathing system 
during both manual and mechanical ventilation and 
that pressure can be relieved during manual ventilation 
by opening the APL valve. Automated testing is often 
implemented in the newer anesthesia delivery systems 
to evaluate the system for leaks and also to determine 
the compliance of the breathing system. The compliance 
value determined during this testing will be used to auto-
matically adjust the volume delivered by the ventilator 
to maintain a constant volume delivery to the patient. It 
is important that the circuit configuration that is to be 
used be in place during the test.”240

It is not rare for either the disposable breathing cir-
cuit components or the fixed anesthesia machine com-
ponents to leak. Therefore, a leak check of the breathing 
system is of paramount importance. Traditionally, this 
test has been performed manually after an inspection of 
the breathing circuit, removal of the gas sampling line, 
and capping of the gas sampling line port. With the 
machine set in the “bag” or the manual mode of ventila-
tion, the gas flows are set to zero (or the minimal settings), 
the APL valve is closed, the patient’s Y-piece is occluded, 
and breathing system is pressurized with the O2 flush but-
ton to approximately 30 cm H2O (Fig. 29-56). The circuit 
passes the leak test if it holds this pressure for at least 10 
seconds. Some manufacturers may specify a low oxygen 
flow rate during the test.256 A decrease in pressure during 
the test should prompt a check of all plug-in, push-fit, 
and screw connectors, the seal of the absorber canister, 
and a careful inspection of the disposable tubing. One 
of the most common locations of a circuit leak is at the 
absorber canister, and it is particularly important for the 
anesthesia provider to apply this check rigorously imme-
diately after the absorbent has been changed.

On many modern anesthesia machines, breathing 
circuit leak testing is an automated feature, although 
manual steps are still required for test preparation. Cir-
cuit compliance is often also automatically assessed on 
some machines during this phase to guide ventilator tidal 
volume delivery. Therefore, the test should be performed 
with the circuit that is going to be used.

The APL valve can also assessed at this time by open-
ing it widely after the pressure test and ensuring that the 
breathing circuit pressure decreases rapidly to zero. A 
prompt pressure drop should occur regardless of APL valve 
design. The ability of the pressure-limiting type APL valve 
to maintain stable circuit pressure can be easily assessed, if 
required, by setting the APL valve to 30 cm H2O, occlud-
ing the patient’s Y-piece in a manual mode of ventilation, 
increasing gas flow to approximately 5 L/minute, and 
ensuring the circuit pressure, once stable, remains within 
a range close to that set on the APL valve. This step may be 
specified in some user’s manuals, whereas it is altogether 
absent in others.257

Item 13: Verify That Gas Flows Properly 
Through the Breathing Circuit During Both 
Inspiration and Exhalation
Frequency: Before each use
Responsible parties: Provider and technician

“Pressure and leak testing does not identify all obstruc-
tions in the breathing circuit or confirm proper function 
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Figure 29-56. Manual breathing system pressure and leak testing. Breathing system pressure and leak testing should be performed with the 
circuit configuration that will be used during anesthetic delivery. A, The patient Y-piece or elbow is occluded, and the oxygen flush button is 
used to pressurize the breathing circuit to approximately 30 cm H2O. B, The circuit should hold pressure at this level for at least 10 seconds. It is 
important to ensure that the gas flows are set to zero (or their minimal values), the gas sample line is removed, and its circuit port is occluded.
of the inspiratory and expiratory unidirectional valves. 
A test lung or second reservoir bag can be used to con-
firm that flow through the circuit is unimpeded. Com-
plete testing includes both manual and mechanical 
ventilation. The presence of the unidirectional valves 
can be assessed visually during the PAC. Proper function 
of these valves cannot be visually assessed since subtle 
valve incompetence may not be detected. Checkout pro-
cedures to identify valve incompetence which may not 
be visually obvious can be implemented but are typically 
too complex for daily testing. A trained technician can 
perform regular valve competence tests. Capnography 
should be used during every anesthetic and the presence 
of CO2 in the inspired gases can help to detect an incom-
petent valve.”240

The original 1986 FDA checklist recommended that 
the person checking the anesthesia machine inhale and 
exhale into the patient connector while observing the 
unidirectional valves for free gas flow in the correct direc-
tion and no flow in the opposite direction. Although it 
is controversial for the anesthesia provider to breathe in 
and out of the machine and through the next patient’s 
breathing circuit, it is still important that the circuit be 
exercised to ensure that unidirectional flow is present and 
unimpeded. This test of circuit flow easily accomplished 
by placing a “test lung” or an extra breathing bag at the 
patient’s elbow. In the “bag” or a manual mode of ven-
tilation, the operator ventilates the artificial “lung” with 
the breathing bag, then actively “exhales” (squeezes) the 
test lung back to the breathing bag in a to-and-fro motion 
(Fig. 29-57). This is the so-called flow test. The inspiratory 
valve should open and the expiratory valve should close 
during inspiration, and vice versa for exhalation. A major 
malfunction of a unidirectional can be visually assessed, 
although subtle valve leaks (reverse flow) may be appar-
ent only by capnography during anesthesia or through 
formal machine evaluation. Obstruction to flow dur-
ing the flow test manifests as a “tight” breathing bag on 
“inspiration,” whereas expiratory limb obstructions cause 
impeded “exhalation.” Some form of flow test should be 
conducted because leak testing does not reliably identify 
circuit obstruction or unidirectional valve malfunction. 
Undetected circuit obstructions are particularly ominous 
and can manifest dramatically and sometimes immedi-
ately following induction.147,148,150

It cannot be stated definitively that all automated 
machine checks routinely assess for unimpeded circuit 
flow. Although most user’s manuals for machines that per-
form automated aspects of the preuse checkout describe a 
leak test function, few specifically describe a flow test or 
an assessment of unidirectional valve function. In fact, 
some modern machines, which incorporate automated 
checkout steps, including a leak test, recommend a man-
ual assessment of the inspiratory and expiratory valves.257

Item 14: Document Completion of Checkout  
Procedures
Responsible parties: Provider and technician

“Each individual responsible for checkout procedures 
should document completion of these procedures. Docu-
mentation gives credit for completing the job and can be 
helpful if an adverse event should occur. Some automated 
checkout systems maintain an audit trail of completed 
checkout procedures that are dated and timed.”240

Documentation of completion of the anesthetic 
checkout procedure by providers should occur within 
the anesthetic record. Currently, no guidance is avail-
able regarding where anesthesia or biomedical technician 
documentation of checkout procedures should occur. 
However, it would be prudent to maintain a detailed 
departmental log as a quality assurance tool.
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A B C

Figure 29-57. A to C, Verification that gas flows properly through the breathing circuit during both inspiration and exhalation with the to-and-
fro “flow test.” Top row, A test lung or second reservoir bag can is placed on the patient elbow piece. A squeeze of the breathing bag should 
cause flow through inspiratory limb, open the inspiratory valve, fill the test lung, and hold the expiratory valve closed. Bottom row, A reciprocal 
squeeze of the test lung should cause flow through expiratory limb, open the expiratory valve, fill the breathing bag, and hold the inspiratory 
valve closed. Circuit flow during the test should be smooth and unimpeded.
Item 15: Confirm Ventilator Settings and 
Evaluate Readiness to Deliver Anesthesia 
Care (Anesthesia Time Out)
Frequency: Immediately before initiating the anesthetic 

regimen
Responsible parties: Provider

“This step is intended to avoid errors due to production 
pressure or other sources of haste. The goal is to confirm 
that appropriate checks have been completed and that 
essential equipment is indeed available. The concept is 
analogous to the “time out” used to confirm patient iden-
tity and surgical site prior to incision. Improper ventilator 
settings can be harmful especially if a small patient is fol-
lowing a much larger patient or vice versa. Pressure limit 
settings (when available) should be used to prevent exces-
sive volume delivery from improper ventilator settings. 
Items to check: Monitors functional? Capnogram present? 
Oxygen saturation by pulse oximetry measured? Flow-
meter and ventilator settings proper? Manual/ventilator 
switch set to manual? Vaporizer(s) adequately filled?”240

This last step serves as a recommended final preinduction 
check list of the machine and other important items includ-
ing the application of essential monitors. It is a “pretakeoff” 
checklist for anesthesia providers. Some providers rely on 
final check mnemonic devices such as the MS MAIDS check-
list (Box 29-2). Regardless of the specific steps, a final check-
list that verifies the presence and function of key safety 
items is just as important in anesthesia as it is in aviation.

Additional Comments Pertaining to the 
ASA's Pre-Anesthesia Checkout Procedure 
Recommendations (2008)
Although the 2008 PAC procedures are comprehensive, 
several steps that were part of the 1986 or 1993 recom-
mendation did not appear in the current guideline; yet 
they are sometimes found within machine user’s manu-
als. The use of these steps should be based on local needs 
or requirements because the 2008 recommendations are 
not restrictive or intended to be limiting. Some of these 
items are mentioned earlier in this section:

 1.  Disconnecting the central oxygen supply line to assess 
the low–oxygen supply pressure alarm and to purge 
the tank pressure gauges to zero

 2.  Inspecting the gas supply hoses for cracks or wear
 3.  Testing the flowmeters for smooth operation
 4.  Testing the proportioning system by attempting to 

create a hypoxic oxygen–nitrous oxide mixture

 ❏  Machine: The machine checkout is complete; the vapor-
izers are filled, closed, and set to “0”; all gas flows knobs 
are set to zero flow; the ventilator and pressure settings are 
appropriate for the upcoming patient, with the machine in 
manual/spontaneous breathing mode, and the adjustable 
pressure-limiting valve is open.

 ❏  Suction: Patient suction is adequate to clear the airway.
 ❏  Monitors: All required standard monitors are present and 

ready to go.
 ❏  Airway: Primary airway equipment and appropriate backup 

equipment are ready to go.
 ❏  IV: Intravenous lines, fluids, and associated equipment are 

ready to go.
 ❏  Drugs: All necessary medications are available and are 

properly labeled.
 ❏  Special: Any special or unique items (i.e., additional moni-

tors) required for the case are available and ready.

BOX 29-2 The MS MAIDS Checklist*

*An example of an “Anesthesia Time Out,” which ensures that all appro-
priate checks have been completed, all essential equipment is available, 
and the machine is properly configured for the next patient.



AUTOMATED ANESTHESIA MACHINE 
CHECKOUT PROCEDURES

Important points to consider regarding automated PAC 
features or “self-tests” are that (1) they differ between 
manufacturers and models, (2) it is sometimes difficult to 
determine precisely which segments or components are 
actually being checked by reading the user’s manual, and 
(3) no machine automatically checks all the items on an 
effective PAC. At least some manual steps are required. 
Investigators have suggested that many providers do not 
understand exactly what is being checked by automated 
checks, or they make false assumptions regarding their 
respective machine’s automated checkout procedure. 
It is easy to understand why the authors of the ASA’s 
2008 Recommendations for Pre-Anesthesia Checkout Proce-
dures warned about an overreliance on the automated 
machine checkout. For example, one manufacturer’s self-
test screen reports a “leakage” amount, but the display 
or manual does not specify which section is responsible 
(e.g., the breathing circuit or the LPS). The operator must 
make an assumption that the low-pressure system is also 
being tested for leaks, and the manual does not state that 
any vaporizer should be turned “on” during leak testing. 
Finally, it is not clear in this unspecified manual whether 
the circuit is assessed for proper unidirectional flow or 
obstruction. When developing a local PAC procedure, 
providers should gain familiarity with their machine’s 
automated checkout procedure through the user’s man-
ual. Once they are clear about the actual scope of the 
automated test, an effective departmental PAC check-
list can be created. If an important item is not actually 
part of the described self-check or is not suggested in the 
user’s manual, it should not be assumed that it is not 
important. Not requiring that conventional vaporizers be 
opened during a leak test of the low-pressure system is 
such an example.

MACHINE-IMBEDDED PREANESTHESIA 
MACHINE CHECKOUT CHECKLISTS

Some anesthesia machines have embedded PAC check-
lists, which are displayed during machine checkout. 
Like their paper counterparts, they help guide users 
through manual and self-test functions. If an embedded 
checklist provides a complete solution for a respective 
department, then it can be used exclusively. However, 
local requirements may exceed or depart, to some 
degree, from the workstation embedded checklist. In 
these cases, the use of the embedded checklist (or a 
modification thereof) can become a line item within the 
local PAC checklist.

DEVELOPING A LOCAL PREANESTHESIA 
MACHINE CHECKOUT CHECKLIST

The goal of a PAC is to evaluate and configure the anes-
thesia workstation properly so it performs its functions 
properly and safely. Similar to a pretakeoff checkout of an 
aircraft, it is a systematic task list with numerous critical 
steps. Therefore, it is the perfect situation in which to use 
a checklist. The goals of the PAC checklist are to guide 
the operator through an effective PAC and to promote 
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compliance through ease of use. A checklist is a visual 
memory aid used to help overcome the limitations of 
short-term human memory, thus ensuring that particu-
lar series of specified actions or procedures are accom-
plished.258 A PAC checklist can also serve as a quality 
control tool by codifying important items onto an orga-
nized list used by all providers.258

The essential items required for local PAC checklist 
development are the 2008 Recommendations for Pre-Anes-
thesia Checkout Procedures, the respective workstation 
user’s manual, and an anesthesia machine reference text 
such as this book. PACs found in manufacturer’s user’s 
manuals tend to be several pages long and may contain 
items not specified in professional society recommen-
dations, such as the ASA’s guideline. Local PAC devel-
opers will quickly recognize the competing objectives 
of completeness and brevity during the design process. 
An excessively long checklist will probably not be rou-
tinely completed properly, and an underinclusive PAC 
could miss key items. Alternatively, some manufactur-
ers omit important steps in their PAC recommendations. 
Not opening the vaporizers during leak testing is such 
an example.

Box 29-3 contains several checklist design principles, 
including many based on aviation standards. A checklist 
such as the PAC is a series of read-and-do tasks, which are 
either action items (“open the O2 cylinder”) or verifica-
tion items (“…verify that the tank pressure reads >1000 
psig”).259-261 In aviation it would be referred to as a “do-
list,” and like an aircraft checklist, it should avoid elabo-
ration or explanation.259,258 The design of the checklist 
must support its function to the fullest extent possible. 
The checkout procedure should be ergonomically ordered 
to minimize redundant movements and save time by 
placing procedures in a rational sequence. This is a well-
recognized factor in the design of aviation checklists.261 
An example of an anesthesia workstation preuse check-
out based on aviation checklist principles is shown in 
Box 29-4. The ASA’s Recommendations for Pre-Anesthesia 
Checkout Procedures (2008) recommends an “Anesthesia 
Time Out,” to ensure that appropriate checks have been 
completed, all essential equipment is available, and the 
machine is properly configured for the next patient. In 
the example checklist in Box 29-4, the MS MAIDS mne-
monic is used to complete this step, which is further 
described in Box 29-2.

Finally, the checklist should be as short as possible, 
yet be detailed enough so critical items are not omitted. 
From a human perspective and performance point of 
view, a shorter and less elaborate checklist will encour-
age use, but it may not be sufficiently detailed to provide 
adequate guidance to personnel less familiar with the 
workstation. Unlike pilots, anesthesia providers do not 
spend countless hours on equipment-focused training, 
and this is where the aviation-anesthesia analogy weak-
ens. PAC developers will quickly recognize this dilemma 
and may choose to create a slightly more detailed ver-
sion for trainees or new employees, in addition to a stan-
dard version for those more familiar with their respective 
workstations. Because a PAC should be confined to one 
page, a laminated card with the detailed, instructional 
version on one side and the succinct, true checklist on 
the other may be optimal.
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Ambu Bag Present and Functional

AC power
Machine power
Breathing circuit
Vaporizers
CO2 absorbent color

Connected
On 
Intact
Secured and filled
White >½ the canister

Pipeline hoses
O2 tank pressure
Pipeline pressures

Properly connected
≥1000 psig
Dark green range

“Run System Test”
“Calibrate Flow Sensor” test
O2 sensor calibration
Inspiratory low O2 alarm check

Pass
Complete
Complete
Alarm sounds (set low FiO2 alarm limit between 25% and 30%)

“Leak/Compl Test” with vaporizer @ 1%
Vaporizer status after  test
Deactivation of “DES COMP” if appropriate

Pass
“0” volume % (off)
Checked

APL valve function at 30 cm
APL valve function when open wide

Circuit pressure stays between 26 and 35 cm H2O
Circuit pressure drops to 0 cm H2O

Hand ventilation of breathing circuit
Mechanical ventilation of breathing circuit

Unobstructed flow, good unidirectional valve function
Test lung ventilates

O2 flush Gas flows from elbow

BOX 29-4 Example of a Departmental Preanesthesia Machine Checkout for Dräger Fabius

paC CheCklIst desIgn

 ❏  The PAC checklist should be designed in a read-and-do or read-and-confirm format (i.e., Ambu bag…Present and functional”)
 ❏  The flow pattern of the checklist should lend itself to efficiency and compliance. The items should be in a logical sequence, to minimize 

redundant movements.
 ❏  The checklist should be as short as possible, yet it should include all key checks.
 ❏  When applicable, responses to checklist challenges should be provided to verify the value or status of an item, rather than simply con-

firm task completion (e.g., “Verify O2 tank pressure…Done” is not adequate; “O2 tank pressure…>1000 psig” is good).
 ❏  The challenges and responses on the checklist should be consistent with the labeling and text on the switches, screens, and controls of 

the machine.
 ❏  The font and character size should be pleasing.
 ❏  The overuse of italics, bold, underline, and UPPER CASE WORDS should be avoided.
 ❏  Language should be familiar, accessible, and unambiguous.
 ❏  Excessive verbiage should be avoided.
 ❏  For long checklists, pauses between key steps should be identified, or the checklist should be divided graphically into logical task 

groups, as opposed to one long continuous series of tasks.
 ❏  The checklist should fit onto one page. A large type size is preferred for legibility, but a small type size may be needed to keep the 

number of checklist pages to a minimum.  

paC CheCklIst testIng

 ❏  Rigorous testing and validation of the checklist should be performed before its implementation.
 ❏  Multiple individuals of different skill levels and backgrounds (e.g., technician, resident, CRNA, physician faculty) should give the check-

list a trial.
 ❏  The checklist should be designed by a trial-and-error approach, with revisions anticipated.

paC CheCklIst use

 ❏  The checklist should be evaluated and updated periodically on the basis of user feedback, workstation modifications, manufacturer 
safety alerts, or compelling literature.

 ❏  PAC checklist users should be made aware that the PAC procedure is very vulnerable to production pressure. The checklist should not 
be relegated to a second level of importance.

 ❏  The checklist should be kept in sight each time it is used. Its benefit will be defeated if it dangles from the side of the machine during 
the checkout.

 ❏  A “checklist culture” should be developed through sound checklist design, leadership, and promotion of a positive departmental atti-
tude regarding the procedure.

BOX 29-3 Preanesthesia Machine Checkout Checklist Design and Use Tips

Data from references 258 to 261.
CRNA, Certified registered nurse anesthetist; PAC, preanesthesia machine checkout.
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BOX 29-4 Example of a Departmental Preanesthesia Machine Checkout for Dräger Fabius—cont'd

APL, Adjustable pressure-limiting; ASA, American Society of Anesthesiologists; CO2, carbon dioxide; IV, intravenous; O2, oxygen.

Scavenger connections
Scavenger vacuum
Scavenger integrity

Connected
Bobbin between the Min and Max marks
<10 cm H2O circuit pressure with O2 flush button

Flow control valve function
Attempt to create hypoxic mixture
Flow control valve position check

Adjustable through full range
Inability to create hypoxic mixture
“0.0” flow after testing (off)

Test of CO2 sample line
ASA standard and required monitors

Exhaled CO2 displayed
Present and functional

anesthesIa tIme out: ms maIds CheCklIst

 ❏  Machine
 ❏  Suction
 ❏  Monitors
 ❏  Airway
 ❏  IV
 ❏  Drugs
 ❏  Special

Machine ready, vaporizers off and filled, ventilators set
Functional
Present and functional
Primary and alternate equipment ready
Lines, fluids, equipment ready
Ready and properly labeled
Special or unique items ready

anesthesIa apparatus CheCkout Before eaCh proCedure

CO2 absorbent color
“Leak/Compl Test” with vaporizer @ 1%
Hand ventilation of breathing circuit
Vaporizer status
Flowmeters
MS MAIDS Checklist

White >½ the canister
Pass
Unobstructed flow, good unidirectional valve function
Vaporizers set to “0,” filled, ports closed
Dialed clockwise to “0.0” flow
Completed
Complete references available online at expertconsult.com
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K e y  P o i n t s

 •  The introduction of thiopental into clinical practice in 1934 marked the 
beginning of modern intravenous (IV) anesthesia. Today, IV anesthetics are used 
for induction and maintenance of anesthesia and for sedation in a wide variety of 
circumstances.

 •  The most commonly used IV anesthetic is propofol, an alkylphenol currently 
formulated in a lipid emulsion. Propofol provides rapid onset and offset with 
context-sensitive decrement times of approximately 10 minutes when infused for 
less than 3 hours and of less than 40 minutes when infused for up to 8 hours. Its 
mechanism of action is likely the enhancement of γ-aminobutyric acid (GABA)-
induced chloride currents. Propofol causes a dose-dependent decrease in arterial 
blood pressure through a decrease in cardiac output and systemic vascular resistance 
and produces moderate respiratory depression. A unique action of propofol is its 
antiemetic effect, even at concentrations less than those producing sedation.

 •  Barbiturates were the most commonly used IV drugs administered to induce 
anesthesia before the introduction of propofol. Thiopental provides rapid onset 
and offset when used as a single dose, but it accumulates rapidly with repeated 
or prolonged administration and thus postpones recovery from anesthesia. 
Methohexital has a rapid onset and offset similar to those of propofol for procedures 
lasting less than 2 hours. The barbiturates are administered as sodium salts diluted 
in a water base at an alkaline pH. Similar to propofol, the barbiturates provide their 
hypnotic effects largely through action on the GABAA receptor. Barbiturates provide 
cerebral protection (see also Chapter 70), and they are, apart from induction of 
anesthesia, used primarily for this purpose. They cause a moderate dose-dependent 
decrease in arterial blood pressure (primarily as a result of peripheral vasodilation) 
and respiratory drive. The barbiturates are contraindicated in patients with porphyria.

 •  The benzodiazepines are used primarily for anxiolysis and amnesia or for conscious 
sedation. The water-soluble benzodiazepine midazolam is most frequently used 
intravenously because of its rapid onset and offset compared with those of other 
benzodiazepines (e.g., diazepam). The onset time of midazolam is slower than 
that of propofol and barbiturates, and its offset, especially with larger doses or 
a prolonged infusion, is considerably longer than that of propofol and may be 
prolonged in hepatic and renal failure. The benzodiazepines act through the GABA 
receptor. Flumazenil is a specific benzodiazepine antagonist. It can be used to 
reverse the effects of benzodiazepines but should be used with caution because the 
duration of its antagonizing effect often is shorter than the benzodiazepine effect 
it is supposed to antagonize. The benzodiazepines generally produce only a mild 
decrease in arterial blood pressure and mild to moderate respiratory depression. 
Remimazolam is the most recent benzodiazepine, with an ultrashort duration of 
action resulting from its rapid clearance by plasma esterases.

 •  Ketamine is a phencyclidine derivative that acts primarily, but not entirely, as an 
antagonist of the N-methyl-d-aspartate receptor. It produces a dissociative state 
of hypnosis and analgesia. It has been used for induction and maintenance of 
anesthesia. Ketamine is associated with significant adverse psychological effects from 
larger doses and has several other side effects. It is used now primarily for its analgesic 
properties. It has rapid onset and relatively rapid offset, even after an infusion of 
several hours. Its sympathomimetic effects preserve cardiac function. Ketamine has 
minimal effect on respiration and tends to preserve autonomic reflexes.

Acknowledgment: The editors and publisher would like to thank Drs. J.G. Reves, Peter Glass, David A. Lubarsky, 
Matthew D. McEvoy, and Ricardo Martinez-Ruiz for contributing a chapter on this topic to the prior edition of this 
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 •  Etomidate is an imidazole derivative used primarily for induction of anesthesia, 
especially in older patients and in patients with cardiovascular compromise (see 
also Chapter 80). It has a rapid onset of effect and a rapid offset even after a 
continuous infusion. A dose used to induce anesthesia results in inhibition of 
adrenocortical synthesis and possible mortality in patients in the intensive care unit 
(ICU). The major advantage of etomidate is its minimal effect on the cardiovascular 
and respiratory systems.

 •  Dexmedetomidine is the most recently released IV anesthetic. It is a highly 
selective α2-adrenergic agonist that produces sedation, sympatholysis, hypnosis, 
and analgesia. Dexmedetomidine is currently approved only for brief (<24 hours) 
postoperative sedation. Its use as an adjunct or sole hypnotic agent is rapidly 
emerging, most frequently in an ICU setting. It may be advantageous for its ability 
to prevent delirium. Dexmedetomidine is used as a sedative during invasive or 
radiologic procedures and as an adjunct in central or peripheral neural blockade. 
Its primary action is as an agonist on α2 receptors in the locus coeruleus. It has 
minimal effect on respiration. Heart rate and cardiac output show a concentration-
dependent decrease.

 •  Droperidol, a butyrophenone and major tranquilizer, was initially used to produce 
a state of neuroleptanesthesia. Its prolongation of the QT interval has resulted in its 
withdrawal in several countries and its limitation to the treatment of postoperative 
nausea and vomiting (PONV). It has a black box warning in the United States. 
Because the use of low-dose droperidol (<1.25 mg) for PONV has not been 
approved by the U.S. Food and Drug Administration, the black box warning does 
not relate to this use. Clinically significant prolongation of the QT interval by doses 
used for PONV (0.625 to 1.25 mg) has been challenged by several editorials, and 
this effect has not been substantiated by review of the reported cases or other 
literature. Low-dose droperidol remains an effective antiemetic therapy and is used 
as such in many European countries (see also Chapter 97).

K e y  P o i n t s — c o n t ’ d
Intravenous (IV) anesthesia can be traced back to 1656, 
when Percival Christopher Wren and Daniel Johann 
Major first experimented with IV administration using 
a goose quill and bladder to inject wine and ale into a 
dog’s vein. In 1665, German naturalist and physician 
Sigismund Elsholz made the first attempt at IV anes-
thesia in humans and investigated the possibilities of 
IV injection with opiates. IV anesthesia further evolved 
when Fedoroff started using hedonal in St. Petersburg 
in 1905 and entered the era of modern anesthesia with 
the release of thiopental in 1936.1 Since these begin-
nings, and in particular since the 1980s, the pharmaco-
kinetics and pharmacodynamics of IV anesthetics and 
their interactions have been described in increasingly 
greater detail. This body of knowledge and the avail-
ability of increasingly shorter-acting drugs now allow 
the anesthesia provider to administer anesthesia not 
on the basis of the needs of the population but on the 
individual needs of the patient. Today’s anesthesia pro-
vider is supported by modern IV drug administration 
techniques, such as target-controlled infusion, and cen-
tral nervous system (CNS) monitoring devices to fur-
ther optimize and individualize the application of IV 
anesthesia. This chapter describes the current status of 
the pharmacology of IV anesthetics and their place in 
modern anesthesia.

PROPOFOL

HISTORY

Since its introduction in the 1970s, propofol has become 
the most widely used IV hypnotic today. Building on work 
on the sedative properties of phenol derivatives in mice, 
propofol was developed in the United Kingdom by Impe-
rial Chemical Industries as ICI 35868. The initial solution 
of propofol was released in 1977 in Cremophor EL.2 It 
was withdrawn because of anaphylactic reactions and was 
replaced and reformulated as an emulsion of a soybean 
oil–propofol mixture in water and relaunched in 1986. 
Propofol is used for induction and maintenance of anes-
thesia and for sedation in and outside the operating room.

PHYSICOCHEMICAL CHARACTERISTICS

Propofol is one of a group of alkylphenols that were explored 
for their hypnotic properties in animals (Fig. 30-1).3-5 The 



alkylphenols are highly lipid soluble and are insoluble in 
an aqueous solution.6 Numerous formulations of propofol 
are marketed today. The formulation most commonly used 
is that of 1% propofol, 10% soybean oil, and 1.2% purified 
egg phospholipid added as emulsifier, with 2.25% of glyc-
erol as a tonicity-adjusting agent, and sodium hydroxide 
to change the pH. Following concerns regarding microbial 
growth in the emulsion, ethylenediaminetetraacetic acid 
(EDTA) was added for its bacteriostatic activities. Propofol 
has a pH of 7 and appears as a slightly viscous, milky white 
substance, a result of small lipid droplets in solution. In 
Europe, a 2% formulation and a formulation in which the 
emulsion contains a mixture of medium-chain and long-
chain triglycerides also are available. All formulations com-
mercially available are stable at room temperature, are not 
light sensitive, and may be diluted with 5% dextrose in 
water. Propofol concentrations may be measured both in 
whole blood and in the exhaled air.7-10

In December 2008, the U.S. Food and Drug Adminis-
tration (FDA) approved fospropofol disodium (Lusedra), 
for monitored anesthesia care in adult patients undergo-
ing diagnostic and therapeutic procedures. Fospropofol 
is a water-soluble prodrug of propofol that is metabo-
lized by alkaline phosphatases in the liver to the active 
metabolite propofol. One millimole of propofol is gener-
ated for each millimole of fospropofol sodium adminis-
tered. Approximately 1.86 mg of fospropofol sodium is 
the molar equivalent of 1 mg propofol. In April 2010, six 
studies on the pharmacokinetics and pharmacodynam-
ics of fospropofol were retracted as a result of an analytic 
assay inaccuracy that was discovered after publication of 
these studies.11,12 Since then, few data on the pharmaco-
kinetics and pharmacodynamics of fospropofol have been 
published. Although fospropofol remains available for 
monitored anesthesia care, available data are scarce, and 
most pharmacokinetic and pharmacodynamic data that 
are available come from the United States, as described 
in one review.13 In contrast to propofol, fospropofol is 
not associated with pain on injection, although mild to 
moderate perineal paresthesias and pruritus minutes after 
a bolus injection of fospropofol have been reported and 
may result from a phosphate metabolite.

PHARMACOKINETICS

Propofol is oxidized to 1,4-diisopropyl quinol in the 
liver. Propofol and 1,4-diisopropyl quinol are conjugated 

CH(CH3)2

CH(CH3)2

OH

Figure 30-1. Structure of propofol, an alkylphenol derivative. (From 
Reves JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In Miller 
RD, Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. Phila-
delphia, 2010, Churchill Livingstone, pp 719-768.)
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with glucuronic acid to propofol-1-glucuronide and 
quinol-1-glucuronide and quinol-4-glucuronide, which 
then may be excreted by the kidneys.14,15 After a 2.5-
hour anesthetic regimen with propofol, patients excrete 
propofol and propofol metabolites for more than 60 
hours.15 Less than 1% propofol is excreted unchanged 
in urine, and only 2% is excreted in feces. The metab-
olites of propofol are thought to be inactive. Because 
clearance of propofol (>1.5 L/minute) exceeds hepatic 
blood flow, extrahepatic metabolism or extrarenal 
elimination may occur. Extrahepatic metabolism has 
been confirmed during the anhepatic phase of patients 
receiving a transplanted liver with the determination of 
propofol metabolites after propofol administration in 
the absence of liver tissue. The most important extra-
hepatic site of propofol metabolism is the kidney.16,17 
Renal metabolism of propofol accounts for up to 30% 
of propofol clearance, and this explains the rapid clear-
ance of propofol, which exceeds liver blood flow. The 
lungs also may play a role in extrahepatic propofol 
metabolism.18,19 In sheep, the lungs are responsible for 
approximately 30% of the uptake and first-pass elimi-
nation after a bolus dose. In humans, a 20% to 30% 
decrease in propofol concentration measured across the 
lung exists with a higher concentration of the metabo-
lite 2,6-diisopropyl 1,4-quinol on the arterial side of the 
circulation.

Propofol is generally known for its hemodynamic 
depressant effects and may reduce hepatic blood flow. As 
such, it may reduce the clearance of other drugs metabo-
lized by the liver, in particular those with a high extrac-
tion ratio.20 In addition, propofol is known as a CYP3A4 
inhibitor.21 In contrast to enzyme induction that may take 
several days or weeks to develop, competitive inhibition 
of cytochrome P450 system activity may occur almost 
instantaneously because of the competition of two drugs 
(e.g., propofol and midazolam) for the enzyme’s active 
site. Short-term exposure to propofol at a blood concen-
tration of 3 μg/mL already reduces CYP3A4 activity by 
approximately 37%.

Fospropofol is a water-soluble prodrug of propofol 
and is chemically described as phosphono-O-methyl-2, 
6-diisopropylphenol, disodium salt (C13H19O5PNa2).22-28 
Fospropofol is metabolized by alkaline phosphatases to 
propofol, formaldehyde, and phosphate. Formaldehyde 
is further metabolized to formate, which is then elimi-
nated, primarily by oxidation to carbon dioxide. More 
than 71% of fospropofol is recovered in the urine within 
192 hours following a single 400-mg IV dose. Renal 
elimination is less than 0.02%, and total body clearance 
is on the order of 0.28  L/hour/kg. The terminal elimina-
tion half-life of fospropofol is 0.88 hours. The pharma-
cokinetics of fospropofol and liberated propofol is not 
affected by race, sex, or mild to moderate renal impair-
ment. Furthermore, fospropofol pharmacokinetics is 
not affected by age or alkaline phosphatase concentra-
tion. So far, no pharmacokinetic interactions have been 
found between fospropofol and fentanyl, midazolam, 
morphine, or propofol. This is probably because fospro-
pofol is not subject to cytochrome P450 enzyme-medi-
ated metabolism.13
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The pharmacokinetics of propofol has been described 
by two-compartment and three-compartment models 
(Table 30-1). After a single bolus dose, whole blood pro-
pofol levels decrease rapidly as a result of redistribution 
and elimination (Fig. 30-2). The initial distribution half-
life of propofol is 2 to 8 minutes. Studies in which the 
disposition of propofol is described by a three-compart-
ment model give initial and slow distribution half-lives of 
1 to 8 minutes and 30 to 70 minutes, respectively, and an 
elimination half-life of 4 to 23.5 hours.29-34 The context-
sensitive half-time for propofol for infusions of up to 8 
hours is less than 40 minutes (Fig. 30-3).35 Because the 
required decrease in concentration for awakening after 
anesthesia or sedation with propofol is generally less 
than 50%, recovery from propofol remains rapid even 
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Figure 30-2. Simulated time course of whole blood levels of propofol 
after an induction dose of 2 mg/kg. Blood levels required for anes-
thesia during surgical procedures are 2 to 5 μg/mL, with awakening 
usually occurring at a blood level less than 1.5 μg/mL. (From Reves JG, 
Glass P, Lubarsky DA, et al: Intravenous anesthetics. In Miller RD, Eriks-
son LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. Philadelphia, 
2010, Churchill Livingstone, pp 719-768.)

TABLE 30-1 PHARMACOKINETIC VARIABLES FOR 
COMMONLY USED INTRAVENOUS ANESTHETICS 

Elimination
Elimination 
Half-Life (hr)

Clearance 
(mL/kg/min)

VdSS  
(L/kg)

Dexmedetomidine 2-3 10-30 2-3
Diazepam 20-50 0.2-0.5 0.7-1.7
Droperidol 1.7-2.2 14 2
Etomidate 2.9-5.3 18-25 2.5-4.5
Flumazenil 0.7-1.3 5-20 0.6-1.6
Ketamine 2.5-2.8 12-17 3.1
Lorazepam 11-22 0.8-1.8 0.8-1.3
Methohexital 2-6 10-15 1.5-3
Midazolam 1.7-2.6 6.4-11 1.1-1.7
Propofol 4-7 20-30 2-10
Thiopental 7-17 3-4 1.5-3

From Reves JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In Miller 
RD, Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. Phila-
delphia, 2010, Churchill Livingstone, pp 719-768.

VdSS, Apparent volume of distribution at steady state.
after prolonged infusion. The volume of distribution of 
the central compartment has been calculated at between 
6 and 40 L, and the volume of distribution at steady state 
has been calculated as 150 to 700 L. The central com-
partment generally is smaller in older adults as a result of 
reduced cardiac output in these patients. Reduced cardiac 
output is associated with a higher peak plasma concentra-
tion, which is reflected by a smaller central compartment 
in the pharmacokinetic analysis. The clearance of propo-
fol is extremely high, 1.5 to 2.2 L/minute. As discussed 
earlier, this exceeds hepatic blood flow, and extrahepatic 
metabolism has been shown.

The equilibrium constant for propofol based on sup-
pression of the activity in the electroencephalogram 
(EEG) is approximately 0.3 minutes, and the half-life of 
equilibrium (t½ke0) between plasma concentration and 
EEG effect is 2.5 minutes. The time to peak effect is 90 to 
100 seconds. The onset of EEG effect with propofol seems 
to be independent of age. The onset of decreasing arte-
rial blood pressure is much slower (double the time) and 
increases with age.36 For EEG and blood pressure changes, 
older patients show a concentration-dependent increas-
ing sensitivity (see also Chapter 80). The pharmacokinet-
ics of propofol may be altered by various factors (e.g., 
gender, weight, preexisting disease, age, and concomitant 
medication).37-39 Some studies suggest that propofol may 
exhibit nonlinear pharmacokinetics.40 Because propofol 
has a high extraction ratio, this may impair its own clear-
ance by decreasing cardiac output and thus hepatic blood 
flow.41 As a result, a doubling of the dose of propofol 
may lead to a drug concentration that may be more than 
twice that initially experienced. In contrast, an increase 
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Figure 30-3. The context-sensitive half-times for commonly used 
intravenous anesthetic drugs. The context-sensitive half-time is the 
time for the plasma level of the drug to decrease 50% after cessation 
of infusion. The duration of infusion is plotted on the horizontal axis. 
The rapidity with which the drug level decreases is directly related to 
the time of infusion (i.e., the longer the drug is infused, the longer 
the half-time). Etomidate, propofol, and ketamine have significantly 
shorter half-times than do thiopental and diazepam, and this makes 
them more suitable for prolonged infusion. (From Reves JG, Glass P, 
Lubarsky DA, et al: Intravenous anesthetics. In Miller RD, Eriksson LI, 
Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. Philadelphia, 2010, 
Churchill Livingstone, pp 719-768.)



in cardiac output induced by sympathomimetic admin-
istration may lead to a decrease in the propofol plasma 
concentration. In a hemorrhagic shock model, propo-
fol concentrations increased 20% until uncompensated 
shock occurred, when a rapid and marked increase in pro-
pofol concentrations was noted.42

In term and preterm neonates, variability of propofol 
clearance was accounted for largely by postmenstrual and 
postnatal age with very fast maturation of clearance in 
neonatal life. Dosage in these neonates must be calculated 
with extreme care.43,44 Women have a larger volume of 
distribution and higher clearance rates, but the elimina-
tion half-life is similar for male and female patients. Older 
individuals have decreased clearance rates and a smaller 
central compartment volume.45 Both changes may be the 
result of reduced cardiac output. Because of these condi-
tions and the increased sensitivity to the effect of propo-
fol in older adults, patients 80 years old or older generally 
need 50% of the propofol dose of patients 20 years old 
to target the same level of sedation or hypnosis.29,38,45,46 
Children have a relatively larger central compartment 
volume (50%) and a more rapid clearance (25%).31,47 In 
children older than 3 years old, volumes and clearances 
should be weight adjusted (see also Chapter 93). Chil-
dren younger than 3 years of age also show weight-pro-
portional pharmacokinetic parameters, but with larger 
central compartment and systemic clearance values than 
in adults or older children. This finding explains the 
larger dose requirements in this age group.48,49 Hepatic 
disease seems to result in larger steady-state and central 
compartment volumes; clearance is unchanged, but the 
elimination half-life is slightly prolonged, as is time to 
recovery.50,51 In clinical practice, no significant dose 
adjustment is required in patients with hepatic disease. 
The extrahepatic clearance of propofol that may compen-
sate for a reduced hepatic function may be responsible for 
this situation.

Midazolam affects the pharmacokinetics of propofol.52 
In the presence of a sedative midazolam concentration 
of 200 ng/mL, blood propofol concentrations become 
elevated by approximately 25%. Midazolam reduces pro-
pofol metabolic clearance from 1.94 to 1.61 L/minute, 
Cl2 (rapid distribution clearance) from 2.86 to 1.52 L/
minute, and Cl3 (slow distribution clearance) from 0.95 
to 0.73 L/minute. The high extraction ratio of propofol 
of 0.79 to 0.92 suggests that the metabolic clearance of 
propofol may not be affected by enzyme inhibition but 
may be susceptible to changes in hepatic perfusion. The 
changes in the pharmacokinetics of propofol induced 
by midazolam thus may be the result of the hemody-
namic alterations induced by the coadministration of 
midazolam.

Propofol, in turn, affects midazolam pharmacokinet-
ics.20 In the presence of sedative concentrations of propo-
fol, plasma midazolam concentrations increased by 27%. 
In the presence of propofol, midazolam is administered 
in a smaller central compartment from which midazolam 
is cleared and distributed less rapidly to peripheral tis-
sues. For example, alfentanil has been shown to increase 
blood propofol concentrations through a reduction in the 
elimination and distribution clearance of propofol.53 This 
finding is in line with other pharmacokinetic interactions 
Chapter 30: Intravenous Anesthetics 825

between hypnotics and opioids when combined with pro-
pofol. Propofol has been shown to increase alfentanil con-
centrations by decreasing the elimination and the rapid 
and slow distribution clearances of alfentanil. Coadminis-
tration of propofol increased remifentanil concentrations 
through both a decrease in the central volume of distribu-
tion and distributional clearance of remifentanil by 41% 
and elimination clearance by 15%. Propofol kinetics is 
unaltered by renal disease.

As previously stated, pharmacokinetic data on the dis-
position of fospropofol are scarce. Phase I and phase II 
studies were conducted in Europe when a detection error 
became apparent that resulted in the retraction of six 
published manuscripts. Currently, no further pharmaco-
kinetic studies have been initiated. The pharmacokinetics 
of fospropofol in humans remains largely unknown.

Fospropofol protein binding is extensive (98%).13 
This drug has a small volume of distribution of 0.3 L/kg 
and a total body clearance of 0.36 L/kg/hour with a ter-
minal elimination half-life of 0.88 hours. After a bolus 
dose of 6 mg/kg of fospropofol, the parent drug peaks at  
4 minutes and is rapidly metabolized to propofol with a 
peak plasma propofol concentration at 12 minutes after 
administration of fospropofol. With this fospropofol 
dose, the maximum concentration of fospropofol was 
78.7 μg/mL and the maximum concentration of propofol 
was 1.08 μg/mL. The total body clearance of fospropo-
fol and of propofol was 0.36 and 3.2 L/kg/hour, respec-
tively. The terminal half-lives were 0.88 and 1.13 hours, 
respectively.

PHARMACODYNAMICS

Effects on the Central Nervous System
The hypnotic action of propofol is mostly mediated by 
enhancing γ-aminobutyric acid (GABA)-induced chloride 
current through its binding to the β subunit of the GABAA 
receptor. Sites on the β1, β2, and β3 subunits of the trans-
membrane domains are crucial for the hypnotic action of 
propofol.54,55 The α subunit and γ2 subunit subtypes also 
seem to contribute to modulating the effects of propofol 
on the GABA receptor. The effects of propofol have been 
described as indirect and direct. Propofol exhibits an indi-
rect effect by potentiation of the ion channel activation 
by GABA, thereby shifting the concentration-response 
relationship to the left. At higher propofol concentra-
tions, propofol is also thought to activate GABAA receptor 
channels directly.56-58

The exact mechanism and location of changes that 
are associated with the change from consciousness to 
the unconscious state are not yet fully understood. Some 
experts suggest that proper functioning of the brainstem-
thalamocortical arousal circuits is critical, whereas other 
investigators state that consciousness is more related to 
frontoparietal association cortex activity. Through its 
action on GABAA receptors in the hippocampus, pro-
pofol inhibits acetylcholine release in the hippocampus 
and prefrontal cortex.59 The α2-adrenoreceptor system 
also seems to play an indirect role in the sedative effects 
of propofol.60 Resting-state functional magnetic reso-
nance imaging (fMRI) studies suggest that propofol’s 
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action may be related to a CNS that reduces its discrim-
inable state and switches into stereotypic patterns of 
firing under propofol sedation.61 The so-called default 
mode network (DMN), including the posterior cingu-
late, medial frontal, and bilateral parietal cortices, is the 
anatomic substrate in which these stereotypical patterns 
become visible. By using positron emission tomogra-
phy, propofol hypnosis has been found to be related to 
reduced activity in the thalamic and precuneus regions. 
These regions likely play an important role in propofol-
induced unconsciousness.62

Propofol results also in widespread inhibition of the 
N-methyl-d-aspartate (NMDA) subtype of glutamate 
receptor through modulation of sodium channel gat-
ing, an action that also may contribute to the drug’s CNS 
effects.63,64 Propofol has a direct depressant effect on neu-
rons of the spinal cord. In acutely dissociated spinal dorsal 
horn neurons, propofol acts on GABAA and glycine recep-
tors.65 The sense of well-being in patients with propofol is 
related to the increase in dopamine concentrations in the 
nucleus accumbens (a phenomenon noted with drugs of 
abuse and pleasure-seeking behavior).66 Propofol’s anti-
emetic action may be explained by the decrease in sero-
tonin levels it produces in the area postrema, probably 
through its action on GABA receptors.67

The onset of hypnosis after a dose of 2.5 mg/kg is rapid 
(one arm–brain circulation), with a peak effect seen at 90 
to 100 seconds. The median effective dose (ED50) of pro-
pofol for loss of consciousness is 1 to 1.5 mg/kg after a 
bolus. The duration of hypnosis is dose dependent and 
is 5 to 10 minutes after 2 to 2.5 mg/kg. Age markedly 
affects the induction dose, which is highest at younger 
than 2 years (95% effective dose [ED95], 2.88 mg/kg) and 
decreases with increasing age. This is a direct result of the 
altered pharmacokinetics in children and in older adults. 
Children exhibit a relatively larger central compartment 
and thus need a higher dose to ensure a similar blood 
drug concentration.68-70 In addition, the rapid clearance 
of propofol in children requires a larger maintenance 
dose. Increasing age decreases the propofol concentration 
required for loss of consciousness.

At subhypnotic doses, propofol provides sedation and 
amnesia. Propofol infusions of at least 2 mg/kg/hour 
were necessary to provide amnesia in unstimulated vol-
unteers. Awareness during surgical procedures at higher 
infusion rates has been reported. During surgical proce-
dures, extremely high infusion rates producing blood 
propofol concentrations in excess of 10 μg/mL may be 
necessary to prevent awareness if propofol is used as the 
sole anesthetic. Propofol also tends to produce a general 
state of well-being. Hallucinations, sexual fantasies, and 
opisthotonos occur after propofol administration.

The effect of propofol on the EEG, as assessed after 
2.5 mg/kg followed by an infusion, shows an initial 
increase in alpha rhythm followed by a shift to gamma 
and theta frequency. Rapid infusion rates produce burst 
suppression at blood propofol concentrations higher 
than 8 μg/mL. Propofol causes a concentration-depen-
dent decrease in the bispectral index (BIS), with 50% 
and 95% of patients unable to respond to a verbal com-
mand at a BIS of 63 and 51, respectively. The propo-
fol concentration at which 50% of volunteers failed to 
respond to verbal command was 2.35 μg/mL. Lack of 
recall was observed in 95% of patients at a BIS value of 
77.71 Propofol effect-site concentrations provide similar 
correlation with decreases in the spectral entropy vari-
able derived from the EEG as with BIS, as well as a similar 
ability to titrate propofol anesthetic effect. The effect of 
propofol on epileptogenic EEG activity is controversial. 
Propofol may suppress seizure activity through GABA 
agonism, inhibition of NMDA receptors (NMDARs), and 
modulation of slow calcium ion channels. However, the 
same GABA agonism and glycine antagonism may also 
induce clinical seizures and EEG epileptiform changes,72 
especially during induction of and emergence from 
anesthesia. Propofol has a dose-dependent anticonvul-
sant action. Propofol has even been used to treat epi-
leptic seizures. However, propofol can cause grand mal 
seizures and has been used for cortical mapping of epi-
leptogenic foci.73

Unfortunately, propofol can be addictive. An impor-
tant issue in the potential of abuse is the development 
of tolerance. Tolerance to a drug creates circumstances 
for abuse. Propofol is used as a sedative in the intensive 
care unit (ICU); in 20% to 40% of patients, the propo-
fol dosage regimen must be repeatedly adjusted upward 
to maintain the same effect.74 Data on propofol abuse 
in the general public are unknown, but the incidence of 
abuse is likely to be low compared with other substances. 
For health care workers, propofol is easy to access, and 
case reports of lethal self-administration do occur. Some 
investigators have suggested a greater incidence of propo-
fol abuse by health care providers,75,76 and these investi-
gators support stricter propofol regulation. In contrast to 
propofol, fospropofol was classified in 2009 by the U.S. 
Drug Enforcement Administration (DEA) as a controlled 
substance.

Propofol decreases intracranial pressure (ICP) in 
patients with either normal or increased ICP (see also 
Chapter 70). The decrease in ICP (30% to 50%) is associ-
ated with significant decreases in cerebral perfusion pres-
sure (CPP).77 The use of propofol in head-injured patients 
should be restricted to doses providing mild to moderate 
sedation (i.e., blood concentration of 2 μg/mL, infusion 
of 1.5-4.5 mg/kg/hr).78 Anesthetics are neuroprotective 
because they reduce the metabolic oxygen use that is ben-
eficial for the balance between energy supply and demand 
and because they increase the tolerance to hypoxia by the 
neuronal tissue. Propofol has no direct preconditioning 
effect but may attenuate glutamate-mediated excitotox-
icity.79-81 Propofol acutely reduces intraocular pressure 
by 30% to 40%. Compared with thiopental, propofol 
produces a larger decrease in intraocular pressure and is 
more effective in preventing an increase in intraocular 
pressure secondary to succinylcholine and endotracheal 
intubation. Normal cerebral reactivity to carbon dioxide 
and autoregulation are maintained during a propofol 
infusion.

The neuroprotective effects of propofol remain con-
troversial.82 In an incomplete ischemia model in rats, 
propofol administered to burst suppression resulted 
in significantly better neurologic outcome and less 
brain tissue injury compared with fentanyl. Propofol 
administered at sedative concentrations started either 
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TABLE 30-2 INFUSION SCHEMES* OF PROPOFOL AND THE OPIOIDS COMBINED TO ENSURE ADEQUATE 
ANESTHESIA AND OPTIMAL RAPID RECOVERY FROM ABDOMINAL SURGERY 

Opioid
Alfentanil EC50-EC95

(90-130 ng/mL)
Fentanyl EC50-EC95

(1.1-1.6 ng/mL)
Sufentanil EC50-EC95

(0.14-0.20 ng/mL)
Remifentanil EC50-EC95

(4.7-8.0 ng/mL)

Bolus 25-35 μg/kg in 30 sec 3 μg/kg in 30 sec 0.15-0.25 μg/kg in 30 sec 1.5-2 μg/kg in 30 sec
50-75 μg/kg/hr for 30 min 1.5-2.5 μg/kg/hr for 30 min 0.15-0.22 μg/kg thereafter 13-22 μg/kg/hr for 20 min

Infusion 2 30-42.5 μg/kg/hr thereafter 1.3-2 μg/kg/hr up to 150 min 11.5-19 μg/kg/hr 
thereafter

Infusion 3 0.7-1.4 μg/kg/hr thereafter

Propofol
Propofol EC50-EC95

(3.2-4.4 μg/mL)
Propofol EC50-EC95

(3.4-5.4 μg/mL)
Propofol EC50-EC95

(3.3-4.5 μg/mL)
Propofol EC50-EC95

(2.5-2.8 μg/mL)

Bolus 2.0-2.8 mg/kg in 30 sec 2.0-3.0 mg/kg in 30 sec 2.0-2.8 mg/kg in 30 sec 1.5 mg/kg in 30 sec
Infusion 1 9-12 mg/kg/hr for 40 min 9-15 mg/kg/hr for 40 min 9-12 mg/kg/hr for 40 min 7-8 mg/kg/hr for 40 min
Infusion 2 7-10 mg/kg/hr for 150 min 7-12 mg/kg/hr for 150 min 7-10 mg/kg/hr for 150 min 6-6.5 mg/kg/hr for 150 

min
Infusion 3 6.5-8 mg/kg/hr thereafter 6.5-11 mg/kg/hr thereafter 6.5-8 mg/kg/hr thereafter 5-6 mg/kg/hr thereafter

From Vuyk J, Mertens MJ, Olofsen E, et al: Propofol anesthesia and rational opioid selection: determination of optimal EC50-EC95 propofol-opioid concentrations 
that assure adequate anesthesia and a rapid return of consciousness, Anesthesiology 87:1549-1562, 1997, with permission from Lippincott Williams & 
Wilkins, copyright 1997.

EC50, Half-maximal effective concentration; EC95, 95% maximal effective concentration.
*These optimal infusion schemes have been derived from data in female patients undergoing lower abdominal surgical procedures. These should be used 

as guidelines and be adjusted to the individual needs of the patient.
immediately after or at 1 hour after an ischemic insult 
significantly reduced infarct size compared with awake 
controls infused with intralipid.83,84 Subanesthetic doses 
of propofol also induced neuroapoptosis in the infant 
mouse brain.85 In addition, anesthetic doses of propofol 
in rats induced complex changes accompanied by cell 
death in the cortex and thalamus of the developing rat 
brain.86 The neuronal protective effect of propofol may 
result from the attenuation of changes in ATP, calcium, 
sodium, and potassium caused by hypoxic injury and its 
antioxidant action by inhibiting lipid peroxidation. Cur-
rent evidence indicates that propofol can protect neu-
rons against ischemic injury caused by excitotoxicity, 
but neuroprotection may be sustained only if the isch-
emic insult is relatively mild and is not sustained after 
a prolonged recovery period. Prolonged propofol seda-
tion in children is associated with adverse neurologic 
sequelae.87

Many anesthetic-related drugs decrease the required 
dose or blood concentrations of propofol’s pharma-
cologic action. The “required dose” is usually directly 
related to the required concentration for a given effect. 
The propofol Cp50 (blood concentration needed for 50% 
of subjects to not respond to a defined stimulus) for 
loss of response to verbal command in the absence of 
any other drug is 2.3 to 3.5 μg/ mL.88-90 The propofol 
Cp50 to prevent movement on skin incision is 16 μg /
mL; this is markedly reduced by increasing concentra-
tions (i.e., doses) of fentanyl or alfentanil. The propofol 
Cp50 for skin incision when combined with benzodiaz-
epine premedication (lorazepam, 1 to 2 mg) and 66% 
nitrous oxide is 2.5 μg/mL (venous).91 This concentra-
tion is reduced to 1.7 μg/mL when morphine (0.15 mg/
kg) rather than lorazepam is used for premedication. 
The concentration of propofol (when combined with 
66% nitrous oxide) required during minor surgical pro-
cedures is 1.5 to 4.5 μg/mL, and the concentration for 
major operations is 2.5 to 6 μg/mL.92 Awakening usu-
ally occurs at concentrations less than 1.6 μg/mL and 
orientation occurs at concentrations less than 1.2 μg/mL  
when the propofol concentration is decreasing. Not 
surprisingly, awakening is postponed in the presence 
of high blood concentrations of opioids. Optimal pro-
pofol blood concentrations have been defined when the 
drug is combined with several opioids, including remi-
fentanil, alfentanil, sufentanil, and fentanyl, that ensure 
adequate anesthesia and the most rapid return to con-
sciousness postoperatively (Table 30-2). In the presence 
of remifentanil, a relatively large-dose opioid anesthetic 
regimen is recommended, whereas with fentanyl, an 
accompanying large dose of propofol should be used 
to ensure rapid return to recovery postoperatively (Fig. 
30-4). When equilibration between blood and effect site 
is allowed, awakening concentrations (2.2 μg/mL) are 
similar to concentrations associated with loss of verbal 
command.93

Effects on the Respiratory System
Apnea occurs after administration of an induction dose 
of propofol; the incidence and duration of apnea depend 
on dose, speed of injection, and concomitant premedica-
tion.94 An induction dose of propofol results in a 25% to 
30% incidence of apnea from the respiratory depressant 
effects of propofol and yet a normal partial pressure of 
carbon dioxide in the blood (Paco2) at induction in the 
absence of surgical stimulation. Metabolic depression fur-
ther prevents the Paco2 to increase. However, the dura-
tion of apnea occurring with propofol may be prolonged 
to more than 30 seconds. The incidence of prolonged 
apnea (>30 seconds) is increased further by addition of 
an opiate, either as premedication or just before induc-
tion of anesthesia.92,95 A maintenance infusion of propo-
fol (100 μg/kg/minute) results in a 40% decrease in tidal 
volume and a 20% increase in respiratory frequency, with 
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Figure 30-4. Computer simulation of effect-site propofol and fentanyl (A) or remifentanil (B) concentrations versus time during the first 40 
minutes after termination of target-controlled infusions of propofol and fentanyl or remifentanil that had been maintained for 300 minutes at 
constant target blood or plasma concentration combinations associated with a 50% probability of no response to surgical stimuli. These concen-
tration combinations are represented by the curved line on the bottom of the figure in the x-y plane. The decrease in concentrations following 
the intraoperative propofol-fentanyl and propofol-remifentanil combinations is represented by the curves running upward from the x-y plane. 
The curved lines parallel to the x-y plane represent consecutive 1-minute time intervals. The bold blue curves within the two figures represent the 
propofol-fentanyl-time and propofol-remifentanil-time relationships at which consciousness was regained in 50% of the patients. (From Vuyk J, 
Mertens MJ, Olofsen E, et al: Propofol anesthesia and rational opioid selection: determination of optimal EC50-EC95 propofol-opioid concentrations that 
an unpredictable change in minute ventilation. Doubling 
the infusion rate from 100 to 200 μg/kg/minute causes a 
further moderate decrease in tidal volume but no change 
in respiratory frequency.96

As with other hypnotic drugs, spontaneous ventilation 
is the result of the respiratory depressant effects of the 
hypnotic agents and the decrease in carbon dioxide pro-
duction resulting from the metabolic depression versus 
the stimulatory effects of the increasing Paco2 resulting 
from apnea and the level of nociception. Propofol (50 to 
120 μg/kg/minute) also depresses the ventilatory response 
to hypoxia, presumably by a direct action on carotid 
body chemoreceptors.97 Propofol induces bronchodila-
tion in patients with chronic obstructive pulmonary dis-
ease. Propofol attenuates vagal (at low concentrations) 
and methacholine-induced (at high concentrations) 
bronchoconstriction, and it seems to have a direct action 
on muscarinic receptors. Propofol inhibits the receptor-
coupled signal transduction pathway through inositol 
phosphate generation and inhibition of calcium mobi-
lization. The preservative used with propofol is impor-
tant because of its bronchodilator activity. Propofol with 
metabisulfite (compared with propofol without metabi-
sulfite) does not inhibit vagal or methacholine-induced 
bronchoconstriction. Propofol potentiates hypoxic pul-
monary vasoconstriction, an effect caused by inhibition 
of potassium–adenosine triphosphate (ATP)–mediated 
pulmonary vasodilatation. Propofol has an impact on the 
pulmonary pathophysiology of adult respiratory distress 
syndrome. In an animal model of septic endotoxemia, 
propofol (10 mg/kg/hour) significantly reduced free radi-
cal–mediated and cyclooxygenase-catalyzed lipid peroxi-
dation. In addition, the partial pressure of arterial oxygen 
(Pao2) and hemodynamics were maintained closer to 
baseline. These benefits of propofol have not yet been 
confirmed in humans.

assure adequate anesthesia and a rapid return of consciousness, Anesthesio
Effects on the Cardiovascular System
The cardiovascular effects of propofol for induction and 
maintenance of anesthesia have been evaluated (Table 
30-3).98 The most prominent effect of propofol is a 
decrease in arterial blood pressure during induction of 
anesthesia. Independent of the presence of cardiovascu-
lar disease, an induction dose of 2 to 2.5 mg/kg produces 
a 25% to 40% reduction of systolic blood pressure. Simi-
lar changes are seen in mean and diastolic blood pres-
sure. The decrease in arterial blood pressure is associated 
with a decrease in cardiac output and cardiac index (± 
15%), stroke volume index (± 20%), and systemic vascu-
lar resistance (15% to 25%). Left ventricular stroke work 
index also is decreased (± 30%). When right ventricular 
function is considered specifically, propofol produces a 
marked reduction in the slope of the right ventricular 
end-systolic pressure-volume relationship.

In patients with valvular heart disease, pulmonary 
artery and pulmonary capillary wedge pressure also are 
reduced, a finding that implies the resultant decrease 
in pressure reflects a decrease in preload and afterload. 
Although the decrease in systemic pressure after an 
induction dose of propofol is caused by vasodilation, the 
direct myocardial depressant effects of propofol are more 
controversial. The decrease in cardiac output after propo-
fol administration may result from its action on sympa-
thetic drive to the heart. The hemodynamic response to 
propofol lags significantly behind that of the hypnotic 
effect. The effect-site equilibration half-life of propofol is 
on the order of 2 to 3 minutes for the hypnotic effect and 
approximately 7 minutes for the hemodynamic depres-
sant effect.36 This implies that hemodynamic depression 
increases the few minutes after a patient has lost con-
sciousness from an induction of anesthesia.

High concentrations of propofol abolish the inotro-
pic effect of α- but not β-adrenoreceptor stimulation, and 

logy 87:1549-1562, 1997.)
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TABLE 30-3 HEMODYNAMIC CHANGES % AFTER INDUCTION OF ANESTHESIA WITH NONBARBITURATE 
HYPNOTICS 

Diazepam Droperidol Etomidat* Ketamine Lorazepam Midazolam Propofol

HR −9 ± 13 Unchanged −5 ± 10 0-59 Unchanged −14 ± 12 −10 ± 10
MBP 0-19 0-10 0-17 0 ± 40 −7-20 −12-26 −10-40
SVR −22 ± 13 −5-15 −10 ± 14 0 ± 33 −10-35 0-20 −15-25
PAP 0-10 Unchanged −9 ± 8 +44 ± 47 — Unchanged 0-10
PVR 0-19 Unchanged −18 ± 6 0 ± 33 Unchanged Unchanged 0-10
PAO Unchanged +25 ± 50 Unchanged Unchanged — 0-25 Unchanged
RAP Unchanged Unchanged Unchanged +15 ± 33 Unchanged Unchanged 0-10
CI Unchanged Unchanged −20 ± 14 0 ± 42 0 ± 16 0-25 −10-30
SV 0-8 0-10 0-20 0-21 Unchanged 0-18 −10-25
LVSWI 0-36 Unchanged 0-33 0 ± 27 — −28-42 −10-20
dP/dt Unchanged — 0-18 Unchanged — 0-12 Decreased

From Reves JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In Miller RD, Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. Philadelphia, 
2010, Churchill Livingstone, pp 719-768.

CI, Cardiac index; dP/dt, first derivative of pressure measured over time; HR, heart rate; LVSWI, left ventricular stroke work index; MBP, mean blood 
pressure; PAO, pulmonary artery occluded pressure; PAP, pulmonary artery pressure; PVR, pulmonary vascular resistance; RAP, right atrial pressure; SV, 
stroke volume; SVR, systemic vascular resistance.

*The larger deviations are in patients with valvular disease.
enhance the lusitropic (relaxation) effect of β-adrenoreceptor 
stimulation. Clinically, the myocardial depressant effect 
and the vasodilation depend on the dose and on the 
plasma concentration.99 Propofol is a vasodilator because 
it reduces sympathetic activity. The mechanism of this 
activity is a combination of a direct effect on intracellu-
lar smooth muscle calcium mobilization, inhibition of 
prostacyclin synthesis in endothelial cells, reduction in 
angiotensin II–elicited calcium entry,100,101 activation of 
potassium ATP channels, and stimulation of nitric oxide. 
The stimulation of nitric oxide may be modulated by any 
intralipid rather than propofol itself.

Heart rate does not change significantly after an induc-
tion dose of propofol. Propofol either may reset or may 
inhibit the baroreflex, thus reducing the tachycardic 
response to hypotension. Propofol also decreases cardiac 
parasympathetic tone in a dose-dependent manner. The 
drug has a minimal direct effect on sinoatrial node func-
tion or on normal atrioventricular and accessory pathway 
conduction. Propofol attenuates the heart rate response to 
atropine in a dose-dependent manner. It also suppresses 
atrial (supraventricular) tachycardias and probably should 
be avoided during electrophysiologic studies. The peak 
plasma concentrations obtained after a bolus dose are 
substantially higher than the concentrations seen with a 
continuous infusion and may reach concentrations up to 
80 to 100 μg/mL. Because the vasodilatory and myocar-
dial depressant effects are concentration dependent, the 
decrease in arterial blood pressure from propofol during 
the infusion phase (maintenance of anesthesia) is much 
less than that seen after induction of anesthesia by an IV 
bolus administration of propofol. An infusion of propofol 
reduces myocardial blood flow and oxygen consumption. 
Thus, global myocardial oxygen supply-to-demand ratio 
is likely preserved.

The cardioprotective effect of propofol versus vola-
tile anesthetics in patients who undergo cardiac surgi-
cal procedures on or off cardiopulmonary bypass is less 
debatable. In two large studies comparing propofol with 
sevoflurane in patients undergoing cardiac surgical pro-
cedures, postoperative troponin levels were lower and 
hemodynamic function was better in patients receiving 
sevoflurane. A study comparing desflurane with propofol 
in patients undergoing off-pump coronary artery bypass 
showed similar results. In contrast, administration of a 
large dose of propofol (120 μg/kg/minute) or a small dose 
of propofol (60 μg/kg/minute) during cardiopulmonary 
bypass, or titrating isoflurane throughout the operation, 
showed improved troponin levels and better hemody-
namic function in the large-dose propofol group com-
pared with the isoflurane or small-dose propofol group. 
This study suggests that cardioprotection with propofol 
is dose dependent.102 Finally, combinations of propo-
fol with inhaled anesthetics may offer an optimal pre-
conditioning and postconditioning strategy in patients 
scheduled for coronary bypass surgery. Isoflurane pre-
conditioning, when combined with propofol postcondi-
tioning, acts synergistically in attenuating postischemic 
myocardial reperfusion injury as determined by surrogate 
markers of myocardial injury and function.103 Heart rate 
changes are variable when anesthesia is maintained with 
propofol. The extent of hypotension, the ability for the 
patient to compensate, and the use of any other con-
comitant drugs are likely the most important factors in 
determining what happens to the heart rate after propo-
fol administration.

Other Effects
Propofol, similar to thiopental, does not enhance neuro-
muscular blockade produced by neuromuscular blocking 
drugs. Propofol produces no effect on the evoked electro-
myogram or twitch tension; however, good or acceptable 
tracheal intubating conditions after propofol alone have 
been reported. Propofol does not trigger malignant hyper-
thermia and is an appropriate choice in patients with this 
condition.104-106 After a single dose or a prolonged infu-
sion, propofol does not affect corticosteroid synthesis or 
alter the normal response to adrenocorticotropic hor-
mone stimulation. Propofol in the emulsion formulation 
does not alter hepatic, hematologic, or fibrinolytic func-
tion. Lipid emulsion itself reduces in vitro platelet aggre-
gation, however. Anaphylactoid reactions to the present 
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formulation of propofol have been reported. In at least 
some patients, the immune response was entirely caused 
by propofol and not by the lipid emulsion. Most patients 
developing the anaphylactoid response to propofol had 
a previous history of allergic responses. Perhaps propofol 
should not be used in patients with multiple drug aller-
gies.107-109 Propofol alone in intralipid does not trigger 
histamine release. Fospropofol is metabolized to propo-
fol and formate. Formate concentrations do not increase 
after fospropofol administration. Propofol also possesses 
significant antiemetic activity with small (subhypnotic) 
doses (i.e., 10 mg in adults). The median concentration of 
propofol with an antiemetic effect was 343 ng/mL, which 
also causes a mild sedative effect.110 This concentration 
can be achieved by an initial dose of propofol infusion 
of 10 to 20 mg followed by 10 μg/kg/minute. Propofol 
used as a maintenance anesthetic during breast surgical 
procedures was more effective than 4 mg of ondansetron 
given as prophylaxis in preventing postoperative nausea 
and vomiting (PONV) (see also Chapter 97). Propofol as 
an infusion of 1 mg/kg/hour (17 μg/kg/minute) also has 
provided excellent antiemetic action after anticancer che-
motherapy. At subhypnotic doses, propofol relieves cho-
lestatic pruritus and is likely as effective as naloxone in 
treating pruritus induced by spinal opiates.

Propofol decreases polymorphonuclear leukocyte che-
motaxis, but not adherence phagocytosis and killing. 
This action contrasts with the effect of thiopental, which 
inhibits all these chemotactic responses. However, pro-
pofol inhibits phagocytosis and killing of Staphylococcus 
aureus and Escherichia coli. Life-threatening systemic infec-
tions have been associated with the use of propofol.111 In 
hospitals where these infections occurred, opened vials 
and syringes of propofol had positive culture results. 
The intralipid that acts as the solvent for propofol is an 
excellent culture medium. Disodium edetate or metabi-
sulfite has been added to the formulation of propofol in 
an attempt to retard such bacterial growth. Strict aseptic 
technique still must be observed.

The administration of propofol is associated with the 
development of pancreatitis,112 which may be related to 
hypertriglyceridemia. Patients who developed hypertri-
glyceridemia tended to be older, had a longer ICU stay, 
and received propofol for a longer duration. When pro-
pofol is used for prolonged sedation or at higher infusion 
rates (especially in older patients), serum triglyceride con-
centrations should be routinely monitored.

USES

Induction and Maintenance of Anesthesia
Propofol is suitable for the induction and maintenance 
of anesthesia (Box 30-1). The IV induction dose is 1 to 
2.5 mg/kg. Physiologic characteristics that best determine 
the appropriate dose to induce anesthesia are age, lean 
body mass, and central blood volume.113 Propofol may 
be titrated on the basis of the BIS value for maintenance 
of anesthesia to ensure adequacy of anesthesia and pre-
vention of overdosing. Premedication with an opiate or 
a benzodiazepine, or both, markedly reduces the neces-
sary induction dose.114-116 The induction dose must be 
reduced in older patients, and a dose of 1 mg/kg (with 
premedication) to 1.75 mg/kg (without premedication) 
is recommended for inducing anesthesia in patients who 
are older than 60 years old. Furthermore, older and sicker 
(American Society of Anesthesiologists [ASA] class III to 
IV) patients develop more profound hypotension, espe-
cially when propofol is combined with an opiate (see also 
Chapter 80). To prevent hypotension in sicker patients or 
in patients presenting for cardiac surgical procedures, IV 
fluids should be given as tolerated, and propofol should 
be titrated to achieve the desired anesthetic state. In gen-
eral, for both pharmacokinetic and pharmacodynamic 
reasons older patients (>80 years old) require half the dose 
of young patients (<20 years)117 (see also Chapter 80). For 
induction in children, the ED95 (2 to 3 mg/kg) is increased, 
primarily because of pharmacokinetic differences (see 
Chapter 93). Children have a smaller central compart-
ment, increased metabolic clearance, and larger volumes 
of distribution of propofol relative to adult patients.69 
When used for induction of anesthesia in short-lasting 
procedures, propofol results in a significantly quicker 
recovery and an earlier return of psychomotor function 
compared with thiopental or methohexital, regardless of 
the anesthetic used for maintenance of anesthesia.

Several infusion schemes have been used to achieve 
adequate plasma concentrations of propofol. After an 
induction dose, an infusion of 100 to 200 μg/kg/minute is 
usually needed. The infusion rate is titrated to individual 
requirements and the surgical stimulus. When combined 
with propofol, the required infusion rate and concentra-
tion of opiates, midazolam, clonidine, or ketamine should 
be reduced.20,118 Because opioids alter the concentration 
of propofol required for adequate anesthesia, the time to 
awakening and recovery can be influenced by these drug 
combinations. Also, opioids affect both the pharmacoki-
netics and the pharmacodynamics of propofol. Alfentanil 
decreases the elimination clearance of propofol from 2.1 
to 1.9 L/minute, the distribution clearance from 2.7 to 
2.0 L/minute, and the peripheral volume of distribution 
from 179 to 141 L. The pharmacokinetic parameters of 
propofol are affected by cardiac output, heart rate, and 
plasma alfentanil concentration.39 Similarly, midazolam 
reduces propofol’s metabolic clearance from 1.94 to 1.61 
L/minute, Cl2 from 2.86 to 1.52 L/minute, and Cl3 from 
0.95 to 0.73 L/minute. Consequently, in the presence 

Induction of general anesthesia 1-2.5 mg/kg IV, dose  reduced 
with increasing age

Maintenance of general 
 anesthesia

50-150 μg/kg/min IV 
 combined with N2O or an 
opiate

Sedation 25-75 μg/kg/min IV
Antiemetic action 10-20 mg IV, can repeat 

every 5-10 min or start 
 infusion of 10 μg/kg/min

BOX 30-1 Uses and Doses of Intravenous 
Propofol

From Reves JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In Miller 
RD, Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. Phila-
delphia, 2010, Churchill Livingstone, pp 719-768.

IV, Intravenously; N2O, nitrous oxide.



of both midazolam and alfentanil, propofol concentra-
tions become elevated by 20% to 30%.53 The infusion rate 
required to achieve the combination with the shortest 
recovery is propofol, 1 to 1.5 mg/kg followed by 140 μg/
kg/minute for 10 minutes followed by 100 μg/kg/minute, 
and alfentanil, 30 μg/kg followed by an infusion of 0.25 
μg/kg/minute, or fentanyl, 3 μg/kg followed by 0.02 μg/
kg/minute.

As indicated previously, increasing age is associ-
ated with a decrease in propofol infusion requirements, 
whereas these requirements are larger in children and 
infants (see Chapter 93). The blood levels of propofol 
alone for loss of consciousness are 2.5 to 4.5 μg/mL, and 
the blood concentrations (when combined with nitrous 
oxide) required for surgery are 2.5 to 8 μg/mL. Similar 
concentrations are necessary when propofol is combined 
with an opioid for a total IV technique. The knowledge 
of these levels and of the pharmacokinetics of propofol 
has enabled the use of pharmacokinetic model–driven 
infusion systems to deliver propofol as a continuous infu-
sion for the maintenance of anesthesia. A meta-analysis 
of recovery data after either propofol for maintenance or 
the newer volatile anesthetics indicated only minor dif-
ferences in times to reach recovery goals; however, the 
incidence of nausea and vomiting remained significantly 
lower in the patients given propofol for maintenance of 
anesthesia (see also Chapter 97).

Propofol can be used as an infusion regimen for main-
tenance of anesthesia during cardiac surgical procedures 
(see also Chapter 67). With reduced and titrated doses of 
propofol for induction of anesthesia and titrated infusion 
rates of 50 to 200 μg/kg/minute combined with an opioid 
for maintenance, propofol provides intraoperative hemo-
dynamic control and ischemic episodes similar to those 
with either enflurane combined with an opioid or a pri-
mary opioid technique.

Blood propofol concentrations increase in the presence 
of hemorrhagic shock. Shock affects the pharmacokinet-
ics and pharmacodynamics of propofol. Shock also results 
in slower intercompartmental clearances and shifts the 
concentration effect relationship to the left, thereby dem-
onstrating a 2.7-fold decrease in the effect-site concentra-
tion required to achieve 50% of the maximal effect in the 
BIS.119 These pharmacokinetic changes may be reversed 
with IV fluid resuscitation. The propofol doses needed to 
reach a 50% decrease from baseline BIS and for no move-
ment after noxious stimuli are reduced by hemorrhagic 
shock by 54% and 38%, respectively. Hemorrhagic shock 
decreases the effect-site concentration that produced 50% 
of the maximal BIS effect from 11.6 ± 3.8 to 9.1 ± 1.7 μg/
mL and that producing a 50% probability of movement 
from 26.8 ± 1.0 to 20.6 ± 1.0 μg/mL.120

Sedation
Propofol has been evaluated for sedation during surgical 
procedures and for patients receiving mechanical ven-
tilation in the ICU (see also Chapters 101 and 103).121 
As noted earlier, tolerance can occur with propofol. 
Increased propofol requirement occurs after repeated 
anesthetic administration in a limited time in individual 
patients and when propofol is infused for prolonged peri-
ods.74 Infusion rates required for sedation to supplement 
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regional anesthesia in healthy patients are half or less 
than the rates required for general anesthesia (i.e., 30 to 
60 μg/kg/minute). In older patients (>65 years old) and in 
sicker patients, the necessary infusion rates are markedly 
reduced up to 50% compared with 20-year-old patients. 
The infusion should be individually titrated to the desired 
effect. The pharmacokinetic profile of propofol makes it a 
suitable choice for long-term (days) sedation. This choice 
should always be weighed, however, against the hemo-
dynamic side effects, tolerance, and rare occurrences of 
hypertriglyceridemia (and potential pancreatitis) or pro-
pofol infusion syndrome. Maintaining the smallest pos-
sible dose required for the desired level of sedation with 
potential “sedation holidays” should be considered as 
part of a long-term propofol sedation regimen. In addi-
tion, the FDA has specifically recommended against the 
use of propofol for the prolonged sedation of pediatric 
patients (see also Chapter 93). The sedation guidelines of 
the American College of Critical Care Medicine also rec-
ommend “that patients receiving propofol for long term 
sedation should be monitored for unexplained metabolic 
acidosis or arrhythmias. Drugs other than propofol should 
be considered for patients with escalating vasopressor or 
inotrope requirements or cardiac failure during large-dose 
propofol infusions.” The recommended maximal dose 
of propofol infusion rate is 80 μg/kg/minute (<5 mg/kg/
hour).122 Generally, at propofol infusion rates more rapid 
than 30 μg/kg/minute, patients are amnesic.

SIDE EFFECTS AND CONTRAINDICATIONS

Induction of anesthesia with propofol is often associ-
ated with pain on injection, apnea, hypotension, and, 
rarely, thrombophlebitis of the vein into which propo-
fol is injected.123 Pain on injection is reduced by using a 
large vein, avoiding veins in the dorsum of the hand, and 
adding lidocaine to the propofol solution or changing 
the propofol formulation. Multiple other drugs and dis-
traction techniques have been investigated to reduce the 
pain on injection of propofol. Pretreatment with a small 
dose of propofol, opiates, nonsteroidal antiinflammatory 
drugs, ketamine, esmolol or metoprolol, magnesium, a 
flash of light, a clonidine-ephedrine combination, dexa-
methasone, and metoclopramide all have been tested 
with variable efficacy.

Propofol infusion syndrome is a rare but lethal syn-
drome associated with infusion of propofol at 4 mg/kg/
hour or more for 48 hours or longer.124 Yet, cases have 
been reported with smaller dosage schemes given for 
only 3 hours.125 This syndrome was first described in chil-
dren but subsequently has been observed in critically ill 
adults126,127(see also Chapter 93). The clinical features of 
propofol infusion syndrome are acute refractory bradycar-
dia leading to asystole in the presence of one or more of the 
following: metabolic acidosis (base deficit >10 mmol/L), 
rhabdomyolysis, hyperlipidemia, and enlarged or fatty 
liver. Other features include cardiomyopathy with acute 
cardiac failure, skeletal myopathy, hyperkalemia, hepa-
tomegaly, and lipemia. The symptoms and signs are the 
result of muscle injury and the release of intracellular toxic 
contents. The major risk factors are poor oxygen delivery, 
sepsis, serious cerebral injury, and large propofol dosage. 
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Predisposing factors are likely genetic disorders impairing 
fatty acid metabolism, such as medium-chain acyl coen-
zyme A (MCAD) deficiency and low carbohydrate supply. 
Because lipemia has been noted, a failure of hepatic lipid 
regulation, possibly related to poor oxygenation or a lack 
of glucose, may be the cause. In some cases, increasing 
lipemia was the first indication of impending propofol 
infusion syndrome onset; therefore, lipemia is a sign.

BARBITURATES

HISTORY

Barbiturates were discovered in the early twentieth cen-
tury. The first barbiturate to cause loss of consciousness 
within one arm–brain circulation time was hexobarbital. 
After the clinical introduction of thiopental by Waters 
and Lundy in 1934, thiopental became preferred clini-
cally because of its rapid onset of action and short dura-
tion, without the excitatory effects of hexobarbital.128 
Although criticized after many casualties during the 
attack on Pearl Harbor as “the cause of more fatal casual-
ties among the servicemen at Pearl Harbor than were the 
enemy bombs,” barbiturates continued to be widely used 
in clinical practice.129 Many other barbiturate derivatives 
have been synthesized throughout the past decades, yet 
none have enjoyed the clinical success and popularity of 
thiopental.

PHYSICOCHEMICAL CHARACTERISTICS

Chemistry and Formulation
Barbiturates are hypnotically active drugs that are deriva-
tives of barbituric acid (2,4,6-trioxohexahydropyrimi-
dine), a hypnotically inactive pyrimidine nucleus that 
is formed by the condensation of malonic acid and urea 
(Fig. 30-5). The two major classes of barbiturates are the 
oxybarbiturates and thiobarbiturates with either an oxy-
gen at position 2 or a sulfur in position 2, respectively. 
Through keto-enol tautomerization, the oxygen or sulfur 
in position 2 becomes a reactive species in the enol form. 
This process allows for the formation of water-soluble 
barbiturate salts in alkaline solutions and permits the IV 
use of barbiturates. Although tautomerization to the enol 
form allows for the creation of salts, the substitution of 
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Figure 30-5. The keto and enol tautomeric forms of barbituric acid 
with the sites of substitution in the hypnotically active barbiturates 
identified as 1, 2, and 5. (From Reves JG, Glass P, Lubarsky DA, et al: 
Intravenous anesthetics. In Miller RD, Eriksson LI, Fleischer LA, et al, edi-
tors: Miller’s anesthesia, ed 7. Philadelphia, 2010, Churchill Livingstone, 
pp 719-768.)
the hydrogen attached to the carbon atom in position 5 
with aryl or alkyl groups gives the barbiturates their hyp-
notic activity. Only thiopental and thiamylal, thiobarbi-
turates, and methohexital, an oxybarbiturate, have been 
used for induction of anesthesia (Fig. 30-6). The formula-
tion of barbiturates involves preparation as sodium salts 
(mixed with 6% by weight anhydrous sodium carbonate) 
and then reconstitution with water, glucose 5%, or nor-
mal saline to produce a 2.5% solution of thiopental, a 2% 
solution of thiamylal, or a 1% solution of methohexital. 
The thiobarbiturates are stable for 1 week if refrigerated 
after reconstitution, and methohexital remains available 
for use for 6 weeks after reconstitution. Barbiturates can-
not be reconstituted with lactated Ringer’s solution or 
mixed with other acidic solutions because a decrease in 
the alkalinity of the solution can result in precipitation of 
the barbiturates as free acids. Examples of drugs that are 
not to be coadministered or mixed in solution with the 
barbiturates are atracurium, vecuronium, rocuronium, 
suxamethonium, alfentanil, sufentanil, dobutamine, 
dopamine, S-ketamine, and midazolam. Mixing of thio-
pental with vecuronium or pancuronium results in the 
formation of precipitate, which may occlude the IV line 
during rapid-sequence induction of anesthesia.130

Structure-Activity Relationships
As noted earlier, substitutions at the 5, 2, and 1 positions 
confer different pharmacologic activities to the barbitu-
rate nucleus. Substitutions at position 5 with either aryl 
or alkyl groups produce hypnotic and sedative effects; 
substitution at C5 with a phenyl group produces anti-
convulsant activity. An increase in length of one or both 
side chains of an alkyl group at C5 increases hypnotic 
potency. Barbiturates used in clinical practice have either 
an oxygen or a sulfur at C2. Substitution of a sulfur at 
position 2 produces a more rapid onset of action, as with 
thiopental. The addition of a methyl or ethyl group at 
position 1 also may produce a more rapid onset of action, 
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as with methohexital. However, excitatory side effects, 
including tremor, hypertonus, and involuntary move-
ment, may occur on administration.

PHARMACOKINETICS

Metabolism
The barbiturates (with the exception of phenobarbital) 
are metabolized hepatically. The metabolites are almost 
all inactive, water soluble, and excreted in the urine. 
Barbiturates are biotransformed by four processes: (1) 
oxidation of the aryl, alkyl, or phenyl moiety at C5; (2) 
N-dealkylation; (3) desulfuration of the thiobarbiturates 
at C2; and (4) destruction of the barbituric acid ring.131 
Oxidation, the most important pathway, produces polar 
(charged) alcohols, ketones, phenols, or carboxylic acids. 
These metabolites are readily excreted in the urine or as 
glucuronic acid conjugates in the bile. Hydrolytic cleav-
age of the barbituric acid ring forms a minimal contribu-
tion to the total metabolism of barbiturates because the 
ring is stable in vivo. Drugs that induce oxidative micro-
somes or long-term administration enhance the metabo-
lism of barbiturates. The hepatic enzyme induction by 
barbiturates is the reason that they are not recommended 
for administration to patients with acute intermittent 
porphyria. Barbiturates may precipitate an attack by stim-
ulating δ-aminolevulinic acid synthetase, the enzyme 
responsible for the production of porphyrins.132

As mentioned earlier, hepatic metabolism accounts for 
the elimination of all of the barbiturates with the excep-
tion of phenobarbital. Renal excretion accounts for 60% 
to 90% of phenobarbital excretion in an unchanged form. 
The alkalinization of urine with bicarbonate enhances 
the renal excretion of phenobarbital. Other barbiturates 
are excreted unchanged by the kidney only in trivial 
amounts.

Methohexital is metabolized in the liver by oxidation 
to an alcohol and N-dealkylation. Methohexital exhib-
its distribution half-lives, volumes of distribution, and 
protein binding similar to those of thiopental. A marked 
difference exists, however, in plasma disappearance and 
elimination half-lives (4 hours for methohexital and 12 
hours for thiopental). The reason for this difference is the 
threefold more rapid rate of hepatic clearance of metho-
hexital (mean, 7.8 to 12.5 mL/kg/minute).133 The hepatic 
extraction ratio of methohexital (clearance to hepatic 
blood flow) is approximately 0.5, indicating that the liver 
extracts 50% of the drug presented to it. This ratio differs 
from the smaller hepatic extraction ratio of thiopental 
(0.15).

Barbiturate pharmacokinetics has been described in 
physiologic and compartment models.134 Both these 
pharmacokinetic models describe rapid redistribution 
as the primary mechanism that terminates the action 
of a single induction dose. Physiologic models of barbi-
turates describe a rapid mixing of the drug within the 
central blood volume followed by a quick distribution 
of the drug to highly perfused, low-volume tissues (i.e., 
brain), with a slower redistribution of the drug to lean 
tissue (muscle), which terminates the effect of the initial 
(induction of anesthesia) dose. In these models, adipose 
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ssue uptake and metabolic clearance (elimination) play 
nly minor roles in the termination of the effects of the 
duction dose. The reasons are the minimal perfusion 
tio of adipose tissue compared with other tissues and 
e slow rate of removal. Compartment model values for 
iopental and methohexital, the most commonly used 

arbiturates for induction of anesthesia, are given in 
able 30-1. The compartment model explains the delay 
f recovery when a continuous infusion of a barbiturate is 
sed. This model describes how the termination of effect 
ecomes increasingly dependent on the slower process of 
ptake into and redistribution from adipose tissue and 
limination clearance through hepatic metabolism. After 
rolonged infusions, the pharmacokinetics of barbiturate 
etabolism is best approximated by nonlinear Michaelis-
enten metabolism. In usual doses (4 to 5 mg/kg), thio-

ental exhibits first-order kinetics (i.e., a constant fraction 
f drug is cleared from the body per unit time); however, 
t very high doses of thiopental (300 to 600 mg/kg) with 
ceptor saturation, zero-order kinetics occurs (i.e., a con-
ant amount of drug is cleared per unit time). The volume 
f distribution is slightly larger in female patients, thus 
using a longer elimination half-life.135 Pregnancy also 
creases the volume of distribution of thiopental and 

rolongs the elimination half-life.136 Even at advanced 
ages of liver cirrhosis, the clearance of thiopental is 
ot altered. Because of its lipophilicity, relatively large 
olume of distribution, and low rate of hepatic clear-
nce, thiopental can accumulate in tissues, especially if 
 is given in large doses over a prolonged period. The 
lasma drug level increases when repeated doses of drug 
re given. Although not used in routine clinical practice, 
ppropriately designed infusion schemes ensure constant 
lood levels that maintain the desired hypnotic effect.

HARMACOLOGY

echanism of Action
he mechanisms of action of barbiturates on the CNS 
re largely unknown, with the exception of their action 
n the GABAA receptor.137,138 Perhaps the NMDARs are 
volved with the effects of barbiturates.139-141 The effects 

f barbiturates on the CNS have been grouped into two 
tegories: (1) enhancement of the synaptic actions of 
hibitory neurotransmitters, and (2) blockade of the syn-

ptic actions of excitatory neurotransmitters.142 GABA is 
e principal inhibitory neurotransmitter in the mam-
alian CNS, and the GABAA receptor is the only site 

roven to be involved in barbiturate-induced anesthe-
a.138 The GABAA receptor is a chloride ion channel, 
mposed of at least five subunits, with specific sites of 

ction for GABA, barbiturates, benzodiazepines, and 
ther molecules. Barbiturate binding to the GABAA recep-
r enhances and mimics the action of GABA by increas-
g chloride conductance through the ion channel. 

his causes hyperpolarization of the cell membrane and 
creases the threshold of excitability of the postsynap-

c neuron. At low concentrations, barbiturates enhance 
e effects of GABA, by decreasing the rate of dissociation 

f GABA from its receptor and increasing the duration 
f GABA-activated chloride ion channel openings. This 
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enhancement of the action of GABA is likely responsible 
for the sedative-hypnotic effects of the barbiturates. At 
larger concentrations, the barbiturates activate the chlo-
ride channels directly, without the binding of GABA, 
and act as agonists. The GABA-mimetic effect at slightly 
higher concentrations may be responsible for what is 
termed barbiturate anesthesia.138

The second mechanism of action of barbiturates 
involves the inhibition of the synaptic transmission of 
excitatory neurotransmitters, such as glutamate and 
acetylcholine. The actions of the barbiturates to block 
excitatory CNS transmission are specific for synaptic ion 
channels. Thiopental, however, may exert GABA-inde-
pendent effects on the glutaminergic-NMDA system. In 
two studies of the effects in the rat prefrontal cortex, thio-
pental decreased extracellular glutamate levels in the CNS 
and decreased NMDA-gated currents in a concentration-
dependent manner.140,141

Effects on Cerebral Metabolism
Barbiturates, like other CNS depressants, have potent 
effects on cerebral metabolism (see also Chapter 70). A 
dose-related depression of cerebral metabolic oxygen 
consumption rate (CMRO2) progressively slows the EEG, 
reduces the rate of ATP consumption, and enhances pro-
tection from partial cerebral ischemia. The relationship 
between depressed metabolism and drug requirement 
was shown when thiopental was not eliminated (i.e., 
sustained with an extracorporeal circulation pump).143 
When the EEG became isoelectric, a point at which cere-
bral metabolic activity is roughly 50% of baseline,144 no 
further decreases in CMRO2 occurred. These findings 
support the hypothesis that metabolism and function 
of the brain are coupled. Barbiturates reduce the meta-
bolic activity concerned with neuronal signaling and 
impulse traffic, not the metabolic activity corresponding 
to basal metabolic function. The only way to suppress 
baseline metabolic activity related to cellular activity is 
through hypothermia.144 The effect of barbiturates on 
cerebral metabolism is maximized at a 50% depression 
of cerebral function, thus leaving all metabolic energy 
for the maintenance of cellular integrity. With the reduc-
tion in CMRO2, a parallel reduction in cerebral perfusion 
occurs, as seen in decreased cerebral blood flow (CBF) 
and ICP. With reduced CMRO2, cerebral vascular resis-
tance increases, and CBF decreases.145 The ratio of CBF to 
CMRO2 remains unchanged. Even though the mean arte-
rial pressure (MAP) decreases, barbiturates do not com-
promise the overall CPP because the CPP = MAP − ICP. 
In this relationship, ICP decreases more than MAP after 
barbiturate administration and thereby preserves CPP.

PHARMACODYNAMICS

Sufficient doses of barbiturates cause loss of conscious-
ness, amnesia, and respiratory and cardiovascular depres-
sion, known as general anesthesia. The response to pain 
and other noxious stimulation during general anesthesia 
seems to be depressed. Pain studies reveal that barbitu-
rates may decrease the pain threshold. This antianalgesic 
effect occurs only with low blood levels of barbiturates, 
which may be achieved with small doses of thiopental for 
duction of anesthesia or after emergence from thiopen-
l. The amnestic effect of barbiturates is less pronounced 
an is that produced by benzodiazepines.

fects on the Central Nervous System
ugs with high lipid solubility and a low degree of ion-
tion cross the blood-brain barrier rapidly and have a 

st onset of action.138 Most barbiturates exist in a non-
nized form. Thiopental and methohexital are more 
id soluble than is pentobarbital, which is clinically 

flected by the more rapid onset of action of thiopental 
d methohexital compared with pentobarbital.146 Only 
e nonionized form of a drug can directly traverse the 
llular membranes. Thiopental has a dissociation con-
nt (pKa) of 7.6. Approximately 50% of thiopental is 
nionized at physiologic pH, which accounts partly for 
e rapid accumulation of thiopental in the cerebrospi-
l fluid (CSF) after IV administration.147 Methohexital 
75% nonionized at pH 7.4, and this may explain the 
ghtly more rapid effect of methohexital compared with 
iopental. As pH decreases, with poor perfusion, barbi-
rates have a larger fraction of nonionized drug available 
 cross the blood-brain barrier.147

The onset of action in the CNS is affected by protein 
nding because only unbound drug (free drug) can cross 
e blood-brain barrier.148 Barbiturates are highly bound 
 albumin and other plasma proteins, and the thiobarbi-
rates are more highly protein bound than are the oxy-
rbiturates. The degree of protein binding of a drug is 
fluenced by the physiologic pH and disease states that 
ter the absolute amount of protein. Most barbiturates 
nd to experience peak protein binding at or near pH 
5. The final factor governing the rapidity of drug pen-
ration of the blood-brain barrier is the plasma drug con-
ntration, which causes a concentration gradient. The 
o primary determinants of the plasma concentration 
e the dose administered and the rate (speed) of admin-
ration. As the dose of thiopental over the same time 
increased, an increased percentage of patients will be 
esthetized.149 Concerning absolute dose, 2 mg/kg pro-
ced anesthesia in 20% of patients, whereas a dose of 2.4 
g/kg produced anesthesia in 80% of patients. Similarly, 
e speed of injection influences the effect of thiopental. 
smaller amount of drug is required to produce anesthe-
 when the rate of the administration lasts 5 seconds as 
posed to 15 seconds.
Because of the equilibrium between brain concentra-
n and plasma concentration, factors that determine 
e rate of onset of barbiturate effects also affect their ter-
ination. Lipid solubility, degree of ionization, and CSF 
ug concentration affect the movement of drug from 
e CSF to plasma. As plasma levels decrease, drug lev-
s in the brain and CSF decrease. The most important 
ctors in the termination of drug effect are those that 
vern plasma disappearance of the drug. These are gen-
ally divided into a rapid redistribution phase and a slow 
etabolic and second redistribution phase. In a classic 
armacologic study, Brodie and co-workers showed that 
akening from thiopental occurred because the plasma 
ncentration rapidly declined.150 These investigators 
rther showed that the cause of the rapid plasma decay 
 thiopental was not metabolism of the drug, but was 



rather a redistribution of the drug to other tissues through-
out the body. The relationship of the plasma drug level 
and drug redistribution with the onset and termination 
of effect is illustrated in Figure 30-7. Clinically, patients 
awaken from a single dose of thiopental 5 to 10 minutes 
after administration, as the drug is redistributed from 
highly perfused CNS tissues to well-perfused lean tissues. 
The termination of effect after multiple drug administra-
tions or constant infusion depends on the elimination 
of the drug from the blood, which becomes increasingly 
more dependent on first-order metabolism than redis-
tribution and is a function of its context-sensitive dec-
rement time (see Fig. 30-3). Awakening may be delayed 
in older patients because of increased CNS sensitivity, 
alterations in metabolism, or decreased central volume of 
distribution relative to younger adults151 (see also Chap-
ter 80). The initial volume of distribution is less in older 
patients than in young patients, a feature that explains 
a smaller dose requirement for the onset effect. Pediatric 
patients (<13 years old) seem to have a more rapid rate 
of total clearance and a shorter rate of plasma thiopental 
clearance than do adults that theoretically could result in 
earlier awakening, especially after multiple doses of the 
drug152 (see also Chapter 93).

The finding that little difference exists in distribution 
of thiopental and methohexital may explain the similar 
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Figure 30-7. After delivery of an intravenous bolus, the percentage 
of thiopental remaining in blood rapidly decreases as drug moves 
from blood to body tissues. The time to attainment of peak tissue 
levels is a direct function of tissue capacity for barbiturate relative to 
blood flow. A larger capacity or smaller blood flow is related to a lon-
ger time to a peak tissue level. Initially, most thiopental is taken up 
by the vessel-rich group (VRG) of tissues because of their high blood 
flow. Subsequently, drug is redistributed to muscle and, to a lesser 
extent, to fat. Throughout this period, small but substantial amounts 
of thiopental are removed and metabolized by the liver. In contrast to 
removal by tissues, this removal is cumulative. The rate of metabolism 
equals the early rate of removal by fat. The sum of this early removal 
by fat and metabolism is the same as the removal by muscle. (Redrawn 
from Saidman LJ: Uptake, distribution and elimination of barbiturates. In 
Eger EI, editor: Anesthetic uptake and action. Baltimore, 1974, Williams 
& Wilkins.)
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wakeup times. However, the rate of total body clearance 
is more rapid for methohexital. This disparity explains 
the difference found in the psychomotor skills of patients 
and the earlier full recovery after methohexital. Despite 
some residual effects, methohexital is cleared more rap-
idly than thiopental. This faster clearance explains why 
methohexital is preferred for use by some clinicians when 
rapid awakening is desirable, such as in outpatient anes-
thesia. Prolongation of early and late recovery by the bar-
biturates is the primary reason that these drugs have been 
largely replaced by propofol.

Effects on the Respiratory System
Barbiturates produce dose-related central respiratory 
depression. The evidence for central depression is a corre-
lation between EEG suppression and diminished minute 
ventilation. Peak respiratory depression (as measured by 
the slope of carbon dioxide concentration in the blood) 
and maximum depression of minute ventilation after 
delivery of thiopental (3.5 mg/kg) occurs 1 to 1.5 minutes 
after administration. These variables return to predrug 
levels rapidly, and within 15 minutes the drug effects are 
barely detectable.153 Patients with chronic lung disease 
are slightly more susceptible to the respiratory depression 
of thiopental. The ventilatory pattern with thiopental 
induction has been described as “double apnea,” which is 
an initial episode of apnea lasting a few seconds on drug 
administration, succeeded by a few breaths of reasonably 
adequate tidal volume, and followed by a more prolonged 
period of apnea, typically lasting approximately 25 sec-
onds. This apnea occurs in at least 20% of cases. During 
the induction of anesthesia with thiopental, ventila-
tion must be assisted or controlled to provide adequate 
respiratory exchange. Like thiopental, methohexital is a 
central respiratory system depressant.153 Induction doses 
(1.5 mg/kg) significantly decrease the slope of the ventila-
tory response to carbon dioxide, with a maximal reduc-
tion at 30 seconds after drug administration.154 The peak 
decrease in tidal volume occurs 60 seconds after metho-
hexital administration. All variables return to baseline 
within 15 minutes. In contrast to the effects on venti-
lation, patients awaken within approximately 5 minutes 
after the administration of methohexital (1.5 mg/kg).

Effects on the Cardiovascular System
Cardiovascular depression from barbiturates is a result 
of central and peripheral (direct vascular and cardiac) 
effects. The primary cardiovascular effect of a barbiturate 
during induction of anesthesia is peripheral vasodila-
tion causing a pooling of blood in the venous system. 
Mechanisms for the decrease in cardiac output include (1) 
direct negative inotropic action resulting from a decrease 
of calcium influx into the cells, (2) decreased ventricu-
lar filling caused by increased capacitance, and (3) tran-
siently decreased sympathetic outflow from the CNS.155 
The increase in heart rate (10% to 36%) that accompa-
nies thiopental administration probably results from the 
baroreceptor-mediated sympathetic reflex stimulation of 
the heart in response to the decrease in output and pres-
sure. The cardiac index, as well as the MAP, is unchanged 
or reduced. Hemodynamic changes depend on infusion 
rate of thiopental. In the dose ranges hitherto studied, 
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no relationship between plasma thiopental level and 
hemodynamic effect has been found. Little difference is 
noted in the responses after thiopental and methohexital 
administration in patients with heart disease. The increase 
in heart rate (11% to 36%) encountered in patients with 
coronary artery disease who are anesthetized with thio-
pental (1 to 4 mg/kg) is potentially deleterious because of 
the obligatory increase in myocardial oxygen consump-
tion that accompanies the increased heart rate.

In a more recent study in dogs, thiopental prolonged 
the QT interval, flattened T waves, and increased QT dis-
persion during and after induction.151 Thiopental may 
not be the most appropriate choice for patients with a 
susceptibility to ventricular dysrhythmias or a prolonged 
QT interval, such as acidotic patients or patients with 
conditions that prolong the QT interval, such as long-
term dialysis or advanced cirrhosis. Patients who have 
normal coronary arteries have no difficulty in maintain-
ing adequate coronary blood flow to meet the increased 
myocardial oxygen consumption.156 Thiopental should 
be avoided in hypovolemic patients because of the sig-
nificant reduction in cardiac output (69%) and the sig-
nificant decrease in arterial blood pressure.157 Patients 
without adequate compensatory mechanisms may have 
serious hemodynamic depression with thiopental induc-
tion of anesthesia.

Other Effects
The side effects of injecting barbiturates include a garlic 
or onion taste (40% of patients), allergic reactions, local 
tissue irritation, and rarely, tissue necrosis. A transient 
urticarial rash may develop on the head, neck, and trunk. 
More severe reactions, such as facial edema, hives, bron-
chospasm, and anaphylaxis, can occur. Treatment of 
anaphylaxis is symptomatic. Thiopental and thiamylal 
produce fewer excitatory symptoms with induction than 
does methohexital, which produces cough, hiccup, trem-
ors, and twitching approximately five times more often. 
Tissue irritation and local complications may occur more 
frequently with the use of thiopental and thiamylal than 
with methohexital.

The consequences of accidental arterial injection may 
be severe. The degree of injury is related to the concentra-
tion of the drug. Treatment consists of (1) dilution of the 
drug by the administration of saline into the artery, (2) 
heparinization to prevent thrombosis, and (3) brachial 
plexus block. Overall, the proper IV administration of 
thiopental is remarkably free of local toxicity.

Phenobarbital is used experimentally as an inducer of 
the cytochrome P450 (CYP) system in rodents, in par-
ticular of the CYP2B enzymes. In human hepatocyte 
culture, phenobarbital acts as an inducer of the CYP2B6, 
CYP2C9, CYP2C19, and CYP3A4 enzymes through the 
constitutive androstane receptor (CAR).158 This phenom-
enon may cause changes in the metabolism of drugs 
that are administered concomitantly.159 Conversely, the 
metabolism of thiopental can be influenced by concomi-
tant drugs such as selective serotonin reuptake inhibitors 
(SSRIs). These drugs are used frequently by patients who 
are treated by electroconvulsive therapy and in whom 
induction of anesthesia with thiopental or thiamylal is 
performed.160
USES

Induction and Maintenance of Anesthesia
Barbiturates are used clinically for induction and mainte-
nance of anesthesia and premedication. Methohexital is 
the drug of choice for providing anesthesia during elec-
troconvulsive therapy.161 Other barbiturates used in this 
field are thiopental and thiamylal. Less frequently, barbi-
turates are used to provide cerebral protection in patients 
at risk of developing incomplete ischemia. The three bar-
biturates that are used most commonly for IV anesthesia 
induction and maintenance are thiopental, thiamylal, 
and methohexital. Thiopental is an excellent drug to use 
for induction of anesthesia. The prompt onset (15 to 30 
seconds) of action and smooth induction are benefits of 
this drug. Rapid emergence, particularly after single use 
for induction, also is a reason for the widespread use 
of thiopental in this setting. Thiopental can be used to 
maintain general anesthesia because repeated doses reli-
ably sustain unconsciousness and contribute to amnesia, 
but it should not be the drug of first choice as the hyp-
notic component in balanced anesthesia.

Methohexital is the only IV barbiturate used for induc-
tion of anesthesia that can compete with thiopental. With 
a dose of 1 to 2 mg/kg, induction and emergence from 
anesthesia are rapid. Methohexital also may be used as a 
hypnotic component to maintain anesthesia. Like thio-
pental, it is not an analgesic. Additional opioids or volatile 
anesthetics are required to provide a balanced technique 
satisfactory for general anesthesia during surgical proce-
dures. Because methohexital is cleared more rapidly than 
thiopental, it may be preferred to thiopental for the main-
tenance of anesthesia, given that accumulation and satura-
tion of peripheral sites take longer. For brief infusion (<60 
minutes), recovery from a methohexital infusion titrated 
to maintain hypnosis (50 to 150 μg/kg/minute) is similar 
to that provided by propofol. The upper limits of safe infu-
sion doses probably have yet to be defined, but seizures 
have occurred in neurosurgical patients after large doses of 
methohexital (24 mg/kg).155 Methohexital may be given 
rectally and is absorbed rapidly, and it can be used for pre-
medication in pediatric patients. The dose recommended 
for this use is 25 mg/kg by rectal instillation (10% solution 
through a 14-French catheter, 7 cm into rectum).162 With 
this method of administration, sleep onset is rapid: mean 
peak plasma levels occur within 14 minutes.

DOSING

Dosing regimens for the two most commonly used bar-
biturates are listed in Table 30-4. The usual doses of thio-
pental (3 to 4 mg/kg) and thiamylal (3 to 4 mg/kg) are 
approximately twice the dose of methohexital (1 to 2 
mg/kg). In dose-response studies, the ED50 for thiopental 
ranged from 2.2 to 2.7 mg/kg, and the ED50 for metho-
hexital was 1.1 mg/kg.148 Less interpatient variability is 
seen in the dose response to barbiturates than to benzodi-
azepines when used for anesthesia induction, but signifi-
cant variability remains in the dose of thiopental required 
to induce anesthesia.149 Interpatient dose variability is 
related to the presence of hemorrhagic shock, cardiac 
output, lean body mass, obesity, gender, and age (see 



also Chapters 71 and 80). Hemorrhagic shock, lean body 
mass, age, and obesity explain the variability of patients’ 
responses resulting from a decrease in the central volume 
of distribution. Finally, patients who have severe ane-
mia, burns, malnutrition, widespread malignant disease, 
uremia, ulcerative colitis, or intestinal obstruction also 
require smaller induction doses of barbiturates.

CONTRAINDICATIONS

The following conditions should be considered contrain-
dications to the use of IV barbiturates:

 1.  When the patient has respiratory obstruction or an 
inadequate airway, thiopental may worsen respiratory 
depression.

 2.  Severe cardiovascular instability or shock contraindi-
cates barbiturate use.

 3.  Status asthmaticus is a condition in which airway con-
trol and ventilation may be worsened by thiopental.

TABLE 30-4 RECOMMENDED DOSES OF 
BARBITURATES FOR ANESTHESIA INDUCTION 
AND MAINTENANCE 

Drug
Induction Dose 
(mg/kg)*†

Onset 
(sec)

Intravenous 
Maintenance 
Infusion

Thiopental 3-4 10-30 50-100 mg every 
10-12 min

Methohexital 1-1.5 10-30 20-40 mg every 
4-7 min

From Reves JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In Miller 
RD, Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. Phila-
delphia, 2010, Churchill Livingstone, pp 719-768.

*Adult and pediatric intravenous doses are roughly the same in milligrams 
per kilogram.

†Methohexital can be given rectally in pediatric patients as a 20 to 25 
mg/kg/dose.
Chapter 30: Intravenous Anesthetics 837

 4.  Porphyria may be precipitated or acute attacks may be 
accentuated by the administration of thiopental.

 5.  Without proper equipment (IV instrumentation) and 
airway equipment (means of artificial ventilation), 
thiopental should not be administered.

BENZODIAZEPINES

The benzodiazepines comprise a category of drugs widely 
used in anesthesia as anxiolytics, sedatives, and hypnot-
ics. They exert their action through GABAA receptors, 
which are the key targets that mediate most of the clini-
cally important effects of IV anesthetics.163 In the clini-
cal practice of daily anesthesia, midazolam is often used 
immediately before induction of anesthesia. The other 
agonists, diazepam, lorazepam, and temazepam and 
the antagonist flumazenil are sometimes used. Remima-
zolam, an ultrashort-acting GABAA receptor agonist, may 
be a useful benzodiazepine in future anesthetic practice.

Benzodiazepines were discovered in 1954 by Sternbach, 
and in 1959 chlordiazepoxide (Librium) was the first benzo-
diazepine patented. Diazepam was synthesized in 1963 in a 
search for a better compound and was used by the IV route 
to induce anesthesia in 1965.164 Oxazepam (Serax), a metab-
olite of diazepam, was synthesized in 1961 by Bell. Loraze-
pam (Ativan), a 2′chloro-substitution product of oxazepam, 
was synthesized in 1971 in an attempt to produce a more 
potent benzodiazepine. The next major achievement was 
Fryer and Walser’s synthesis in 1976 of midazolam (Versed, 
Dormicum), the first clinically used water-soluble benzodi-
azepine, produced primarily for use in anesthesia.165

PHYSICOCHEMICAL CHARACTERISTICS

Four benzodiazepine receptor agonists are commonly 
used in anesthesia: midazolam, diazepam, lorazepam, 
and temazepam (Fig. 30-8). The physicochemical char-
acteristics of the benzodiazepines used in anesthesia are 
Figure 30-8. The structures of five 
benzodiazepines.
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listed in Table 30-5. These six molecules are relatively 
small and are lipid soluble at physiologic pH.

Of the clinically used benzodiazepines, midazolam is 
the most lipid soluble in vivo,166 but because of its pH-
dependent solubility, it is water soluble when formulated 
in a buffered acidic medium (pH 3.5). The imidazole ring 
of midazolam accounts for its stability in solution and its 
lipophilicity as a result of rapid closing of the imidazole 
ring at physiologic pH. The high lipophilicity of the com-
pounds is the basis for the rapid CNS effect and relatively 
large volumes of distribution.

PHARMACOKINETICS

The four benzodiazepines used in anesthesia are classified 
as a short-acting agent (midazolam), intermediate-acting 
agents (lorazepam, temazepam), and a long-acting agent 
(diazepam), according to their metabolism and plasma 
clearance (Table 30-6). The plasma disappearance curves 
of all benzodiazepines can be best described by a two- or 
three-compartment model.

Protein binding and volumes of distribution are not 
much different among these four benzodiazepines, but 
clearance is significantly different. Factors that may influ-
ence the pharmacokinetics of benzodiazepines are age, 
gender, race, enzyme induction, and hepatic and renal 
disease. In addition, the pharmacokinetics of the benzo-
diazepines is affected by obesity (see also Chapter 71). The 
volume of distribution is increased because drug diffuses 
from the plasma into the adipose tissue. Although clear-
ance is not altered, elimination half-lives are prolonged 
by the increased volume of distribution and the delayed 
return of the drug to the plasma in obese patients.167 
Generally, sensitivity to benzodiazepines in some patient 
groups, such as older patients, is greater despite relatively 
modest pharmacokinetic changes; factors other than 
pharmacokinetics must be considered when these drugs 
are used.

Midazolam
After oral ingestion, midazolam is absorbed completely, 
and the peak plasma concentration is achieved in 30 to 
80 minutes.168 The bioavailability of less than 50% results 
from significant first-pass metabolism in the intestinal 
wall and the liver.168,169 After IV administration, mid-
azolam is rapidly distributed, with a distribution half-
life of 6 to 15 minutes. 169 The plasma protein binding is 
high: 94% to 98%.

The hepatic extraction ratio is low, ranging from 0.30 
to 0.44, but it is higher than the unbound free fraction of 
midazolam in plasma.168 Thus, protein binding is not a 
restrictive factor in drug extraction by the liver. With this 
intermediate hepatic extraction ratio, the metabolic clear-
ance of midazolam may be susceptible both to changes in 
enzyme activity and to changes in hepatic blood flow.

The elimination half-life ranges from 1.7 to 3.5 
hours.169,170 Plasma clearance ranges from 5.8 to 9.0 mL/
kg/minute and is higher compared with that of the other 
benzodiazepines. This is related to the fused imidazole 
ring, which is rapidly oxidized in vivo, much more rap-
idly than the methylene group of the diazepine ring of 
other benzodiazepines.171

The pharmacokinetics of midazolam is affected by 
obesity, age (see also Chapters 71 and 80), and hepatic 
cirrhosis. Because of its high lipophilicity (at physiologic 
pH), midazolam distributes preferably to adipose tissue, 
TABLE 30-5 PHYSICOCHEMICAL CHARACTERISTICS OF BENZODIAZEPINES 

Molecular Weight (Da) pKa Water Solubility* (g/L) Lipid Solubility (Log P)

Diazepam 284.7 3.4 0.051 2.801
Lorazepam 321.2 1.3 0.12 2.382
Temazepam 300.7 1.6, 11.7 0.28 2.188
Midazolam 325.8 (hydrochloride 362.2) 6.0 0.004 (2.0, pH 1) 3.798
Remimazolam 439.3 (besylate 597.5) 5.3 0.008 (7.5, pH 1) 3.724
Flumazenil 303.3 0.86 0.042 2.151

From Saari TI, Uusi-Oukari M, Ahonen J, Olkkola KT: Enhancement of GABAergic activity: neuropharmacological effects of benzodiazepines and therapeutic use in 
anesthesiology, Pharmacol Rev 63:243-267, 2011.

pKa, Dissociation constant.
*Water solubility values are in unbuffered water, maximal solubility at acidic pH in parenthesis. Data from http://scifinder.cas.org.

TABLE 30-6 PHARMACOKINETIC PARAMETERS OF THE BENZODIAZEPINES 

Elimination  
Half-life (hr)

Clearance
(mL/kg/min) Vd ( L/kg)

Plasma Protein
Binding (%) Investigators (yr)

Midazolam 1.7-3.5 5.8-9.0 1.1-1.7 94-98 Dundee et al (1984)
Diazepam 20-50 0.2-0.5 0.7-1.7 98-99 Greenblatt et al (1980)
Lorazepam 11-22 0.8-1.5 0.8-1.3 88-92 Greenblatt et al(1979)
Temazepam 6-8 1.0-1.2 1.3-1.5 96-98 Fraschini and Stankov (1993)
Remimazolam* 0.4 4,521 mL/min 36.4 L NA Upton et al (2010)
Flumazenil 0.7-1.3 13-17 0.9-1.9 40-50 Klotz and Kanto (1998)

From Saari TI, Uusi-Oukari M, Ahonen J, Olkkola KT: Enhancement of GABAergic activity: neuropharmacological effects of benzodiazepines and therapeutic use in 
anesthesiology, Pharmacol Rev 63:243-267, 2011.

NA, Not available.
*Noncompartmental analysis results from sheep.

http://scifinder.cas.org


with a resulting prolonged elimination half-life in obese 
patients.167 Habitual alcohol consumption increases 
the metabolism of midazolam.171a While liver cirrho-
sis reduces plasma clearance of midazolam because of 
decreased metabolism.172

Midazolam is metabolized by CYP3A4 and CYP3A5 
to its main metabolite 1-hydroxymidazolam and minor 
metabolite 4-hydroxymidazolam and 1,4-hydroxy mid-
azolam.173,174 These are subsequently conjugated to glucuro-
nides and renally excreted. 1-Hydroxymidazolam possesses 
similar sedative activities compared to the parent com-
pound. The metabolites are cleared more rapidly than mid-
azolam, thus making them of little concern in patients with 
normal hepatic and renal function. In patients with renal 
impairment, however, the main metabolite and its conju-
gated metabolite can cause profound sedation.175

Diazepam
After oral ingestion, the bioavailability is approximately 
94%.176 Time to peak plasma concentrations after oral 
ingestion is approximately 60 minutes.177 Diazepam is 
extensively bound to plasma proteins, and the volume of 
distribution ranges from 0.7 to 4.7 L/kg. The plasma clear-
ance of diazepam ranges from 0.2 to 0.5 mL/kg/minute.178

The pharmacokinetics of diazepam is affected by obe-
sity and liver dysfunction and particularly by age. Increas-
ing age reduces the clearance of diazepam significantly.179

Metabolism occurs in the liver and is mediated mainly 
by CYP2C19 and CYP3A4. This accounts for 80% of the 
biotransformation of diazepam.180-182 One of the main 
metabolites is N-desmethyldiazepam; it has pharmacody-
namic characteristics similar to those of diazepam, but 
it has a much slower elimination half-life extending to 
200 hours. N-desmethyldiazepam is further metabolized 
to oxazepam, which is also pharmacologically active; the 
metabolites add to and prolong the drug’s effect.

Temazepam, another main metabolite of diazepam, 
is mainly conjugated to temazepam glucuronide, and 
a much smaller part is demethylated to oxazepam and 
thereafter conjugated to oxazepam glucuronide.183

Lorazepam
The oral bioavailability of lorazepam is high, nearly 90%. 
Peak plasma concentrations are reached approximately 2 
hours after oral ingestion, and the mean elimination half-
life is 15 hours, with a range of 8 to 25 hours.184 Loraz-
epam has a large volume of distribution from 0.8 to 1.3 L/
kg,185 and it is highly bound to plasma proteins (>90%).

Clearance of lorazepam is 0.8 to 1.8 mL/kg/minute. 
Lorazepam is conjugated in the liver to an inactive gluc-
uronide. This metabolite is water soluble and rapidly 
excreted in urine. The pharmacokinetics of lorazepam is 
not altered by age, gender, or renal disease, but clearance 
is decreased by hepatic dysfunction.186

Remimazolam (CNS 7056)
Remimazolam, a newer short-acting GABAA receptor ago-
nist with high affinity to the GABA receptor, is rapidly 
degraded in plasma by nonspecific esterases to its carbox-
ylic acid metabolite CNS 7054. The incorporation of a 
carboxylic ester moiety into the benzodiazepine core of 
remimazolam renders it susceptible to nonspecific tissue 
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esterases.187 Preclinical studies in sheep showed a more 
rapid onset of action, greater depth of sedation, and more 
rapid recovery than with midazolam. In sheep, remima-
zolam showed no dose-dependent depth of sedation 
such as occurs with propofol.188 In humans, clearance of 
remimazolam was rapid (overall mean clearance, 70.3 ± 
13.9 L/hour), and the volume of distribution was mod-
erately large (steady-state volume of distribution, 34.8 ± 
9.4 L). No clear relationship exists between body weight 
and systemic clearance. Level and duration of sedation 
are dose dependent in humans.189

PHARMACODYNAMICS

Benzodiazepines act selectively at the GABAA receptor, 
which mediates fast inhibitory synaptic transmission in 
the CNS. Benzodiazepines enhance the response to GABA 
by facilitating the opening of the GABA-activated chlo-
ride channels, with resulting hyperpolarization. Series of 
compounds (e.g., diazepam binding inhibitor and other 
substances) are candidates as endogenous ligands of the 
GABAA receptor. This is an area of ongoing research.190

Peripheral binding sites for benzodiazepines (renamed 
translocator protein (18kDa or TSPO), which are not 
associated with GABA receptors, exist in many tissues, 
including peripheral immune cells and the gastrointesti-
nal tract. Although their precise function and pharmaco-
logic significance remain only partly known, TSPO seems 
related to inflammatory activation.191

Effects on the Central Nervous System
All benzodiazepines have hypnotic, sedative, anxiolytic, 
amnestic, anticonvulsant, and centrally produced mus-
cle-relaxing properties. They may differ to some extent 
in their potency and efficacy with regard to some of these 
pharmacodynamic actions (e.g., anticonvulsive action). 
The neurotransmitter GABA is an inhibitory neurotrans-
mitter that controls the state of a chloride ion channel. 
Activation of this chloride ion channel results in neu-
ronal hyperpolarization (increased membrane poten-
tial in the direction away from the threshold potential) 
and accounts for the classification of the GABA system 
as “inhibitory.” Benzodiazepines bind to their receptors 
with high affinity. The binding is stereospecific and satu-
rable; the order of receptor affinity (potency) of three ago-
nists is lorazepam > midazolam > diazepam. Midazolam 
is approximately 3 to 6 times, and lorazepam 5 to 10 
times, as potent as diazepam.192 As indicated previously, 
the mechanism of action of benzodiazepines is reason-
ably well understood.193,194 The interaction of benzodiaz-
epine ligands with the GABAA receptor is one of the few 
examples in which the complex systems of biochemistry, 
molecular pharmacology, genetic mutations, and clinical 
behavioral patterns can to some extent be explained.

GABAA subtypes mediate the different effects (amnes-
tic, anticonvulsant, anxiolytic, and sleep).194 The GABAA 
receptor is a pentameric assembly built from 18 or more 
subunits (Fig. 30-9). Many different combinations of 
this pentameric assembly occur in different parts of the 
brain; linking this diversity to physiologic function and 
pharmacologic specificity may be possible. The α subunit 
of the pentameric complex occurs in six isoforms (α1 to 
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α6).186 Sedation, anterograde amnesia, and anticonvul-
sant properties are mediated by α1 subunits of the GABAA 
receptors,194 and anxiolysis and muscle relaxation are 
mediated by the α2 subunits. The “benzodiazepine recep-
tors” are found in highest densities in the olfactory bulb, 
cerebral cortex, cerebellum, hippocampus, substantia 
nigra, and inferior colliculus, whereas lower densities 
are found in the striatum, lower brainstem, and spinal 
cord. Spinal cord benzodiazepine receptors can play an 
important role in analgesia; however, further elucida-
tion of the mechanism of action of this drug class is 
required.195 Intrathecal midazolam reduces excitatory 
GABA-mediated neurotransmission in interneurons and 
leads to a decrease in the excitability of spinal dorsal 
horn neurons.195 A meta-analysis showed that intrathecal 
midazolam improves perioperative analgesia and reduces 
nausea and vomiting.196

The benzodiazepines reduce the CMRO2 in a dose-
related manner. Midazolam and diazepam maintain a 
relatively normal ratio of CBF to CMRO2.197 Midazolam, 
diazepam, and lorazepam all increased the seizure ini-
tiation threshold to local anesthetics and decreased the 
mortality rate in mice exposed to lethal doses of local 
anesthetics. Midazolam has neuroprotective effects by 
preventing lipid peroxidation and mitochondrial damage. 
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Figure 30-9. Schematics of γ-aminobutyric acid A (GABAA) receptor 
structure and function. A, Topography of a GABAA receptor subunit 
partially embedded in the lipid bilayer: 1, the N-terminal extracellular 
domain is responsible for transmitter and ligand binding and coupling 
of the binding sites with the ion channel; this part is also important for 
the assembly of various receptor subunits into functional receptors; 2, 
four transmembrane segments forming the anion channel are respon-
sible for binding of hydrophobic ligands, ion selectivity, and channel 
binding sites; 3, an intracellular loop between transmembrane seg-
ments 3 and 4 forms the domain for regulatory phosphorylation sites 
and for the intracellular factors anchoring the receptors in appropriate 
locations. B, Hypothetic binding sites for GABA and benzodiazepine 
ligands in a pentameric receptor complex. (From Saari TI, Uusi-Oukari 
M, Ahonen J, Olkkola KT: Enhancement of GABAergic activity: neurophar-
macological effects of benzodiazepines and therapeutic use in anesthesiol-
ogy, Pharmacol Rev 63:243-267, 2011.)
Indications suggest that the peripheral benzodiazepine 
receptor is involved in these actions.198

Effects on the Respiratory System
Benzodiazepines, similar to most IV anesthetics, produce 
dose-related central respiratory system depression. The 
benzodiazepines affect respiration in two different ways. 
First, they have an effect on the muscular tone leading to 
an increased risk of upper airway obstruction.199 Second, 
they flatten the response of the respiratory curve to car-
bon dioxide.200 In addition, sedative doses of midazolam 
depress the hypoxic ventilatory response in humans.201

Benzodiazepines and opioids produce additive or 
supra-additive (synergistic) respiratory depression, even 
though they act at different receptors.202 Old age, debili-
tating disease, and other respiratory depressant drugs 
increase the incidence and degree of respiratory depres-
sion and apnea by benzodiazepines.

Effects on the Cardiovascular System
The hypothalamic paraventricular nucleus is an impor-
tant site for autonomic and endocrine homeostasis of the 
cardiovascular system. The paraventricular nucleus inte-
grates afferent stimuli to regulate blood volume; the ros-
tral ventrolateral medulla is the dominant brain region 
for tonic regulation of arterial blood pressure.203 Under 
normal circumstances, the sympathetic nervous system 
is tonically inhibited. This inhibition depends on GABA-
ergic signaling and nitric oxide.204

When used alone, benzodiazepines have modest hemo-
dynamic effects. The predominant hemodynamic change 
is a modest decrease in arterial blood pressure resulting 
from a decrease in systemic vascular resistance. The mech-
anism by which benzodiazepines maintain relatively sta-
ble hemodynamics involves preservation of homeostatic 
reflex mechanisms, but the baroreflex may be impaired by 
midazolam and diazepam. The hemodynamic effects of 
midazolam and diazepam are dose related; however, a pla-
teau plasma drug effect is seen above which little change 
in arterial blood pressure occurs. The plateau plasma 
level for midazolam is 100 ng/mL, and that for diazepam 
is approximately 900 ng/mL. Heart rate, ventricular fill-
ing pressures, and cardiac output are maintained after 
induction of anesthesia with benzodiazepines. In patients 
with increased left ventricular filling pressures, diazepam 
and midazolam produce a “nitroglycerin-like” effect by 
decreasing the filling pressure and increasing cardiac out-
put. Notably, the stresses of endotracheal intubation and 
surgery are not blocked by midazolam.

DRUG INTERACTIONS

Pharmacokinetic Drug Interactions
The pharmacokinetics of benzodiazepines may be altered 
by drug interactions. Because cytochrome P450 is often 
involved in the metabolism of the benzodiazepines, drugs 
inducing or inhibiting CYP function often cause altera-
tions in the pharmacokinetics of the benzodiazepines.

CYP-mediated drug interactions have extensively been 
examined using midazolam, which is almost completely 
metabolized by the CYP system, particularly CYP3A4.



The inhibition of CYP3A by concomitantly adminis-
tered drugs such as the azole antifungal agents (among 
many others) results in significant inhibition of the 
metabolism of midazolam.205 Orally administered mid-
azolam is especially affected by these inhibitors because 
of a reduction of first-pass metabolism elimination.206

Diazepam is primarily metabolized by CYP2C19 and 
CYP3A4. Different CYP2C19 alleles have varying activity, 
which results in ultrarapid, extensive, intermediate, and 
poor metabolizer genotypes.207,208 Pharmacokinetics and 
pharmacodynamics vary among these different metabo-
lizers.209,210 Strong inhibitors of CYP3A4 have a minor 
effect on the pharmacokinetics of diazepam.211,212 Inhibi-
tors of CYP2C19 such as omeprazole, fluvoxamine, and 
ciprofloxacin consequently increase the plasma half-life 
of diazepam substantially.213-215 The clearance of loraz-
epam is affected by probenecid and valproic acid, both of 
which decrease the formation and clearance of lorazepam 
glucuronide.216,217 Because remimazolam is not metabo-
lized by CYP-dependent mechanisms, the chance of sig-
nificant drug interactions is less.

Pharmacodynamic Drug Interaction
All benzodiazepines act on the CNS and interact with 
other drugs targeting the CNS, in particular those causing 
CNS depression.

In anesthetic practice, opioids are often combined 
with benzodiazepines, which interact in a synergistic 
manner.218 The interaction between midazolam and ket-
amine is additive,219 whereas the interaction between the 
hypnotic effects of thiopental and midazolam and those 
of propofol and midazolam is synergistic.20,220

USES

Premedication
Benzodiazepines are the most commonly applied drugs 
for premedication (see also Chapter 38). The goals of this 
application are anxiolysis, sedation, amnesia, vagoly-
sis and sympatholysis and reduction of PONV.221 The 
amnestic effects are anterograde; retrograde memory is 
not affected.

Diazepam, lorazepam, and midazolam are given 
by the oral or IV route for preoperative sedation. Mid-
azolam is the most frequently used benzodiazepine for 
premedication in both adults and children.222 The usual 
oral dose for adults ranges from 7.5 to 15 mg for mid-
azolam, from 5 to 10 mg for diazepam and from 10 to 
20 mg for temazepam.223 Many factors such as age, ASA 
physical status, level of anxiety, and type and length 
of surgical procedure determine the dose. Lorazepam is 
mostly used when prolonged and intense anxiolysis is 
pursued, such as in cardiac surgery. Typically, 2 to 4 mg 
lorazepam is administered orally 2 hours before anesthe-
sia and surgery.224

For pediatric patients, midazolam is available in sev-
eral preparations (including a formulation for intranasal 
administration in some countries) and is well tolerated. 
The dose is effective from 0.25 mg/kg and produces 
sedation and anxiolysis in 10 to 20 minutes (see also 
Chapter 93).
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Midazolam has minimal effects on respiration and 
oxygen saturation, even in doses up to 1.0 mg/kg (maxi-
mum, 20 mg).

Sedation
Relief of anxiety and lack of recall of unpleasant events 
during minor surgical and diagnostic procedures are the 
primary objectives of good sedation. Appropriately used 
sedation improves patients’ satisfaction.221 Patients are 
seemingly conscious and coherent during sedation with 
benzodiazepines, yet they are amnesic for the procedure 
and events.225 For this use, drugs should be given by titra-
tion; endpoints of titration are adequate sedation and 
dysarthria (Table 30-7). The onset of action is rapid with 
midazolam, usually with a peak effect reached within 
2 to 3 minutes of administration; time to peak effect is 
slightly longer with diazepam and is even longer still with 
lorazepam.

The duration of action of these drugs is dose depen-
dent. Although the onset is more rapid with midazolam 
than with diazepam after bolus administration, the 
recovery is similar, probably because both drugs have 
similar early plasma decay (redistribution) patterns226 
(Fig. 30-10). With lorazepam, sedation and particularly 
amnesia are slower in onset and are longer lasting than 
with the other two benzodiazepines.227 Lorazepam is par-
ticularly unpredictable with regard to duration of amne-
sia, and this feature is undesirable in patients who wish 
or need to have recall in the immediate postoperative 
period. The degree of sedation and the reliable amnesia 
and the preservation of respiratory and hemodynamic 
function are better with benzodiazepines than with other 
sedative-hypnotic drugs used for conscious sedation. 
When midazolam is compared with propofol for sedation 
during procedures, the two are generally similar, except 
that emergence or wake-up is more rapid with propofol. 
Sedation with propofol is safe in the hands of well-trained 
professionals who are not anesthesia practitioners. How-
ever, decisions about which providers should adminis-
ter propofol remain controversial. Although propofol is 
a wonderful drug, only individuals who are well trained 
should administer it, and training in airway management 
is an absolute requirement.228,229

TABLE 30-7 USES AND DOSES OF INTRAVENOUS 
BENZODIAZEPINES 

Midazolam Diazepam Lorazepam

Induction 0.05-0.15 mg/kg 0.3-0.5 mg/kg 0.1 mg/kg
Maintenance 0.05 mg/kg  

prn
0.1 mg/kg  

prn
0.02 mg/kg  

prn
1 μg/kg/min

Sedation* 0.5-1 mg 
repeated

2 mg  
repeated

0.25 mg 
repeated

0.07 mg/kg  
IM

From Reves JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In 
Miller RD, Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. 
 Philadelphia, 2010, Churchill Livingstone, pp 719-768.

IM, Intramuscularly; prn, as required to keep patient hypnotic and 
 amnesic.

*Incremental doses given until desired degree of sedation is obtained.
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Reports suggested that remimazolam has a favorable 
profile as a sedative agent for upper gastrointestinal endos-
copy in patients because the time to recovery was shorter 
and more consistent than that observed after the use of 
midazolam.187,189 The use of midazolam for sedation dur-
ing regional and epidural anesthesia requires vigilance with 
regard to depth of sedation and respiratory function.230

Two studies reported the use of midazolam during 
cesarean section either for sedation or prevention of nau-
sea and vomiting; the results showed that use of a single IV 
dose of midazolam was a safe practice, with no detriment 
in Apgar scores, neurobehavioral scores, continuous oxy-
gen saturation, or the ability of the mother to recall the 
birth events.231 Nitsun and associates found that 0.005% 
of the maternal dose of midazolam is transferred into the 
breast milk during a 24-hour milk collection.232 Although 
verification of these findings is needed, they highlight an 
important clinical use of midazolam that may be safe for 
mother and infant (see also Chapter 77).

Sedation for longer periods, such as in the ICU, can 
also be accomplished with benzodiazepines. The February 
1, 2014 issue of the New England Journal of Medicine sets 
the standard for overall sedation in the ICU.121 Prolonged 
infusion may result in accumulation of drug and, in the 
case of midazolam, significant concentration of the active 
metabolite. Reviews have pointed out both concerns and 
advantages of benzodiazepine sedation.233 The main 
advantages are amnesia and hemodynamic stability, and 
the disadvantage is the potential lingering sedative effect 
after termination of the infusion, when compared with 
propofol. In 2013, the Society of Critical Care Medicine’s 
(SCCM) American College of Critical Care Medicine 
(ACCM) published a revised version of its pain, agitation, 
and delirium clinical practice guidelines for adult patients 
in the ICU. These guidelines suggest that sedation strate-
gies using nonbenzodiazepine sedatives may be preferred 
over sedation with benzodiazepines, either midazolam or 
lorazepam, to improve clinical outcome in mechanically 
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Figure 30-10. Simulated time course of plasma levels of midazolam 
after an induction dose of 0.2 mg/kg. Plasma levels required for hyp-
nosis and amnesia during surgical procedures are 100 to 200 ng/mL, 
with awakening usually occurring at levels less than 50 ng/mL. (From 
Reves JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In Miller 
RD, Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. Phila-
delphia, 2010, Churchill Livingstone, pp 719-768.)
ventilated patients in the ICU.234 To prevent overdosing 
and prolonged mechanical ventilation, evidenced-based 
sedation algorithms have evolved. Daily interruption of 
sedation has not proven to decrease the time to extuba-
tion of the trachea or the length of hospital stay.235

Induction and Maintenance of Anesthesia
Midazolam is the benzodiazepine of choice for induction 
of anesthesia. Numerous factors influence the rapidity 
of action of midazolam and the other benzodiazepines 
when used for induction of general anesthesia, includ-
ing dose, speed of injection, degree of premedication, age, 
ASA physical status, and concurrent anesthetic drugs. The 
usual induction dose of midazolam is 0.1 to 0.2 mg/kg 
in premedicated patients, and up to 0.3 mg/kg in unpre-
medicated patients. The onset of anesthesia is within 30 
to 60 seconds. The half-time of equilibrium between the 
plasma concentration and the EEG effects is approxi-
mately 2 to 3 minutes.236

Older patients require smaller doses of midazolam than 
do younger patients237 (Fig. 30-11) (see also Chapter 80).

When midazolam is combined with other anesthetic 
drugs (coinduction), often a synergistic interaction 
occurs, similar to that seen with propofol. This synergy is 
observed when midazolam is used with opioids or other 
hypnotics, similar to propofol in combination with opi-
oids20,52,238 (Fig. 30-12).

Emergence time is related to the dose of midazolam 
and to the dose of adjuvant anesthetic drugs.

Benzodiazepines lack analgesic properties and must 
be used with other anesthetic drugs to provide sufficient 
analgesia; however, as maintenance anesthetic drugs dur-
ing general anesthesia, benzodiazepines provide hypnosis 
and amnesia. The amnesic period after an anesthetic dose 
is approximately 1 to 2 hours.

A plasma level of more than 50 to 100 ng/mL occurs 
when benzodiazepines are used with adjuvant opioids 
(e.g., fentanyl) or inhaled anesthetics (e.g., nitrous oxide, 
volatile anesthetics) with a bolus initial dose of 0.05 to 
0.15 mg/kg and a continuous infusion of 0.25 to 1 μg/
kg/minute.239 This plasma level is sufficient to keep the 
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patient asleep and amnesic but arousable at the end of 
surgery. Smaller infusion doses may be required in some 
patients or in combination with opioids. Midazolam, 
diazepam, and lorazepam accumulate in the blood after 
repeated bolus administrations or with continuous infu-
sion. If the benzodiazepines do accumulate with repeated 
administration, prolonged arousal time can be antici-
pated. This is less of a problem with midazolam than with 
diazepam and lorazepam because of the shorter context-
sensitive half-time and greater clearance of midazolam. 
Remimazolam may be a good alternative; it is rapidly 
metabolized and had a faster recovery profile than mid-
azolam in sheep.188,189

Nausea and Vomiting Prophylaxis
Numerous studies have highlighted the role that ben-
zodiazepines, and specifically midazolam, may play in 
the prevention of PONV (see also Chapter 97). Jung and 
colleagues found that in women undergoing middle 
ear surgery, IV midazolam, 0.075 mg/kg after induction 
of anesthesia, reduced the incidence of PONV and the 
need for rescue antiemetics, with no difference from 
placebo in pain intensity or drowsiness.240 Further-
more, the combination of midazolam and dexametha-
sone proved more effective in preventing PONV than 
did midazolam alone.241 The incidence of PONV after 
minor gynecologic or urologic surgical procedures was 
the same when comparing IV ondansetron, 4 mg, and 
IV midazolam, 2 mg.242

In children (see also Chapter 93), IV midazolam, 0.05 
mg/kg, reduced PONV significantly after pediatric (4 to 
12 years old) surgical procedures to treat strabismus com-
pared with placebo or IV dexamethasone, 0.5 mg/kg. No 
child vomited with midazolam alone or with the mid-
azolam-dexamethasone combination.243,244

Finally, in a 2010 three-arm, placebo-controlled, 
double-blind clinical trial, Fujii and associates compared 
midazolam 0.050 mg/kg with 0.075 mg/kg for PONV pro-
phylaxis in patients undergoing laparoscopic gynecologic 
surgical procedures. The two doses of midazolam were 
not significantly different with regard to PONV (30% ver-
sus 27% of patients experienced PONV), and both proved 
better than placebo (67%).245

SIDE EFFECTS AND CONTRAINDICATIONS

Benzodiazepines have limited allergenic effects and do 
not suppress the adrenal gland. The most significant side 
effect of midazolam is respiratory depression. The major 
side effects of lorazepam and diazepam, in addition to 
respiratory depression, are venous irritation and throm-
bophlebitis, problems related to aqueous insolubility and 
requisite solvents.165 When used as sedatives or for induc-
tion and maintenance of anesthesia, benzodiazepines 
may produce an undesirable degree or prolonged interval 
of postoperative amnesia, sedation, and, rarely, respira-
tory depression. These residual effects can be reversed 
with flumazenil.246

FLUMAZENIL

Flumazenil (Anexate, Romazicon) is the first benzo-
diazepine antagonist approved for clinical use.247 It is 
a benzodiazepine receptor ligand with high affinity, 
great specificity, and by definition minimal intrinsic 
effect. Flumazenil, similar to the agonists it replaces at 
the benzodiazepine receptor, interacts with the receptor 
in a concentration-dependent manner. It is a competi-
tive antagonist at the benzodiazepine receptor and pro-
duces antagonism that is reversible and surmountable. In 
humans, flumazenil has minimal agonist activity, which 
means that its benzodiazepine receptor agonist effects 
are very weak, significantly less than those of clinical 
agonists.248 Flumazenil, like all competitive antagonists 
at receptors, does not displace the agonist, but rather 
occupies the receptor when an agonist dissociates from 
the receptor. The half-time (or half-life) of a receptor-
ligand bond is a few milliseconds to a few seconds, and 
new ligand-receptor bonds are immediately formed. This 
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dynamic situation accounts for the ability of either an 
agonist or an antagonist to occupy the receptor readily. 
The ratio of agonist to total receptors produces the effects 
of the agonist drug, but the antagonist can alter this 
ratio, depending on its concentration and dissociation 
constant. Flumazenil, which is an avid (high-affinity) 
ligand, replaces a relatively weak agonist, such as diaze-
pam, as long as it is given in sufficient dose. Flumazenil is 
rapidly metabolically cleared, however, and the propor-
tion of receptors occupied by the agonist then increases 
again, with the potential for rebound sedation and respi-
ratory suppression (Fig. 30-13). This situation is less likely 
to occur when flumazenil is used to reverse midazolam, 
which has a more rapid clearance than that of the other 
benzodiazepine agonists.

Another important finding is that in the presence of 
extremely large doses of agonist (e.g., when a mistake in 
dosing has occurred or if suicide by means of an overdose 
is attempted), a small dose of flumazenil attenuates the 
deep CNS depression (loss of consciousness, respiratory 
depression) by reducing the fractional receptor occupancy 
by the agonist without decreasing the agonist effects that 
occur at low fractional receptor occupancy (drowsiness, 
amnesia).

Conversely, large doses of flumazenil in the presence 
of small doses of agonist completely reverse all the ago-
nist effects. Flumazenil can precipitate withdrawal symp-
toms in animals or in humans physically dependent on 
a benzodiazepine receptor agonist.249 However, this is 
not a problem when flumazenil is used to reverse clinical 
effects of benzodiazepine receptor agonists applied in the 
practice of anesthesia.
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Figure 30-13. Schematic representation of the interaction of a short-
acting antagonist with a longer-acting agonist, with resulting reseda-
tion. The blue curve shows disappearance of agonist from blood, and 
the gold curve shows disappearance of antagonist from plasma. Four 
conditions are represented: I, agonist response; II, antagonist response 
(the antagonist reverses the agonist effect); III, agonist response (rese-
dation or resumption of agonist response with disappearance of short-
lasting antagonist); and IV, no drug effect, with disappearance of 
agonist and antagonist (both drugs are below the therapeutic level). 
(From Reves JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In 
Miller RD, Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. 
Philadelphia, 2010, Churchill Livingstone, pp 719-768.)
PHYSICOCHEMICAL CHARACTERISTICS

Flumazenil is similar to midazolam and other classic ben-
zodiazepines except for the absence of the phenyl group, 
which is replaced by a carbonyl group (see Fig. 30-8). It 
forms a colorless, crystalline powder. It has a dissociation 
constant of 1.7 and weak but sufficient water solubility to 
permit its preparation in aqueous solution. Its octanol/
aqueous buffer (pH 7.4) partition coefficient is 14, show-
ing moderate lipid solubility at pH 7.4.250

PHARMACOKINETICS

Flumazenil, similar to the other benzodiazepines, is 
completely (99%) metabolized in the liver. It is rapidly 
cleared from the plasma, and it has three known metab-
olites: N-desmethylflumazenil, N-desmethylflumazenil 
acid, and flumazenil acid.251 The metabolic end product 
(i.e., flumazenil acid) has no pharmacologic activity. The 
major metabolites identified in urine are the deethylated 
free acid and its glucuronide conjugate. Flumazenil is a 
short-lived compound. Table 30-5 includes a summary 
of its pharmacokinetic properties, which are described 
in various clinical settings. The volume of distribution is 
high, and extravascular distribution is rapid.

Compared with most benzodiazepine receptor ago-
nists, flumazenil has very rapid clearance and a short 
elimination half-life.252 Only remimazolam has more 
rapid clearance and a shorter half-life. The plasma half-
life of flumazenil is approximately 1 hour, the shortest of 
all benzodiazepines used in anesthetic practice. The rapid 
blood clearance of flumazenil approaches hepatic blood 
flow, a finding that indicates that liver clearance partially 
depends on hepatic blood flow. Compared with other 
benzodiazepines, flumazenil has a high proportion of 
unbound drug; plasma protein binding is approximately 
40%. The potential exists for the antagonist to be cleared, 
thus leaving sufficient concentrations of agonist at the 
receptor site to cause recurrent sedation.253 To maintain 
a constant therapeutic blood level over a prolonged time, 
either repeated administration or a continuous infusion 
is required. An infusion rate of 30 to 60 μg/minute (0.5 to 
1 μg/kg/minute) has been used for this purpose.254

PHARMACODYNAMICS

When given in the absence of a benzodiazepine recep-
tor agonist, flumazenil has little discernible CNS effect. 
When given to healthy subjects and patients in clinically 
relevant doses, flumazenil has no effect on the EEG or 
cerebral metabolism. Flumazenil is free of anticonvul-
sant properties, and it reverses the anticonvulsant prop-
erties of benzodiazepines in local anesthetic–induced 
seizures.255 When administered to patients who have 
benzodiazepine-induced CNS depression, flumazenil pro-
duces rapid and dependable reversal of unconsciousness, 
respiratory depression, sedation, amnesia, and psycho-
motor dysfunction.256 Flumazenil can be given before, 
during, or after the agonist to block or reverse the CNS 
effects of the agonist.

Flumazenil has successfully reversed the effects of ben-
zodiazepines such as midazolam, diazepam, lorazepam, 



and flunitrazepam. It has also been used successfully 
to reverse the effects of chloral hydrate and cannabis 
intoxication in children (see also Chapter 95),257,258 car-
bamazepine and alcohol overdose,259 and antihistamine 
overdose.260 The onset is rapid, with peak effect occurring 
in 1 to 3 minutes, which coincides with the detection of 
C-flumazenil in human brain.256 Flumazenil reverses the 
agonist by replacing it at the benzodiazepine receptor, 
and its onset and duration are governed by the law of 
mass action. When flumazenil is given in the presence 
of agonists, it has significant respiratory effects because 
it reverses respiratory depression caused by the agonists 
(e.g., when given to volunteers made apneic with mid-
azolam). For example, the reversal of midazolam-induced 
(0.13 mg/kg) respiratory depression with flumazenil (1 
mg) lasts 3 to 30 minutes. Other agonists and other doses 
would have different durations of antagonism of respira-
tory depression.

Incremental IV doses up to 3 mg in patients with isch-
emic heart disease had no significant effect on cardio-
vascular variables.256,261 Administration of flumazenil to 
patients given agonists is remarkably free of cardiovascu-
lar effects, in contrast to the experience of opioid reversal 
with naloxone.262 Although flumazenil does reverse seda-
tion, it does not increase blood concentrations of cate-
cholamines. However, catecholamine levels may increase 
when arousal is more rapid after flumazenil.263 The rever-
sal of sedation by midazolam with flumazenil also restores 
the attenuated cardiac baroreflex function.264

In healthy subjects, flumazenil did not alter intraocular 
pressure but reversed the decrease in intraocular pressure 
observed after administration of midazolam (Romazicon 
package insert; www.fda.gov).

USES AND DOSES

Application of a benzodiazepine antagonist includes the 
diagnostic and therapeutic reversal of benzodiazepine 
receptor agonists (Box 30-2). For diagnostic use in sus-
pected benzodiazepine overdose, flumazenil may be 
given in incremental IV doses of 0.2 to 0.5 mg up to 2 
mg. More commonly in anesthesia, flumazenil is used to 
reverse residual sedation in a patient after administration 
of a benzodiazepine for premedication of a short surgi-
cal procedure, conscious sedation, or general anesthesia. 
Flumazenil reliably reverses the sedation, respiratory 
depression, and amnesia caused by benzodiazepines. Dif-
ferential reversal effects on the different agonist actions 
are noted. Flumazenil tends to reverse the hypnotic and 
respiratory effects more than the amnestic effects of the 
benzodiazepine agonist.265,266

The dose varies with the particular benzodiazepine 
being reversed, and the duration of reversal depends on the 
kinetics of the agonist and of flumazenil. Surveillance is 
recommended if a long-lasting benzodiazepine is reversed 
with a single administration of flumazenil because of the 
relatively short-lived effect. If a patient shows no signs 
of recurrent sedation within 2 hours after a 1-mg rever-
sal dose of flumazenil, serious recurrent sedation at a 
later time is unlikely. Flumazenil may be administered 
by continuous infusion to prevent recurrent sedation 
by longer-lasting benzodiazepine receptor agonists. The 
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pharmacokinetic profile of flumazenil is unaltered in the 
presence of benzodiazepine agonists (diazepam, flunitraz-
epam, lormetazepam, midazolam) and vice versa.

SIDE EFFECTS AND CONTRAINDICATIONS

Flumazenil has been given in large oral and IV doses 
with remarkably few toxic reactions.256 It is free of local 
or tissue irritant properties, and it has no known organ 
toxicities. Like all benzodiazepines, flumazenil appar-
ently has a high safety margin, probably higher than the 
safety margins of the agonists, because it does not pro-
duce prominent CNS depression. In patients using large 
doses of benzodiazepines over several weeks or longer, 
the administration of flumazenil may elicit symptoms of 
benzodiazepine withdrawal, including seizures.

PHENCYCLIDINES (KETAMINE)

HISTORY

Ketamine (Ketalar) was synthesized in 1962 by Stevens 
and was first used in humans in 1965 by Corssen and 
Domino. Ketamine was released for clinical use in 1970 
and is still used in various clinical settings. It produces 
dissociative anesthesia, rather than generalized depres-
sion of the CNS, through antagonistic actions at the 
phencyclidine (PCP) site of the NMDAR. Ketamine is a 
racemic mixture of the isomers R(−)-ketamine and S(+)-
ketamine. It usually does not depress the cardiovascular 
and respiratory systems, but it does have some of the 
adverse psychological effects found with the other phen-
cyclidines.267 The S(+)-isomer (Ketanest) is three to four 
times more potent as an analgesic with a faster clear-
ance and recovery and with fewer psychomimetic side 
effects. Nonetheless, S-ketamine produces psychotropic 
effects, cognitive impairment, memory impairment, and 
a reduced reaction time, in addition to analgesia. Interest 
in ketamine has increased because of its effects on hyper-
algesia and opiate tolerance, use in chronic pain states, 
potential neuroprotective effects, increasing popularity of 
total IV anesthesia, and the availability in some countries 
of S(+)-ketamine.268

PHYSICOCHEMICAL CHARACTERISTICS

Ketamine has a molecular weight of 238 kDa, is partially 
water soluble, and forms a white crystalline salt with a 

Reversal of benzodiazepines* 0.2 mg repeated† up to 3 mg
Diagnosis in coma 0.5 mg repeated up to 1 mg

BOX 30-2 Uses and Doses of Flumazenil

From Reves JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In Miller 
RD, Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. Phila-
delphia, 2010, Churchill Livingstone, pp 719-768.

*The dose required to reverse each benzodiazepine (BZD) depends on 
residual BZD and the particular BZD (i.e., higher doses are required for 
more potent BZDs) (see text).

†The degree of reversal should be titrated by repeating 0.2-mg incre-
ments every 1 to 2 minutes until the desired level of reversal is achieved.

http://www.fda.gov
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pKa of 7.5 (Fig. 30-14). It has a lipid solubility 5 to 10 
times that of thiopental. Ketamine is only for 12% bound 
to proteins. Its bioavailability is 93% after parenteral 
administration but only 20% after oral use, as a result of 
its high first-pass metabolism.269

PHARMACOKINETICS

Ketamine is metabolized by hepatic microsomal 
enzymes.270,271 The major pathway involves N-demeth-
ylation to form norketamine (metabolite I), which is 
then hydroxylated to hydroxynorketamine, which is fur-
ther conjugated to water-soluble glucuronide derivatives 
and excreted in the urine. The activity of the principal 
metabolites of ketamine has not been well studied, but 
norketamine (metabolite I) has significantly less (20% to 
30%) activity than the parent compound. More recent 
modeling of norketamine suggests that it contributes in 
prolonging the analgesia provided by either a bolus or 
infusion of ketamine, although this conclusion is being 
questioned.270,272,273 In contrast to previous reports, 
S-norketamine may have a negative contribution to S-ket-
amine–induced analgesia but shows absence of contribu-
tion to the cognitive impairment. This may explain the 
observation of ketamine-related excitatory phenomena 
(e.g., hyperalgesia and allodynia) upon the termination 
of ketamine infusions.270,272,273

Ketamine’s pharmacokinetics has been examined after 
bolus administration of anesthetizing doses (2 to 2.5 mg/
kg IV), after a subanesthetic dose (0.25 mg/kg IV), and 
after continuous infusion (steady-state plasma level 2000 
ng/mL).

Regardless of the dose, the plasma disappearance of 
ketamine can be described by a two-compartment model. 
Table 30-1 contains the pharmacokinetic values from 
bolus administration studies. Of note is the rapid distribu-
tion reflected in the relatively brief distribution half-life 
of 11 to 16 minutes (Fig. 30-15). The high lipid solubility 
of ketamine is reflected in its large volume of distribu-
tion of nearly 3 L/kg.271,274 Clearance also is high, 890 
to 1227 mL/minute, which accounts for the short elimi-
nation half-life of 2 to 3 hours. Mean total body clear-
ance (1.4 L/minute) is approximately equal to liver blood 
flow. Low-dose alfentanil increases the volume of distri-
bution and clearance of ketamine. In addition, alfentanil 
increases the distribution of ketamine into the brain. The 
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pharmacokinetic model of Clements provided the best 
accuracy when it was used to administer low-dose ket-
amine to volunteers using a target-controlled infusion 
device.271 The pharmacokinetics of the two isomers is dif-
ferent. S(+)-ketamine has a larger elimination clearance 
and larger volume of distribution than R(−)-ketamine. 
When the pharmacokinetics of S(+)-ketamine was tested 
in a target-controlled infusion device for procedures of 
1 hour and in combination with propofol, the investi-
gators found that the accuracy of the pharmacokinetic 
parameters was improved with a much smaller Vc central 
volume of distribution (167 mL/kg).275 The investigators 
also noted that ketamine clearance was not normally dis-
tributed, and this was not related to age. The S(+) enan-
tiomer also seems to be more potent in suppressing the 
EEG than either R(−) or the racemic mixture. Ketamine is 
increasingly being given by alternative routes, especially 
orally and through an intranasal spray. Administration 
by either of these routes is subject to significant first-pass 
metabolism. The bioavailability by oral administration is 
20% to 30%, and by the intranasal route it is approxi-
mately 40% to 50%. In clinical and experimental studies, 
hyperalgesic responses were noted after the withdrawal 
of S(+)-ketamine.272-274,276,277 Furthermore, no delay 
between concentration and effect has been observed 
for any of the antinociceptive endpoints. This finding 
indicates an almost immediate passage of S(+)-ketamine 
across the blood-brain barrier and rapid receptor kinetics.

PHARMACODYNAMICS

Effects on the Central Nervous System
Ketamine produces dose-related unconsciousness and 
analgesia. Ketamine acts at multiple receptors, including 
the NMDARs, opioid receptors, and monoaminergic recep-
tors. At high ketamine concentrations, σ opioid receptors 
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are also affected, muscarinic receptors are blocked, and 
GABA-ergic neurotransmission is facilitated. The most 
important action of ketamine is inhibition of NMDAR-
mediated glutamergic input to the GABA-ergic system 
that leads to changing excitatory activity in the cortex 
and limbic system that in the end results in unconscious-
ness. At the spinal cord level, ketamine has potent antino-
ciceptive effects on the NMDAR and inhibits acetylcholine 
release.272-274 The anesthetized state has been termed dis-
sociative anesthesia because patients who receive ketamine 
alone appear to be in a cataleptic state, in contrast to other 
states of anesthesia that resemble normal sleep. Patients 
anesthetized with ketamine have profound analgesia, but 
they keep their eyes open and maintain many reflexes. 
Corneal, cough, and swallow reflexes all may be present, 
but they should not be assumed to be protective. The 
patient has no recall of surgery or anesthesia, but amnesia 
is not as prominent with ketamine as with the benzodiaze-
pines. Because ketamine has a low molecular weight, a pKa 
near the physiologic pH, and relatively high lipid solubil-
ity, it crosses the blood-brain barrier rapidly and has an 
onset of action within 30 to 60 seconds of administration. 
The maximal effect occurs in approximately 1 minute.

After ketamine administration, pupils dilate moder-
ately, and nystagmus occurs. Lacrimation and salivation 
are common, as is increased skeletal muscle tone, often 
with coordinated but seemingly purposeless movements 
of the arms, legs, trunk, and head. Although interindi-
vidual variability is great, plasma levels of 0.6 to 2 μg/mL 
are considered the minimum concentrations for general 
anesthesia; children may require slightly higher plasma 
levels (0.8 to 4 μg/mL) (see also Chapter 93). The duration 
of ketamine anesthesia after a single IV administration of 
a general anesthetic dose (2 mg/kg) is 10 to 15 minutes 
(see Fig. 30-15), and full orientation to person, place, and 
time occurs within 15 to 30 minutes. The S(+) enantiomer 
enables quicker recovery (by a couple of minutes) than 
does the racemic mixture,278,279 as a result of the smaller 
dose necessary to produce an equianesthetic effect and 
the 10% faster hepatic biotransformation. Because of the 
good correlation between blood concentration of ket-
amine and the CNS effect, the relatively short duration 
of action of ketamine probably reflects its redistribution 
from the brain and blood to the other tissues in the body.

Concomitant administration of benzodiazepines, 
which is a common practice, may prolong the effect of 
ketamine. When used in combination with a benzodiaz-
epine, the S(+) enantiomer was no different in terms of 
awareness at 30 minutes, but it was significantly better at 
120 minutes than the racemic mixture. Analgesia occurs 
at considerably lower blood concentrations than does 
loss of consciousness.

Ketamine provides important postoperative analgesia. 
The plasma level at which pain thresholds are elevated is 
0.1 μg/mL or greater.276,280,281 This means that a consid-
erable period of postoperative analgesia occurs after ket-
amine general anesthesia, and subanesthetic doses can 
consequently be used to produce analgesia. Ketamine 
inhibits nociceptive central hypersensitization. Ketamine 
also attenuates acute tolerance after opiate administra-
tion. The NMDAR plays an important role in the induc-
tion of hyperalgesia and antinociceptive tolerance as 
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induced by opioids. Prophylactic ketamine administra-
tion may thus prevent both central sensitization and 
long-lasting enhancement in pain sensitivity as induced 
by opioids. Ketamine, like other NMDAR antagonists, 
may thus prevent opioid-induced hyperalgesia.282 The 
primary site of CNS action of ketamine seems to be the 
thalamoneocortical projection system. The drug selec-
tively depresses neuronal function in parts of the cortex 
(especially association areas) and thalamus while stimu-
lating parts of the limbic system, including the hippo-
campus. This process creates what is termed a functional 
disorganization of nonspecific pathways in midbrain and 
thalamic areas. Ketamine acts by antagonism of the 
excitatory glutamatergic NMDAR. The NMDAR has high 
expression in the temporal cortex, hippocampus, basal 
ganglia, cerebellum, and brainstem, all regions signifi-
cantly affected by ketamine.

Evidence also indicates that ketamine depresses trans-
mission of impulses in the medial medullary reticular 
formation, which is important for transmission of the 
affective-emotional components of nociception from the 
spinal cord to higher brain centers. In volunteers expe-
riencing heat pain, fMRI studies showed that ketamine 
produced a dose-dependent effect on pain processing by 
decreasing activation of the secondary somatosensory 
cortex (S2), insula, and anterior cingulate cortex. Ket-
amine occupies opiate receptors in the brain and spinal 
cord, and this property could account for some of the 
analgesic effects.283,284 The S(+) enantiomer has some 
opioid μ-receptor activity, thus accounting for part of its 
analgesic effect. NMDAR interaction may mediate the 
general anesthetic effects and some analgesic actions of 
ketamine. The spinal cord analgesic effect of ketamine is 
postulated to be caused by inhibition of dorsal horn wide 
dynamic range neuronal activity. In a resting-state fMRI 
study, low-dose ketamine induced connectivity changes 
in brain areas involved in motor function, psychedelic 
effects, and pain processing. Ketamine’s analgesic effect 
may arise from multiple pathways: decreased connectivity 
in regions of the pain matrix responsible for the percep-
tion of pain (pain sensing) and the affective processing of 
pain. In addition, ketamine affects connectivity in brain 
areas involved in endogenous pain inhibition.285,286

Although some drugs have been used to antagonize 
ketamine, no specific receptor antagonist reverses all the 
CNS effects of ketamine.

Ketamine increases cerebral metabolism, CBF, and ICP 
(see Chapter 70). Because of its excitatory CNS effects, 
which can be detected by generalized EEG development 
of theta wave activity and by petit mal seizure-like activ-
ity in the hippocampus, ketamine increases CMRO2. 
The increase in CBF appears higher than the increase 
in CMRO2 would mandate. With the rise in CBF and 
the generalized increase in sympathetic nervous system 
response, ICP increases after ketamine use. The increase 
in CMRO2 and CBF can be blocked by the use of thio-
pental or diazepam. Cerebrovascular responsiveness to 
carbon dioxide seems to be preserved with ketamine; 
reducing Paco2 attenuates the rise in ICP after ketamine.

S(+)-ketamine may influence the expression of apopto-
sis-regulating proteins in rat brains 4 hours after cerebral 
ischemia and reperfusion. The neuroprotection observed 
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with ketamine may involve antiapoptotic mechanisms in 
addition to reducing necrotic cell death.

In contrast, ketamine and other anesthetic agents 
such as propofol and volatile anesthetic agents accentu-
ate apoptosis in the newborn brain of animals and cause 
changes in the morphology of dendritic spines. This find-
ing has sparked controversy over the use of ketamine in 
neonates. An editorial in the journal Anesthesiology and 
the Anesthetic and Life Support Drugs Advisory Commit-
tee of the FDA cautioned changing clinical practice based 
on present available data (see also Chapter 93).

Ketamine, like other phencyclidines, produces unde-
sirable psychological reactions, which occur during awak-
ening from ketamine anesthesia and are termed emergence 
reactions. The common manifestations of these reactions, 
which vary in severity and classification, are vivid dream-
ing, extracorporeal experiences (sense of floating out of 
body), and illusions (misinterpretation of a real, external 
sensory experience). These incidents of dreaming and 
illusion are often associated with excitement, confusion, 
euphoria, and fear. They occur in the first hour of emer-
gence and usually abate within 1 to several hours. These 
psychic emergence reactions are secondary to ketamine-
induced depression of auditory and visual relay nuclei, 
thus leading to misperception or misinterpretation of 
auditory and visual stimuli. The incidence of the psychic 
emergence reactions ranges from 3% to 100%. A clinically 
relevant range is probably 10% to 30% of adult patients 
who receive ketamine as a sole or major part of the anes-
thetic technique. Factors that affect the incidence of 
emergence reactions are age, dose, gender, psychological 
susceptibility, and concurrent drugs. Pediatric patients do 
not report as high an incidence of unpleasant emergence 
reactions as do adult patients; men also report a less fre-
quent incidence compared with women.

Larger doses and rapid administration of large doses 
seem to predispose patients to a frequent incidence of 
adverse effects. Finally, certain personality types seem 
prone to the development of emergence reactions. 
Patients who score high in psychotism on the Eysenck 
Personality Inventory are prone to develop emergence 
reactions, and individuals who commonly dream at 
home are more likely to have postoperative dreams in the 
hospital after ketamine. Although numerous drugs have 
been used to reduce the incidence and severity of postop-
erative reactions to ketamine, the benzodiazepines seem 
to be the most effective group of drugs.

Effects on the Respiratory System
Ketamine has minimal effects on the central respiratory 
drive as reflected by an unaltered response to carbon 
dioxide. A transient (1 to 3 minutes) decrease in minute 
ventilation can occur after the bolus administration of an 
induction IV dose of ketamine (2 mg/kg). Unusually large 
doses can produce apnea, but this is seldom seen. In a 
μ-opioid knockout mouse model, however, at supraspinal 
sites S(+)-ketamine interacted with the μ-opioid receptor 
system. This interaction contributed significantly to S(+)-
ketamine–induced respiratory depression and supraspinal 
antinociception.287,288 With the use of adjuvant sedatives 
or anesthetic drugs, respiratory depression may become 
clinically significant. Ketamine depresses ventilatory 
control in children, especially with bolus doses. Ketamine 
is a bronchial smooth muscle relaxant. When it is given 
to patients with reactive airway disease and broncho-
spasm, pulmonary compliance is improved.

Ketamine is as effective as halothane or enflurane in 
preventing experimentally induced bronchospasm. The 
mechanism for this effect is probably a result of the sym-
pathomimetic response to ketamine, but isolated bron-
chial smooth muscle studies showed that ketamine can 
directly antagonize the spasmogenic effects of carbachol 
and histamine. Because of its bronchodilating effect, 
administration of ketamine can treat status asthmaticus 
unresponsive to conventional therapy. A potential respi-
ratory problem, especially in children, is the increased 
salivation that follows ketamine administration; this 
effect can be modulated by an anticholinergic drug such 
as atropine or glycopyrrolate (see also Chapter 93).

Effects on the Cardiovascular System
Ketamine increases arterial blood pressure, heart rate, 
and cardiac output in a biphasic manner. It has a direct 
cardiodepressant, negative inotropic effect next to an 
indirect stimulatory effect secondary to activation of the 
sympathetic system. Ketamine causes the systemic release 
of catecholamines, inhibition of the vagal nerve, inhibi-
tion of norepinephrine reuptake at peripheral nerves and 
nonneuronal tissues such as the myocardium, and norepi-
nephrine release from sympathetic ganglia.289 Cardiode-
pression precedes stimulation after large-dose ketamine 
administration or occurs after repeated administrations 
when presynaptic catecholamine stores become depleted. 
Cardiovascular stimulation already occurs after small-
dose ketamine infusion and is characterized by tachy-
cardia, systemic and pulmonary hypertension, increases 
in cardiac output, and myocardial oxygen consumption. 
Whereas the cardiovascular stimulatory effects of ket-
amine generally are dominant, after termination of S-ket-
amine infusion, cardiovascular depression may become 
evident because cardiac output may decrease to less than 
preinfusion values.272 The cardiovascular stimulatory 
effect of S(+)-ketamine is characterized by an increase in 
the cardiac output of 1 L/minute in the presence of 243 
ng/mL S(+)-ketamine.272 The cardiovascular stimulatory 
effect of S(+)-ketamine is induced very rapidly with a half-
life for onset and offset of the effect of ketamine on car-
diac output of 1 to 2 minutes.

The increase in hemodynamic variables is associated 
with increased work and myocardial oxygen consump-
tion. The healthy heart augments oxygen supply by 
increased cardiac output and decreased coronary vascular 
resistance, so that coronary blood flow is appropriate for 
the increased oxygen consumption. Patients with con-
genital heart disease have no significant changes in shunt 
directions or fraction, or systemic oxygenation, after ket-
amine induction of anesthesia (see also Chapter 94). In 
patients who have increased pulmonary artery pressure 
(e.g., patients with mitral valvular and some congenital 
lesions), ketamine causes a more pronounced increase in 
pulmonary than systemic vascular resistance. Ketamine 
injected directly into the CNS produces an immediate 
sympathetic nervous system hemodynamic response. 
Ketamine also causes the sympathoneuronal release of 



norepinephrine, which can be detected in venous blood. 
Blockade of this effect is possible with barbiturates, benzo-
diazepines, and droperidol. The centrally mediated sym-
pathetic responses to ketamine usually override the direct 
depressant effects of ketamine. Some peripheral nervous 
system actions of ketamine play an undetermined role in 
the hemodynamic effects of the drug. Ketamine inhib-
its intraneuronal uptake of catecholamines by a cocaine-
like effect, and it inhibits extraneuronal norepinephrine 
uptake.

Stimulation of the cardiovascular system is not always 
desirable, and certain pharmacologic methods have been 
used to block ketamine-induced tachycardia and sys-
temic hypertension. Probably the most fruitful approach 
has been prior administration of benzodiazepines. Mod-
est doses of diazepam, flunitrazepam, and midazolam all 
attenuate the hemodynamic effects of ketamine. It also 
is possible to decrease the tachycardia and hyperten-
sion caused by ketamine by using a continuous infusion 
technique with or without a benzodiazepine. Inhalation 
anesthetics and propofol blunt the hemodynamic effect 
of ketamine.

USES

The many unique features of ketamine pharmacology, 
especially its propensity to produce unwanted emergence 
reactions in 10% to 20% of patients, have limited its use 
for routine anesthesia. Nevertheless, ketamine has an 
important niche in the practice of anesthesiology when 
its unique sympathomimetic activity and bronchodilat-
ing capabilities are indicated during induction of anes-
thesia. It is used for premedication, sedation, induction, 
and maintenance of general anesthesia. Interest in the 
use of ketamine in small doses for preventive analgesia 
and for the treatment or prevention of opiate tolerance 
and hyperalgesia and in treatment of acute and chronic 
pain has increased.

Induction and Maintenance of Anesthesia
The cardiovascular stimulatory effects make ketamine a 
desirable drug for the induction of anesthesia in unsta-
ble cardiovascular patients suffering from hypovolemia, 
hemorrhagic shock, or cardiovascular depression in sep-
sis. Ketamine bronchodilation and profound analgesia 
allowing the use of high oxygen concentrations make 
ketamine an excellent choice for induction of anesthe-
sia in patients with reactive airway disease. Patients who 
have sustained trauma with extensive blood loss are typi-
cal candidates for rapid-sequence anesthesia induction 
with ketamine (see also Chapter 81). Patients with septic 
shock also may benefit from ketamine. The intrinsic myo-
cardial depressant effect of ketamine may manifest in this 
situation if trauma or sepsis has caused depletion of cat-
echolamine stores before the patient’s arrival in the oper-
ating room. Use of ketamine in these patients does not 
obviate the need for appropriate preoperative prepara-
tion, including restoration of intravascular blood volume.

Other cardiac diseases that can be well managed with 
ketamine anesthesia are cardiac tamponade and restric-
tive pericarditis. The finding that ketamine preserves 
heart rate and right atrial pressure through its sympathetic 
Chapter 30: Intravenous Anesthetics 849

stimulating effects makes ketamine an excellent anes-
thetic induction and maintenance drug in this setting. 
Ketamine also is often used in patients with congenital 
heart disease, especially patients with a propensity for 
right-to-left shunting (see also Chapter 94). Ketamine has 
been successfully used in a patient susceptible to malig-
nant hyperthermia. Ketamine combined with propofol 
or midazolam can be given by continuous infusion to 
produce satisfactory cardiac anesthesia for patients with 
valvular and ischemic heart disease. The combination of 
a benzodiazepine or of a benzodiazepine and sufentanil 
with ketamine attenuates or eliminates the unwanted 
tachycardia and hypertension and postoperative psy-
chological derangements. With this technique, patients 
have minimal hemodynamic perturbations, profound 
analgesia, dependable amnesia, and an uneventful conva-
lescence. The use of propofol in combination with small-
dose ketamine also has gained increasing popularity as 
a total IV anesthesia technique for patients undergoing 
noncardiac surgical procedures. The advantages of this 
combination are maintenance of stable hemodynamics 
and minimal ventilatory depression when allowing spon-
taneous ventilation.

Pain Management
Postoperative pain is a major concern of many patients, 
and it is inadequately treated in as many as 30% to 50% 
of all postoperative patients (see also Chapter 98). Mul-
timodal analgesia combining various analgesic agents 
that act through different pathways is the way to man-
age postoperative pain. Ketamine is increasingly used as 
one of the constituents of this multimodal analgesia ther-
apy. Over the years, the ketamine dose used for periop-
erative analgesia has gradually been decreasing. Ketamine 
administered in small doses decreases postoperative anal-
gesic consumption by 33%. Several meta-analyses of the 
use of small-dose ketamine (20 to 60 mg) perioperatively 
have been performed. These meta-analyses showed an 
overall decrease in opiate use or improved analgesia and a 
decrease in opiate-induced side effects, especially PONV. 
Side effects, especially psychomimetic effects, were mini-
mal, especially if a benzodiazepine also was administered.

The action of ketamine on opiate tolerance and hyper-
algesia combined with its direct analgesic activity has led 
to its use in chronic pain states. Ketamine may be effective 
in the treatment of cancer pain, chronic peripheral and 
central neuropathic pain, phantom and ischemic limb 
pain, fibromyalgia, complex regional pain syndrome, vis-
ceral pain, and migraine. The epidural or caudal adminis-
tration of ketamine (0.5 to 1 mg/kg) is effective. Although 
the efficacy of these doses of ketamine seems to be estab-
lished, the safety of this technique has not yet received 
regulatory approval. The preservative of racemic mixture 
is potentially neurotoxic, whereas studies to date indicate 
that preservative-free S(+)-ketamine may be safe. Epidural 
preservative-free S(+)-ketamine has been shown to be safe 
and of value as an adjunct to corticosteroids in patients 
for the treatment of chronic low back pain secondary to 
radiculopathy.290 The favorable hemodynamic effects 
and conservation of respiration make ketamine, admin-
istered by the IV route and even intranasally, useful for 
analgesia after extremity fractures.
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Sedation
Ketamine is often combined with premedication with a bar-
biturate or benzodiazepine and an antisialagogue (e.g., gly-
copyrrolate) to facilitate management. The premedications 
reduce the dose requirement for ketamine, and the antisi-
alagogue reduces the sometimes troublesome salivation. In 
adults and children, ketamine can be used as a supplement 
or an adjunct to regional anesthesia, thereby extending the 
usefulness of the primary (local anesthetic) form of anes-
thesia. In addition, ketamine is increasingly used for short, 
painful procedures in the emergency department. The dose 
used then is between 0.1 and 0.6 mg/kg. As previously 
described, ketamine also may be considered for sedation 
of patients in a critical care unit because of its combined 
sedative and analgesic properties and favorable effects on 
hemodynamics. Ketamine can even be used safely in head-
injured patients when they are adequately ventilated.291,292

Ketamine is particularly suitable for sedation of pediatric 
patients undergoing procedures outside the operating room. 
Pediatric patients have fewer adverse emergence reactions 
than adults, and this feature makes the use of ketamine in 
pediatric patients more versatile (see also Chapter 93).

DOSES AND ROUTES OF ADMINISTRATION

Ketamine has been administered by the IV, intramuscu-
lar (IM), transcutaneous, oral, nasal, and rectal routes and 
as a preservative-free solution epidurally or intrathecally. 
Most clinical use involves the IV and IM routes, by which 
the drug rapidly achieves therapeutic concentrations. 
The dose depends on the desired therapeutic effect and 
on the route of administration. Box 30-3 contains general 
recommended doses for the IV and IM administration of 
ketamine for various therapeutic goals. Intranasal admin-
istration has an onset closer to that of IV administration; 
an oral dose of 3 to 10 mg/kg generates a sedative effect in 
20 to 45 minutes. For sedation, ketamine may be given in 
an IM dose of 2 to 4 mg/kg. It also has been administered 
orally in doses of 3 to 10 mg/kg, with 6 mg/kg providing 
optimal conditions in 20 to 25 minutes in one study and 
10 mg/kg providing sedation in 87% of children within 
45 minutes in another study.

Induction of general 
anesthesia*

0.5-2 mg/kg IV
4-6 mg/kg IM

Maintenance of general 
anesthesia

0.5-1 mg/kg IV with N2O 50% 
in O2

15-45 μg/kg/min IV with N2O  
50-70% in O2

30-90 μg/kg/min IV without N2O
Sedation and analgesia 0.2-0.8 mg/kg IV over 2-3 min

2-4 mg/kg IM
Preemptive or preventive 

analgesia
0.15-0.25 mg/kg IV

BOX 30-3 Uses and Doses of Ketamine

From Reves JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In Miller 
RD, Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. Phila-
delphia, 2010, Churchill Livingstone, pp 719-768.

IM, Intramuscularly; IV, intravenously; N2O, nitrous oxide.
*Lower doses are used if adjuvant drugs such as midazolam or thiopental 

also are given.
SIDE EFFECTS AND CONTRAINDICATIONS

Contraindications to ketamine relate to specific pharma-
cologic actions and diseases. In patients with increased 
ICP who are breathing spontaneously, ketamine should 
be used with caution because it can increase ICP and 
has been reported to cause apnea. Ketamine is increas-
ingly used clinically in emergency airway management 
in patients with brain injury with or without other bodily 
injuries. In this setting, the current knowledge of safe 
management of increased ICP is continuing to grow.291,292

In mechanically ventilated patients, ketamine retains 
the response of CBF to carbon dioxide, a property that 
makes it useful in head-injured patients because of its 
potential neuroprotective effect. Ketamine may be con-
traindicated in patients with an open eye injury or other 
ophthalmologic disorder, in which a ketamine-induced 
increase in intraocular pressure would be detrimental (see 
also Chapter 84). Because ketamine has a propensity to 
cause hypertension and tachycardia, with a commensu-
rate increase in myocardial oxygen consumption, it may 
be contraindicated as the sole anesthetic agent in patients 
with ischemic heart disease. Similarly, it is unwise to give 
ketamine to patients with vascular aneurysms because of 
the possible sudden change in arterial blood pressure. Psy-
chiatric disease, such as schizophrenia, and a history of 
adverse reaction to ketamine or one of its congeners also 
are contraindications. One also should consider carefully 
using ketamine when the patient may develop postopera-
tive delirium from other causes (e.g., delirium tremens, 
possibility of head trauma), and a ketamine-induced psy-
chomimetic effect would confuse the differential diagnosis.

As mentioned earlier, ketamine or other NMDAR antag-
onists accentuate apoptosis in the newborn brain of ani-
mals, and the clinical implications of this are unknown. 
Finally, because ketamine’s preservative, chlorobutanol, 
is neurotoxic, this formulation of ketamine for subarach-
noid or epidural administration is contraindicated. S(+)-
ketamine is available in a preservative-free solution. The 
FDA has not approved the use of intrathecal or epidural 
ketamine. Caudal ketamine has been used for periopera-
tive analgesia in children and neonates with 0.5 mg/kg as 
the optimal dose (see also Chapter 93). Caudal analgesia, 
by combinations of ketamine and a local anesthetic, pro-
longs analgesia from 2.26 to 5.3 hours and reduces the 
need for nonopioid analgesics.293-297

Finally, liver and renal toxicity occurs in the recreational 
abuse of ketamine. In addition, when ketamine was repeat-
edly administered in the treatment of chronic pain in 
patients with complex regional pain syndrome type 1, hepa-
totoxicity developed in patients who received two 100-hour 
infusions of S(+)-ketamine with a 16-day interval.295,298,299

ETOMIDATE

HISTORY

The first report of etomidate was published in 1965.300 
Etomidate was introduced into clinical practice in 1972. 
The unique properties of etomidate include hemody-
namic stability, minimal respiratory depression, cerebral 



protection, favorable toxicity profile, and pharmacoki-
netics enabling rapid recovery after either a single dose 
or a continuous infusion. In the 1970s, these beneficial 
properties led to widespread use of etomidate for induc-
tion, for maintenance of anesthesia, and for prolonged 
sedation in critically ill patients. The enthusiasm among 
clinicians for etomidate was tempered in the 1980s by 
reports that the drug can cause temporary inhibition of 
steroid synthesis after single doses and infusions.301,302 
This effect, combined with other minor disadvantages 
(e.g., pain on injection, superficial thrombophlebitis, 
myoclonus, and a frequent incidence of nausea and vom-
iting), led to several editorials questioning the role of 
etomidate in modern anesthetic practice.303,304 Use of the 
drug decreased after those editorials, but it has expanded 
again as a result of the rediscovery of etomidate’s benefi-
cial physiologic profile and a widening use in emergency 
departments and ICUs, combined with a lack of novel 
reports describing clinically significant adrenocortical 
suppression after induction or brief infusions.

PHYSICOCHEMICAL CHARACTERISTICS

Etomidate is an imidazole derivative (R-(+)-pentylethyl-
1H-imidazole-5 carboxylate sulfate). Its chemical struc-
ture is illustrated in Figure 30-16. Etomidate has a pKa 
of 4.2 and is hydrophobic at physiologic pH. To increase 
its solubility, it is formulated as a 0.2% solution either 
in 35% propylene glycol (Amidate, Hospira, Inc., Lake 
Forest, Ill) or in a lipid emulsion (Etomidate-Lipuro, B. 
Braun, Melsungen, Germany).305

PHARMACOKINETICS

The pharmacokinetics of etomidate has been determined 
after single bolus doses and after continuous infusion. 
The time course of plasma disappearance after a 0.3 mg/
kg bolus is shown in Figure 30-17. The pharmacokinetics 
of etomidate is best described by an open three-compart-
ment model.306

The drug has an initial distribution half-life of 2.7 
minutes, a redistribution half-life of 29 minutes, and an 
elimination half-life of 2.9 to 5.3 hours.307 Clearance of 
etomidate by the liver is high (18 to 25 mL/kg/minute), 
with a hepatic extraction ratio of 0.5 ± 0.9.306 Because 
redistribution is the mechanism whereby the effect after 
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Figure 30-16. Structure of etomidate, an imidazole derivative. (From 
Reves JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In Miller 
RD, Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. Phila-
delphia, 2010, Churchill Livingstone, pp 719-768.)
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a bolus of etomidate is dissipated, hepatic dysfunction 
should not appreciably alter recovery from a single induc-
tion dose. Etomidate is 75% protein bound.

A hemorrhagic shock model in pigs bled to an MAP of 50 
mm Hg did not alter etomidate pharmacokinetics or phar-
macodynamics.308 This finding contrasts with the marked 
changes seen in this same model with other IV anesthet-
ics. In patients with cirrhosis, the volume of distribution 
is doubled, whereas clearance is normal; the result is an 
elimination half-life that is twice normal.309 The initial dis-
tribution half-life and clinical effect are likely unchanged. 
Increasing age is associated with a smaller initial volume of 
distribution and decreased clearance of etomidate.310

The short elimination half-life and rapid clearance 
of etomidate did make it suitable for administration 
in a single dose, in multiple doses, or in a continu-
ous infusion with its context-sensitive half-time being 
shorter than that of propofol.311 However, continuous 
infusion was only practiced in the first decade of its 
clinical availability, but the now widely recognized 
adrenal suppression limits this application. Etomidate 
is mainly metabolized in the liver by ester hydrolysis  
to the corresponding carboxylic acid and an ethanol  
leaving group (main metabolite).312 The main metabolite 
is inactive. Only 2% of the drug is excreted unchanged; 
the remaining part is excreted as metabolites by the kid-
ney (85%) and bile (13%). Pathologic conditions alter-
ing serum proteins (e.g., hepatic or renal disease) affect 
the amount of the free (unbound) fraction and may 
cause a dose to have an exaggerated pharmacodynamic 
effect.313

PHARMACODYNAMICS

Effects on the Central Nervous System
The primary action of etomidate on the CNS is through 
the GABAA receptor and results in hypnosis,314,315 which 
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Figure 30-17. Simulated time course of plasma levels of etomidate 
after an induction dose of 0.3 mg/kg. Plasma levels required for hyp-
nosis during surgical procedures are 300 to 500 ng/mL, with awaken-
ing usually occurring at levels less than 225 ng/mL. (From Reves JG, 
Glass P, Lubarsky DA, et al: Intravenous anesthetics. In Miller RD, Eriks-
son LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. Philadelphia, 
2010, Churchill Livingstone, pp 719-768.)
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is achieved in one arm–brain circulation after a normal 
induction dose (0.3 mg/kg). The mechanism by which 
etomidate produces hypnosis is almost exclusively 
through GABAA receptor facilitation.315,316 This mecha-
nism includes two effects produced by different concen-
trations of etomidate. The first is the positive modulation 
of the GABAA receptor: activation of the receptor by ago-
nists at concentrations associated with clinical doses. A 
lower dose of GABA is required in the presence of etomi-
date to activate the GABAA receptor.317 The second action 
is called the direct activation or allosteric agonism. In 
supraclinical concentrations, etomidate can directly, 
thus in absence of GABA, activate the GABAA receptor.318 
These two actions suggest two independent binding sites 
at the GABAA receptor.315 The GABAA receptors contain-
ing β2 and β3 subunits are modulated and activated by 
etomidate, whereas those containing β1 are much less 
affected.

At a dose of 0.2 to 0.3 mg/kg, etomidate reduces CBF 
by 34% and CMRO2 by 45% without altering MAP. CPP 
is maintained or increased, and a beneficial net increase 
in the cerebral oxygen supply-to-demand ratio occurs.319 
When given in doses sufficient to produce EEG burst 
suppression, etomidate acutely decreases ICP by 50% in 
patients with already increased ICP, thereby returning 
increased ICP to almost normal values.320 The decrease 
in ICP is maintained in the period immediately after 
intubation. To maintain the effects of etomidate on ICP, 
high infusion rates (60 μg/kg/minute) are necessary. 
Controversy remains on the neuroprotective qualities of 
etomidate. A dose-dependent increase in latency and a 
decreasing amplitude of the auditory evoked potentials 
are noted.321

Preliminary animal experiments suggested that in a 
case of acute fetal distress and hypoxic injury, propofol 
and midazolam may be preferred over etomidate to pro-
tect the fetal brain as the first-choice anesthetic agent in 
cesarean delivery.198,322,323 Etomidate has been associated 
with grand mal seizures and produces increased EEG activ-
ity in epileptogenic foci. This feature has proven useful 
for intraoperative mapping of seizure foci before surgical 
ablation.324,325 BIS monitor values decrease after etomi-
date bolus administration and return to baseline during 
recovery.326 During etomidate infusion, the BIS values 
reliably predict the depth of sedation and hypnosis.327

Effects on the Respiratory System
Etomidate has less effect on ventilation than do other 
anesthetics used to induce anesthesia. It does not induce 
histamine release in healthy patients or in patients with 
reactive airway disease.328 Ventilatory response to carbon 
dioxide is depressed by etomidate, but the ventilatory 
drive at any given carbon dioxide tension is greater than 
that following an equipotent dose of methohexital.154 
Induction of anesthesia with etomidate produces a brief 
period of hyperventilation, sometimes followed by a sim-
ilarly brief period of apnea,329 which results in a slight (± 
15%) increase in Paco2, but no change in Pao2.330 Etomi-
date’s actions on pulmonary vascular tone are similar to 
the actions observed with ketamine and propofol; that is, 
they attenuate the vasorelaxant responses to acetylcho-
line and bradykinin.331
Effects on the Cardiovascular System
The hemodynamic stability seen with etomidate is caused 
by its lack of effect on the sympathetic nervous system 
and on the function of the baroreceptor.332 The minimal 
effect of etomidate on cardiovascular function sets it apart 
from other rapid-onset anesthetics.333,334 Etomidate has 
proven useful in patients with valvular or ischemic heart 
disease who are undergoing noncardiac surgical proce-
dures and in patients with poor cardiac function.335,336 In 
patients receiving etomidate during induction of anesthe-
sia, more hypertension and tachycardia occur after etomi-
date compared with propofol.337 The myocardial oxygen 
supply-to-demand ratio is well maintained.338 Etomidate 
lacks analgesic efficacy, however, and must be combined 
with an opiate to prevent hemodynamic perturbations 
during laryngoscopy and intubation.

In the setting of hemorrhagic shock, etomidate has 
advantages for induction of anesthesia. In contrast to 
other drugs, the pharmacodynamics and pharmacokinet-
ics of etomidate were minimally altered in a pig model of 
hemorrhagic shock.308

Endocrine Effects
In 1983, Ledingham and Watt reported retrospec-
tive data showing increased mortality among patients 
in the ICU who were receiving long-term etomidate 
infusion compared with patients receiving benzodiaz-
epines.301 These investigators postulated that adreno-
cortical suppression could be the cause of this increased 
mortality. Soon after this publication, clinical inves-
tigators confirmed the adrenocortical suppression by 
etomidate.302,339

The specific endocrine effects manifested by etomi-
date consist of a dose-dependent reversible inhibition of 
the enzyme 11β-hydroxylase, which results in decreased 
biosynthesis of cortisol. Blockade of the cytochrome 
P450–dependent enzyme 11β-hydroxylase also results in 
decreased mineralocorticoid production and increased 
formation of intermediaries (11-deoxycorticosterone) 
(Fig. 30-18). Subsequent research has shown that etomi-
date is far more potent as an inhibitor of steroid synthesis 
than as a sedative-hypnotic agent.339,340 The etomidate 
concentrations associated with adrenocortical suppres-
sion are less than 10 ng/mL, which are much lower than 
the concentrations needed for hypnosis (>200 ng/mL). 
The disparate concentrations for hypnosis and adreno-
toxicity may explain the dramatic difference in duration 
of these two actions.57

Concerns about the use of etomidate and etomi-
date-induced adrenal toxicity in critically ill patients 
have reemerged. The literature is conflicting regarding 
the potential benefits of etomidate over other induc-
tion agents in critically ill patients, and its safety in 
patients with sepsis is a matter of strong debate in the 
critical care community. As indicated earlier, etomi-
date is associated with suppression of adrenal steroido-
genesis, which can last up to 72 hours. However, the 
clinical impact of this adrenal suppressive effect is not 
certain.341

The Corticosteroid Therapy of Septic Shock (COR-
TICUS) study followed 500 patients with septic shock 
who were randomized to receive either low-dose 



corticosteroid therapy or placebo. Twenty percent of the 
patients received etomidate. The study concluded that 
low-dose corticosteroid therapy had no benefit with 
regard to long-term outcome.342 Retrospective analy-
ses of the CORTICUS population suggest that patients 
receiving etomidate before enrollment had a 28-day 
mortality significantly higher and that steroid supple-
ments provided no benefit.343,344 Results of other studies 
designed to evaluate the effect of etomidate on morbid-
ity and mortality and hospital and ICU length of stay are 
not conclusive.345-348 In conclusion, the impact of the 
use of a single dose of etomidate in critically ill patients 
remains unclear.

USES

Induction of Anesthesia
The induction dose of etomidate is 0.2 to 0.6 mg/kg (Box 
30-4).349 The induction dose is reduced by premedication 
with an opiate, a benzodiazepine, or a barbiturate. Onset 
of anesthesia after a routine induction dose of 0.3 mg/kg 
of etomidate is rapid (one arm–brain circulation). In the 
past, various infusion schemes were devised to use etomi-
date as a maintenance anesthetic agent for the hypnotic 
component of anesthesia. After the publications on the 
adrenocortical suppressive effects of etomidate, continu-
ous infusion was abandoned.

Etomidate is most appropriate in patients with car-
diovascular disease, reactive airway disease, intracranial 
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Figure 30-18. Pathway for the biosynthesis of cortisol and aldoste-
rone. The sites at which etomidate affects cortisol-aldosterone synthe-
sis by its action on 11β-hydroxylase (major site) and 17α-hydroxylase 
(minor site) are illustrated. (From Reves JG, Glass P, Lubarsky DA, et al: 
Intravenous anesthetics. In Miller RD, Eriksson LI, Fleischer LA, et al, edi-
tors: Miller’s anesthesia, ed 7. Philadelphia, 2010, Churchill Livingstone, 
pp 719-768.)
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hypertension, or any combination of disorders indi-
cating the need for an induction agent with limited or 
beneficial physiologic side effects. The hemodynamic 
stability of etomidate is unique among the rapid-onset 
anesthetic agents used to induce anesthesia. In multi-
ple studies, etomidate has been used for induction in 
patients with a compromised cardiovascular system 
who are undergoing coronary artery bypass surgery or 
valve surgery, as well as in patients requiring induction 
of general anesthesia for percutaneous transluminal 
coronary angioplasty, aortic aneurysm repair, and tho-
racic surgery. For cardioversion, the rapid onset, quick 
recovery, and maintenance of arterial blood pressure in 
these sometimes hemodynamically tenuous patients, 
combined with continued spontaneous respiration, 
make etomidate an acceptable choice.350 Etomidate has 
been successfully used in neurosurgical procedures such 
as giant aneurysm clipping and is a reasonable choice 
during induction of anesthesia for neurosurgical proce-
dures.351 In addition, etomidate should be considered as 
an anesthetic induction agent to reduce increased ICP 
when maintenance of cerebral or coronary perfusion 
pressure is important.

Patients with trauma who have questionable intra-
vascular volume status may be well served by an induc-
tion of anesthesia with etomidate. Although the indirect 
sympathomimetic effect seen with ketamine induction 
is absent, no direct myocardial depression occurs. When 
etomidate is used in patients with trauma, loss of con-
sciousness by itself can be associated with decreased 
adrenergic output, and controlled ventilation can exac-
erbate the cardiovascular effects of a decreased preload. 
Both these factors may cause a significant decrease in 
arterial blood pressure during induction of anesthesia 
even though etomidate has no direct cardiovascular 
drug effect.

Short-term sedation with etomidate is useful in hemo-
dynamically unstable patients, such as patients requiring 
cardioversion or patients requiring sedation after an acute 
myocardial infarction or with unstable angina for a minor 
operative procedure.350 When used during electrocon-
vulsive therapy, etomidate can produce longer seizures 
compared with other hypnotic agents.352,353 Induction of 
anesthesia with etomidate is an independent risk factor 
in the development of emergence delirium.354

Treatment in Hypercortisolemia
Etomidate has a special place in the treatment of endog-
enous hypercortisolemia. It is proven to be an effective 

Induction of general 
anesthesia

0.2-0.6 mg/kg IV

Sedation and analgesia Limited to periods of brief sedation 
because of inhibition of corticos-
teroid synthesis

BOX 30-4 Uses and Doses of Etomidate

From Reves JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In Miller 
RD, Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7, Phila-
delphia, 2010, Churchill Livingstone, pp 719-768.

IV, Intravenously; N2O, nitrous oxide.
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parenteral treatment for this indication. In patients with 
unstable hemodynamic factors, patients with sepsis, or 
patients with psychosis, treatment should be performed 
under intensive care conditions.355

SIDE EFFECTS

Although etomidate provides stable hemodynamics and 
minimal respiratory depression, it is associated with sev-
eral adverse effects when it is used for induction, includ-
ing nausea and vomiting, pain on injection, myoclonic 
movement, and hiccups. Etomidate has been associated 
with PONV. More recently, etomidate in a lipid emulsion 
was associated with equal or an increased incidence of 
postoperative nausea compared with propofol.356-358

The lipid formulation of etomidate is associated with 
a much less frequent incidence of pain on injection, 
thrombophlebitis, and histamine release.359,360 Pain on 
injection may be reduced by injecting IV lidocaine, 20 to 
40 mg immediately before injection of etomidate.

The incidence of muscle movement (myoclonus) and 
of hiccups is highly variable (0% to 70%), but myoclo-
nus is reduced by premedication with a hypnotic agent 
such as midazolam or a small dose of magnesium 60 to 
90 seconds before the induction dose of etomidate is 
given.361,362

NOVEL ETOMIDATE DERIVATIVES

Etomidate is a well-known and widely used anesthetic 
agent for induction of anesthesia. The limitations of 
etomidate are, as mentioned earlier, adrenocortical sup-
pression, myoclonus, and PONV. Modifying etomidate 
could improve its clinical utility and produce etomidate 
derivatives with a better profile.

Methoxycarbonyletomidate (MOC) is an etomidate 
derivative and is rapidly metabolized to methoxycarbon-
yletomidate carboxylic acid (MOC-ECA). The hypnotic 
potency of MOC is almost equal to that of etomidate, and 
the duration of the induced anesthesia is short because 
of rapid metabolism by nonspecific esterase enzymes. In 
preclinical studies, MOC may not act as an inhibitor of 
adrenal steroid synthesis.363 Carboetomidate, another 
derivative, contains a five-membered pyrrole ring instead 
of an imidazole. In tadpoles and rats, carboetomidate 
reduced the adrenal suppression potency by three orders. 
Carboetomidate has potent hypnotic properties by acti-
vating GABAA receptors and thus causing minimal hemo-
dynamic changes.364

DEXMEDETOMIDINE

HISTORY

The α2-adrenergic receptor agonists have sedative, anxio-
lytic, hypnotic, analgesic, and sympatholytic effects. The 
potential for use in anesthesia was recognized in patients 
who were treated with clonidine.365 Soon thereafter, a 
reduction of the minimum alveolar concentration (MAC) 
of halothane by clonidine was described.366 Dexmedeto-
midine is a more selective α2-agonist with a selectivity 
ratio for the α2 receptor compared with the α1 receptor of 
1600:1, as compared with a ratio of 220:1 for clonidine. It 
was introduced in clinical practice in the United States in 
1999 and was approved by the FDA only as a short-term 
(<24 hours) sedative for mechanically ventilated adult 
patients in the ICU. Dexmedetomidine is used for pro-
longed sedation and anxiolysis in the ICU, as well as out-
side the ICU in various settings, including sedation and 
adjunct analgesia in the operating room and sedation in 
diagnostic and procedure units, as well as for other appli-
cations such as withdrawal or detoxification amelioration 
in adult and pediatric patients.367,368

PHYSICOCHEMICAL CHARACTERISTICS

Dexmedetomidine is the S-enantiomer of medetomidine, 
a substance that has been used for sedation and analge-
sia in veterinary medicine for many years.369 It shows a 
high ratio of specificity for the α2 receptor (α2/α1 1600:1) 
compared with clonidine (α2/α1 220:1), thus making it a 
complete α2-agonist.370 The pKa is 7.1. Dexmedetomidine 
belongs to the imidazole subclass of α2-receptor agonists, 
similar to clonidine, and its structure is illustrated in Fig-
ure 30-19. It is freely soluble in water and is available as 
a clear isotonic solution containing 100 μg/mL and 9 mg 
sodium chloride per milliliter of water.

METABOLISM AND PHARMACOKINETICS

Dexmedetomidine undergoes almost complete biotrans-
formation with very little unchanged dexmedetomidine 
excreted in urine and feces. Biotransformation involves 
both direct glucuronidation and cytochrome P450–medi-
ated metabolism. The major metabolic pathways of 
dexmedetomidine are direct N-glucuronidation to inac-
tive metabolites, hydroxylation (mediated primarily by 
CYP2A6), and N-methylation.

Dexmedetomidine is 94% protein bound, and its con-
centration ratio between whole blood and plasma is 0.66. 
Dexmedetomidine has effects on cardiovascular variables, 
potentially causing bradycardia, transient hypertension 
or hypotension, and may alter its own pharmacokinet-
ics. With large doses, marked vasoconstriction occurs and 
probably reduces the drug’s volumes of distribution. In 
essence, dexmedetomidine displays nonlinear pharma-
cokinetics.371 Its pharmacokinetics in volunteers is best 
described by a three-compartment model (see Table 30-1).

In subjects with varying degrees of hepatic impair-
ment (Child-Pugh class A, B, or C), clearance values 
for dexmedetomidine are slower than in healthy sub-
jects. The mean clearance values for patients with mild, 

N

NH

H CH3

CH3

CH3

Figure 30-19. Chemical structure of dexmedetomidine. (From Reves 
JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In Miller RD, 
Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. Philadel-
phia, 2010, Churchill Livingstone, pp 719-768.)
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Figure 30-20. The different physiologic functions of α2 adrenoreceptors. The top panel depicts the three α2-receptor subtypes acting as presyn-
aptic inhibitory feedback receptors to control the release of norepinephrine and epinephrine from peripheral or central adult neurons. A negative 
feedback loop is also seen in the adrenal gland. α2B Receptors have been shown to be involved in the development of the placental vascular system 
during prenatal development. The lower panel lists a series of physiologic effects with their associated α2 adrenoreceptors. (From Paris A, Tonner 
PH: Dexmedetomidine in anaesthesia, Curr Opin Anaesthesiol 18:412-418, 2005.)
moderate, and severe hepatic impairment are 74%, 64%, 
and 53% of those observed in the normal healthy sub-
jects, respectively.

The pharmacokinetics of dexmedetomidine is not 
influenced by renal impairment (creatinine clearance <30 
mL/minute) or age. In patients with severe renal disease, 
the sedative effect may be stronger as a result of a lower 
degree of plasma protein binding. Clearance is a function 
of height.371,372 The elimination half-life of dexmedeto-
midine is 2 to 3 hours, with a context-sensitive half-time 
ranging from 4 minutes after a 10-minute infusion to 250 
minutes after an 8-hour infusion. Postoperative patients 
sedated with dexmedetomidine display pharmacokinetic 
features similar to those seen in volunteers.373 No clini-
cally relevant cytochrome P450–mediated drug interac-
tion has been found.

PHARMACOLOGY

Dexmedetomidine acts nonselectively on various sub-
types of membrane-bound G protein–coupled α2- 
adrenoreceptors. Intracellular pathways include inhibition 
of adenylate cyclase and modulation of calcium and potas-
sium ion channels. Three subtypes of α2 adrenoreceptors 
have been described in humans: α2A, α2B, and α2C (Fig. 
30-20).374 The α2A adrenoreceptors are primarily distrib-
uted in the periphery, whereas α2B and α2C are in the brain 
and spinal cord. Postsynaptic α2 adrenoreceptors located 
in peripheral blood vessels produce vasoconstriction, 
whereas presynaptic α2 adrenoreceptors inhibit the release 
of norepinephrine and potentially attenuate the vasocon-
striction. The overall response to α2-adrenoreceptor ago-
nists is related to the stimulation of α2 adrenoreceptors 
located in the CNS and spinal cord. These receptors are 
involved in the sympatholysis, sedation, and antinocicep-
tive effects of α2 adrenoreceptors.375 The α2-agonists have 
the advantage that their effects are readily reversible by α2-
adrenergic antagonists (e.g., atipamezole).376 Atipamezole 
is currently not approved for use in humans.

Effects on the Central Nervous System
Sedation. The α2-agonists produce their sedative-hypnotic 
effect by an action on α2 receptors in the locus coeruleus 
and by an analgesic action at α2 receptors within the locus 
coeruleus and within the spinal cord.377 Dexmedetomi-
dine produces a decrease in activity of the projections of 
the locus coeruleus to the ventrolateral preoptic nucleus. 
As a result, GABA and galanin release in the tuberomam-
millary nucleus is increased, producing a decrease in his-
tamine release in cortical and subcortical projections.378 
The α2-agonists inhibit ion conductance through L-type 
or P-type calcium channels and facilitate conductance 
through voltage-gated calcium-activated potassium chan-
nels. Dexmedetomidine induces sedation through dif-
ferent receptors than the sedative drugs propofol and 
benzodiazepines, which exert their action through the 
GABA system. The sedative effect of dexmedetomidine 
acts through the endogenous sleep-promoting pathways, 
thus generating natural sleep patterns (Fig. 30-21).379 
Patients have been described as being very easy to wake up 
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Figure 30-21. Dexmedetomidine has been shown to induce a non–rapid eye movement (NREM) sleeping pattern. The stimulation of the 
locus coeruleus (LC) by dexmedetomidine (right) releases the inhibition the LC has over the ventrolateral preoptic nucleus (VLPO). The VLPO 
subsequently releases γ-aminobutyric acid (GABA) onto the tuberomammillary nucleus (TMN). This inhibits the release of the arousal-promoting 
histamine on the cortex and forebrain, thus inducing the loss of consciousness. Ach, Acetylcholine; DR, dorsal raphae nuclei; Gal, galanin; His, his-
tamine; 5-HT, 5-hydroxytryptamine (serotonin); LDTg, laterodorsal tegmental nuclei; NE, norepinephrine; OX, orexin (hypocretin); PeF, perifornical 
area; PPTg, pedunculopontine tegmental nucleus; TDTg, laterodorsal tegmental nucleus. (From Ebert T, Maze M: Dexmedetomidine: another arrow 
for the clinician’s quiver, Anesthesiology 101:569-570, 2004.)
and having the ability to follow commands and cooperate 
while being tracheally intubated. Undisturbed, patients 
were noted to fall asleep momentarily.380 This character-
istic allows for “daily wake-up” tests to be done in a safe 
fashion. This critical test, in which ventilated patients in 
the ICU are taken off all sedatives to assess their mental 
status and titrate sedation, shortens their ventilated and 
ICU length of stay.381,382 The number of patients experi-
encing delirium in the ICU is significantly lower when 
dexmedetomidine is used for sedation, compared with 
propofol or lorazepam383 or with midazolam.384

analgeSia. The analgesic effect of the α2-agonists is medi-
ated through stimulation of the α2C and α2A receptor in 
the dorsal horn, thus directly suppressing pain transmis-
sion by reducing the release of pronociceptive transmit-
ters, substance P and glutamate, and hyperpolarization 
of interneurons.385 Systemic use of dexmedetomidine has 
an opioid-sparing effect during surgery and postopera-
tively.386 This effect is advantageous in patients who are 
prone to postoperative apnea or hypoventilation, such 
as patients undergoing bariatric surgical procedures.387 
In the postoperative ICU setting, narcotic requirements 
are reduced by 50% when patients are receiving a dexme-
detomidine infusion compared with placebo.380 During 
general anesthesia, dexmedetomidine reduces the MAC 
of inhaled anesthetics.388,389
Like clonidine, dexmedetomidine is frequently used 
as an adjuvant in central or peripheral neural blockade. 
When it is administered caudally, 1 μg/kg as an adjuvant 
to bupivacaine 0.25% 1 mL/kg, in children undergoing 
inguinal hernia repair, response to hernial sac traction 
is reduced, and postoperative analgesia is prolonged.390 
Dexmedetomidine administered as an adjuvant to ropi-
vacaine in ulnar nerve block391 and tibial nerve block392 
was investigated in volunteers. Both studies showed 
intensification and foremost prolongation of the sensory 
blockade. This effect is likely elicited by prolonged hyper-
polarization of the unmyelinated C fibers (sensory), and 
to a lesser extent the A fibers (motor function).

Central nervouS SyStem ProteCtion and other Central 
nervouS SyStem effeCtS. The CNS protective effects are not 
well defined. In animal models of incomplete cerebral isch-
emia and reperfusion, dexmedetomidine reduced cerebral 
necrosis and improved neurologic outcome. The prevalent 
idea is that dexmedetomidine reduces the intracerebral 
catecholamine outflow during injury. The neuroprotec-
tion may be attributed to modulation of proapoptotic and 
antiapoptotic proteins.393 In addition, the reduction of the 
excitatory neurotransmitter glutamate during injury may 
explain some of the protective effects.394

In patients undergoing transsphenoidal hypophy-
sectomy, dexmedetomidine had no effect on lumbar 
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cerebral spinal fluid pressure.395 In other studies, CBF 
velocity at the middle cerebral artery, as measured by 
transcranial Doppler imaging, decreased with increas-
ing concentrations of dexmedetomidine but carbon 
dioxide responsiveness and autoregulation were pre-
served.396,397 The decrease in CBF was not accompanied 
by a reduction in CRMO2. More recently, in a study 
of six normal volunteers, the administration of dexme-
detomidine to achieve serum levels of 0.6 ng/mL and 
1.2 ng/mL (with and without hyperventilation) pro-
duced the predicted reduction of CBF with a concomi-
tant reduction in CRMO2.398 This finding suggests that 
further work in injured brains must be done on the 
maintenance of the cerebral oxygen supply-to-demand 
relationship.

Dexmedetomidine has been used in neurosurgical 
procedures involving neurophysiologic monitoring (see 
also Chapter 70). Cortical evoked potential amplitudes 
and latencies were minimally affected when dexmedeto-
midine was used intraoperatively. It may also be suitable 
as an anesthetic adjunct during surgical treatment of sei-
zures because the epileptiform activity of seizure foci was 
not reduced by dexmedotomidine.399
Effects on the Respiratory System
In spontaneously breathing volunteers, dexmedetomi-
dine at concentrations producing significant sedation 
reduced minute ventilation, but with no change in arte-
rial oxygenation, pH, or the slope in the carbon dioxide 
ventilatory response curve.332 In a study comparing the 
effects of remifentanil and dexmedetomidine on respira-
tory parameters in normal volunteers, the hypercapnic 
ventilatory response was unaffected even at doses that 
produced unresponsiveness to vigorous stimulation.400 
Dexmedetomidine-treated patients exhibited a hypercar-
bic arousal phenomenon, which has been described dur-
ing normal sleep.

Effects on the Cardiovascular System
Ebert and colleagues performed a study in volunteers 
by using a target-controlled infusion system to provide 
increasing concentrations (0.7 to 15 ng/mL) of dexme-
detomidine (Fig. 30-22).332 The lowest two concentra-
tions produced a decrease in MAP (13%) followed by 
progressive increase (12%). Increasing concentrations of 
dexmedetomidine also produced progressive decreases in 
heart rate (maximum 29%) and cardiac output (35%).332 
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The most commonly reported hemodynamic adverse 
reactions associated with dexmedetomidine in a phase III 
trial in 401 patients were hypotension (30%), hyperten-
sion (12%), and bradycardia (9%).369 The initial increase 
in arterial blood pressure is probably caused by the vaso-
constrictive effects of dexmedetomidine when stimulat-
ing peripheral α2 receptors. The incidence of hypotension 
and bradycardia may be related to the administration of 
a large IV “loading” dose. Omitting the loading dose or 
not giving more than 0.4 μg/kg reduces the incidence 
of hypotension or makes it less pronounced. Giving the 
loading dose over 20 minutes also minimizes the tran-
sient hypertension.401 In several studies after IM and 
IV administration, dexmedetomidine caused, in a small 
percentage of patients, profound bradycardia (<40 beats/
minute) and occasionally sinus arrest or pause. Generally, 
these episodes resolved spontaneously or were readily 
treated without adverse outcome by anticholinergics. No 
rebound effects have been found when discontinuing a 
dexmedetomidine infusion, even when it was given for 
more than 24 hours.402 Because clonidine and dexme-
detomidine have shown to reduce perioperative oxygen 
consumption and blunt the sympathetic response to sur-
gery, cardiac outcome may be improved.403,404 However, 
more studies are needed to determine whether dexme-
detomidine is beneficial in decreasing the risk of myocar-
dial ischemia.

USES

Dexmedetomidine has been approved as a short-term 
sedative for adult intubated patients in the ICU. Given its 
well-documented beneficial effects of anxiolysis, sedation, 
analgesia, and sympatholysis with minimal respiratory 
depression, it also has been used in various other clinical 
situations. It is well used as a sedative during radiologic 
or invasive procedures, in adults as well as in children. 
Two studies, comprising 140 children 1 to 7 years old, 
reported successful sedation for MRI scans compared with 
midazolam or propofol.405

As a premedicant, dexmedetomidine, at IV doses of 
0.33 to 0.67 μg/kg given 15 minutes before the surgical 
procedure, seems efficacious, while minimizing the car-
diovascular side effects of hypotension and bradycar-
dia.389 Dexmedetomidine has high bioavailability when 
administered nasally or buccally. This improves better 
compliance and absorption in younger children. A dose 
of 3 to 4 μg/kg 1 hour preoperatively is safe and effective.

In a study comparing the efficacy of dexmedetomidine 
or propofol as a sedative agent in a group of 40 patients 
receiving local anesthesia or regional blocks, dexmedeto-
midine (1 μg/kg given over 10 minutes) when used for 
intraoperative sedation resulted in a slower onset than 
propofol (75 μg/kg/minute for 10 minutes), but had 
similar cardiorespiratory effects when titrated to equal 
sedation. The average infusion rate of dexmedetomidine 
intraoperatively to maintain a BIS value of 70 to 80 was 
0.7 μg/kg/minute. Sedation was more prolonged after ter-
mination of the infusion, as was recovery of arterial blood 
pressure. Dexmedetomidine can also produce profound 
sedation, and it has been used as a total IV anesthetic 
when given at 10 times the normal sedation concentration 
range.406 This characteristic, combined with the coopera-
tive status of the patient at a lighter sedative level, and 
its analgesic effect with sparing of respiratory function, 
makes the drug suitable as hypnotic agent during sur-
gical procedures such as awake craniotomy, deep brain 
stimulation, surgical procedures near speech areas, or 
awake carotid endarterectomies, with fewer fluctuations 
from the desired sedation level and more stable hemody-
namics.396 The opioid-sparing effects are advantageous in 
the performance of bariatric surgery in patients who are 
prone to postoperative respiratory depression.387

Dexmedetomidine can be employed for addiction 
treatment; it has been described for use in rapid opioid 
detoxification, cocaine withdrawal, and iatrogenically 
induced benzodiazepine and opioid tolerance after pro-
longed sedation.407 The use of dexmedetomidine in opi-
oid or benzodiazepine withdrawal therapy in pediatric 
patients during mechanical ventilation in intensive care 
areas has been described as well408 (see also Chapter 95).

Dexmedetomidine may produce dry mouth secondary 
to a decrease in salivation. Combined with the sparing 
effect on respiratory function, this effect is beneficial for 
the facilitation of awake fiberoptic intubation, an appli-
cation that is rapidly emerging.409 Furthermore, dexme-
detomidine decreases intraocular pressure and decreases 
the shivering threshold.410

Intensive Care Unit
Dexmedetomidine may have advantages over propofol 
for sedation in mechanically ventilated postoperative 
patients (see also Chapter 101). In one study, heart rate 
was slower in the dexmedetomidine group, whereas MAP 
was similar. The Pao2/fraction of inspired oxygen (Fio2) 
ratio was significantly higher in the dexmedetomidine 
group. Time to extubation of the trachea after discontinu-
ation of the infusion was similar at 28 minutes. Patients 
receiving dexmedetomidine had greater recall of their stay 
in the ICU, but all described this as pleasant overall.411 
Several other studies confirmed the decreased require-
ment for opioids (>50%) when dexmedetomidine is used 
for sedation compared with propofol or benzodiazepines. 
Hemodynamics during weaning are more stable, and this 
benefits patients who are at high risk for myocardial isch-
emia.412 For sedation in the ICU, loading doses of 0.5 to 1 
μg/kg have been used. Omitting the bolus dose or giving 
the lower dose has been associated with fewer episodes 
of severe bradycardia and other hemodynamic perturba-
tions. Infusion rates of 0.1 to 1 μg/kg/hour are generally 
needed to maintain adequate sedation.

Delirium in the ICU is a risk factor for increased length 
of stay and increased mortality.413 In a double-blind, ran-
domized controlled trial of sedation in ventilated patients 
with dexmedetomidine versus lorazepam, investigators 
found that dexmedetomidine infusions provided more 
days alive without delirium or coma and a greater amount 
of time spent at the appropriate sedation level compared 
with lorazepam.383 Dexmedetomidine also improved the 
patient’s ability to communicate pain, compared with 
midazolam or propofol in two trials.381

The unique characteristics of dexmedetomidine (i.e., 
providing adequate sedation with minimal respiratory 
depression) make this selective α2-adrenoceptor agonist 



very useful when weaning patients from the ventilator.414 
Although the FDA approved the use of dexmedetomi-
dine infusions for 24 hours or less, multiple studies have 
shown the safety of using this agent for longer periods, 
even up to 30 days.384

DROPERIDOL

HISTORY

Janssen and Schnabel and their associates synthesized 
haloperidol, the first member of the butyrophenones, 
which became the primary neuroleptic component in 
neuroleptanesthesia.295,298 In 1959, DeCastro and Mun-
deleer combined haloperidol with phenoperidine (a 
meperidine derivative also synthesized by Janssen) in 
the forerunner to the practice of neuroleptanesthesia.414a 
Droperidol, a derivative of haloperidol, and fentanyl (a 
phenoperidine congener), both synthesized by Janssen, 
were used by DeCastro and Mundeleer in a combination 
they reported to be superior to haloperidol and phenoper-
idine. This neuroleptanesthesia combination produced 
more rapid onset of analgesia, less respiratory depression, 
and fewer extrapyramidal side effects. The fixed combina-
tion of droperidol and fentanyl, marketed as Innovar in 
the United States, was the drug primarily used for neuro-
leptanesthesia. The use of neuroleptanesthesia has largely 
disappeared in modern anesthetic practice. The primary 
use of droperidol in anesthesia has been as an antiemetic 
and, to a lesser extent, as a sedative and antipruritic.

In 2001, the FDA issued a black box warning regarding 
the use of droperidol and its potential for fatal arrhyth-
mias and recommended that it be administered only dur-
ing continuous electrocardiogram monitoring. With the 
withdrawal of droperidol in certain countries and more 
stringent labeling regarding potentially lethal dysrhyth-
mias in others, the use of droperidol has decreased mark-
edly. The validity of the risk of low-dose droperidol in 
causing QT prolongation, dysrhythmias, and death has 
been challenged by numerous editorials, articles, and let-
ters reviewing the cases that prompted this action.295,415-419 
In Europe, 19 of 25 countries with council members in 
the European Society of Anaesthesiologists reported that 
droperidol is regularly used in a dose of 0.5 to 2.5 mg for 
the prevention of PONV. Furthermore, in 2007, an inter-
national consensus panel recommended droperidol as a 
first-line antiemetic despite the FDA warning.295,420

Droperidol is a butyrophenone, a fluorinated deriva-
tive of phenothiazines (Fig. 30-23). Butyrophenones pro-
duce CNS depression, characterized by marked apparent 
tranquility and cataleptic immobility, and are potent anti-
emetics. Droperidol is a potent butyrophenone, and, sim-
ilar to the others, it produces its action centrally at sites 
where dopamine, norepinephrine, and serotonin act.295 
Investigators have postulated that butyrophenones may 
occupy GABA receptors on the postsynaptic membrane, 
thereby reducing synaptic transmission and resulting in 
a buildup of dopamine in the synaptic cleft. In particu-
lar, droperidol results in submaximal inhibition of the 
GABAA α1-, β1-, and γ2-acetylcholine receptors and full 
inhibition of α2-acetylcholine receptors. This submaximal 
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inhibition of GABA receptors by droperidol may explain 
the anxiety, dysphoria, and restlessness that may occur 
with its administration.295,421 An imbalance in dopamine 
and acetylcholine is thought to occur with subsequent 
alteration in normal transmission of signals in the CNS. 
The chemoreceptor trigger zone is the emetic center, and 
“red” astrocytes transport neurolept molecules from the 
capillary to dopaminergic synapses in the chemoreceptor 
trigger zone, where they occupy GABA receptors. This is 
thought to be the mechanism by which droperidol exerts 
its antiemetic effect.

PHARMACOKINETICS

Droperidol is biotransformed in the liver into two pri-
mary metabolites. Its plasma decay can be described by a 
two-compartment model. The pharmacokinetics295,422 is 
shown in Table 30-1.

PHARMACODYNAMICS

Effects on the Central Nervous System
The effects of neurolept anesthetics on human CBF and 
CMRO2 have not been studied. In dogs, droperidol causes 
potent cerebral vasoconstriction, thus producing a 40% 
reduction in CBF. No significant change in CMRO2 occurs 
during droperidol administration. The EEG in conscious 
patients shows some reduction in frequency, with occa-
sional slowing. Low-dose droperidol also has been shown 
to cause balance disturbances at the time of discharge after 
doses used for antiemetic prophylaxis. Droperidol may 
produce extrapyramidal signs and worsens the symptoms 
of Parkinson disease. For this reason, the drug should be 
used with great caution in patients with this degenerative 
disorder. It also rarely may precipitate malignant neuro-
leptic syndrome.

Effects on the Respiratory System
When used alone, droperidol has little effect on the respi-
ratory system. Droperidol (0.044 mg/kg) given to surgical 
patients produced a slight reduction in respiratory rate, 
and IV droperidol (3 mg) had no significant effect on tidal 
volume in volunteers. More detailed respiratory studies 
are unavailable.

Effects on the Cardiovascular System
Similar to most antipsychotics, droperidol may prolong 
the QT interval by delaying myocardial repolarization 
and precipitating torsades de pointes.295,423 This effect 
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Figure 30-23. Structure of droperidol, a butyrophenone derivative. 
(From Reves JG, Glass P, Lubarsky DA, et al: Intravenous anesthetics. In 
Miller RD, Eriksson LI, Fleischer LA, et al, editors: Miller’s anesthesia, ed 7. 
Philadelphia, 2010, Churchill Livingstone, pp 719-768.)
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seems to be dose dependent and may be of clinical sig-
nificance when other causes of QT prolongation also are 
present. Droperidol also may have some antiarrhythmic 
effects that are similar to those of quinidine. Droperidol 
produces vasodilation, with a decrease in blood pressure 
(see Table 30-3). This effect is considered to be a result of 
moderate α-adrenergic blockade. The dopamine-induced 
increase in renal blood flow (renal artery flowmeter meth-
odology) is not significantly impaired by administration 
of droperidol. Droperidol has little effect on myocardial 
contractility.

USES

The use of droperidol today in the perioperative period 
is largely restricted to its antiemetic and sedative effects. 
It is an effective antiemetic; the dose for this use ranges 
from 10 to 20 μg/kg IV (typically 0.6 to 1.25 mg for a 
70-kg individual).295,424 Because droperidol in doses lower 
than 1 mg produce antiemetic effects and because the 
cardiac side effects may be dose dependent, an IV dose 
lower than 1 mg for prevention of PONV is advisable.425 
These doses of droperidol, given at the start of anesthe-
sia for operations lasting 1 hour, reduce the incidence of 
nausea and vomiting by approximately 30%. These doses 
given at induction have little effect on wake-up time, but 
should they be given at the end of the surgical procedure, 
they could have some residual hypnotic effect. Overall, 
the antiemetic efficacy of droperidol alone is equal to that 
of ondansetron and results in an equal number of side 
effects, but droperidol is more cost effective. The efficacy 
of droperidol as an antiemetic is enhanced when it is 
used in combination with serotonin antagonists or dexa-
methasone, or both. Droperidol also has been shown to 
be effective in the treatment and prevention of pruritus 
secondary to opioid administration. It has been given by 
the IV route and into the epidural space for this purpose. 
When used in this fashion, droperidol also effectively 
reduces nausea, but it increases sedation. The safety of 
droperidol administration into the epidural space has not 
been fully evaluated, however, and it is not approved for 
administration by this route.

SUMMARY

Many different IV drugs are available for use in the care 
of patients requiring general anesthesia or sedation. The 
selection of a particular drug, but more often of a combi-
nation of drugs, must be based on the individual patient’s 
need for hypnosis, amnesia, and analgesia. Drug selection 
must match the physiology or pathophysiology of the 
individual patient with the pharmacology of the particu-
lar drug or drugs. In addition, based on the pharmacoki-
netic and pharmacodynamic interactions now described, 
the optimal dosage of hypnotic-analgesic combinations 
may be selected. A patient in shock who requires induc-
tion of anesthesia should receive the drug that has a 
rapid onset of effect without causing further hemody-
namic compromise. The knowledge of the clinical phar-
macology of each of the IV anesthetic drugs enables the 
clinician to induce and maintain sedation or general 
anesthesia safely and effectively. No single perfect drug 
exists for any particular patient, but rather the informed 
practitioner wisely employs the appropriate drug or drugs 
in the practice of good anesthesia care.
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Opioid Analgesics
KAZUHIKO FUKUDA

K e y  P o i n t s

 •  An increased understanding of the molecular pharmacology of opioid receptors 
and opioid-induced cellular responses allows utilization of new innovative 
techniques for analgesia.

 •  Opioids suppress pain by their action in the brain, spinal cord, and peripheral 
nervous system.

 •  Opioids affect multiple organ systems, including the respiratory and cardiovascular 
systems, and can cause a variety of adverse effects. Proper dosing and monitoring 
allow these adverse effects to be minimized.

 •  Pharmacokinetic and pharmacodynamic properties of opioids are affected by 
a variety of factors, such as age, body weight, organ failure, and shock. To use 
opioids appropriately, these factors should be taken into consideration.

 •  Opioids are a vital part of providing the analgesic component of anesthesia, 
especially total intravenous anesthesia. Short-acting opioids, such as remifentanil, 
allow even more rapid dissipation of total intravenous anesthetics/RDM than that 
of inhaled anesthetics.

 •  Newer opioid delivery systems, such as transdermal fentanyl patches, allow more 
flexibility in providing analgesia for perioperative patient care.

 •  Opioids can pharmacokinetically or pharmacodynamically interact with drugs used 
perioperatively. Drug interactions should be understood for proper management 
of patients receiving opioids.
864

The term opioid refers broadly to all compounds related 
to opium. The word opium is derived from opos, the Greek 
word for juice, because the drug is derived from the juice 
of the opium poppy, Papaver somniferum. Opiates are 
drugs derived from opium and include the natural prod-
ucts morphine, codeine, and thebaine, as well as many 
semisynthetic congeners derived from them.

The first undisputed reference to opium is found in the 
writings of Theophrastus in the third century b.c. During 
the Middle Ages, many of the uses of opium were appreci-
ated. Opium contains more than 20 distinct alkaloids. In 
1806, Sertürner reported the isolation of a pure substance in 
opium that he named morphine, after Morpheus, the Greek 
god of dreams. By the middle of the nineteenth century, 
the use of pure alkaloids, rather than crude opium prepara-
tions, began to spread throughout the medical world.

In addition to the remarkable beneficial effects of 
opioids, the toxic side effects and addictive potential of 
these drugs also have been known for centuries. Synthetic 
opioid analgesics without side effects were explored, but 
many of the synthetic opioids share the side effects of nat-
ural opioids. The search for newer opioid agonists led to 
the synthesis of opioid antagonists and compounds with 
mixed agonist-antagonist properties, which expanded 
the therapeutic options and provided important tools for 
exploring mechanisms of opioid actions. Furthermore, 
newer methods of opioid administration, including 
patient-controlled analgesia (PCA) and computer-based 
infusion techniques, were developed.

PHARMACOLOGY OF OPIOIDS

CLASSIFICATION OF OPIOID COMPOUNDS

Opioids can be classified as naturally occurring, semisyn-
thetic, and synthetic (Box 31-1). The naturally occurring 
opioids can be divided into two chemical classes: phenan-
threnes (morphine and codeine) and benzylisoquinolines 
(papaverine). The semisynthetic opioids are morphine 
derivatives in which one of several changes has been 
made. Synthetic opioids are classified into four groups: 
the morphinan derivatives (levorphanol), the diphenyl 
or methadone derivatives (methadone, d-propoxyphene), 
the benzomorphans (phenazocine, pentazocine), and the 
phenylpiperidine derivatives (meperidine, fentanyl, alfen-
tanil, sufentanil, and remifentanil). Structures of opioid 
compounds are shown in Figure 31-11 and Table 31-1.1
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Naturally OccurriNg

Morphine
Codeine
Papaverine
Thebaine

SemiSyNthetic

Heroin
Dihydromorphone, morphinone
Thebaine derivatives (e.g., etorphine, buprenorphine)

SyNthetic

Morphinan series (e.g., levorphanol, butorphanol)
Diphenylpropylamine series (e.g., methadone)
Benzomorphan series (e.g., pentazocine)
Phenylpiperidine series (e.g., meperidine, fentanyl, sufentanil, 

alfentanil, remifentanil)

BOX 31-1 Classification of Opioid Compounds

From Bailey PL, Egan TD, Stanley TH: Intravenous opioid anesthetics. In Miller RD, editor: Anesthesia, ed 5. Philadelphia, 2010, Churchill Livingstone, p 770.

Figure 31-1. Chemical structures  
of piperidine and phenylpiperidine 
analgesics. (From Gutstein HB, Akil 
H: Opioid analgesics. In Hardman JG, 
Limbird LE, editors: Goodman and 
Gilman’s the pharmacological basis 
of therapeutics, ed 10. New York, 
2001, McGraw-Hill, pp 569-619.)
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Opioids can be classified as agonists, partial agonists, 
mixed agonist-antagonists, and antagonists on the basis 
of their interaction with the opioid receptors.

OPIOID RECEPTORS

In 1973, three independent teams of investigators 
described the presence of opioid binding sites in the ner-
vous system from the radioligand binding assays. From 
pharmacologic experiments, three types of opioid recep-
tors were postulated. They were named μ for the mor-
phine type, κ for the ketocyclazocine type, and σ for the 
SKF10047 (N-allylnormetazocine) type. In addition, a 
high-affinity receptor for enkephalins was found in the 
mouse vas deferens and was named the δ receptor. Fur-
thermore, an ε receptor was proposed as the binding site 
for β-endorphin in the rat vas deferens. Pharmacologic 
actions of opioids and the involved receptors have been 
analyzed (Table 31-2).
Biochemical studies were performed to purify the 
opioid receptor protein but were not successful. Since 
the early 1990s, molecular biologic studies have elu-
cidated the molecular structures and signal transduc-
tion mechanisms of the opioid receptors. Four different 
complementary DNAs (cDNAs) have been isolated as 
members of the opioid receptor family.2 Investigators 
demonstrated that three of them correspond to the 
pharmacologically defined μ-, δ-, and κ-opioid receptors. 
The fourth receptor did not bind with opioid ligands 
with high affinities. Later, a novel peptide, nociceptin or 
orphanin FQ, was identified as an endogenous agonist of  
the fourth member of the opioid receptor family.3,4 The 
μ-, δ-, and κ-opioid receptors and the nociceptin receptor 
share approximately 50% amino acid sequence homol-
ogy with each other. Characteristics of the three opioid 
receptors and the nociceptin or orphanin FQ receptor 
are listed in Table 31-3. Hydropathy analysis of the pri-
mary structures of the opioid receptors predicted that the 
TABLE 31-1 STRUCTURES OF OPIOIDS AND OPIOID ANTAGONISTS CHEMICALLY RELATED TO MORPHINE 

2
3

4

5

6
7

8
16

17

1

11

14

15

10
9

12
13

Morphine

N—CH3

O

HO

HO

Chemical Radicals and Position*

Nonproprietary Name 3 6 17 Other Changes†

Morphine —OH —OH —CH3 —
Heroin —OCOCH3 —OCOCH3 —CH3 —
Hydromorphone —OH =O —CH3 (1)
Oxymorphone —OH =O —CH3 (1), (2)
Levorphanol —OH —H —CH3 (1), (3)
Levallorphan —OH —H —CH2CH=CH2 (1), (3)
Codeine —OCH3 —OH —CH3 —
Hydrocodone —OCH3 =O —CH3 (1)
Oxycodone —OCH3 =O —CH3 (1), (2)
Nalmefene —OH =CH2 —CH2— (1), (2)

Nalorphine —OH —OH —CH2CHKCH2 —
Naloxone —OH =O —CH2CH=CH2 (1), (2)
Naltrexone —OH =O —CH2— (1), (2)

Buprenorphine —OH —OCH3 —CH2— (1), (4)

Butorphanol —OH —H —CH2— (1), (2), (3)

Nalbuphine —OH JOH —CH2— (1), (2)

From Gutstein HB, Akil H: Opioid analgesics. In Hardman JG, Limbird LE, editors: Goodman and Gilman’s the pharmacological basis of therapeutics, ed 10. 
New York, 2001, McGraw-Hill, pp 569-619.

*The numbers 3, 6, and 17 refer to positions in the morphine molecule, as shown above the table.
†Other changes in the morphine molecule are as follows:
(1)Single instead of double bond between C7 and C8
(2)OH added to C14
(3)No oxygen between C4 and C5
(4)Endoetheno bridge between C6 and C14; 1-hydroxy-1,2,2-trimethylpropyl substitution on C7



opioid receptors possess seven transmembrane domains 
(Fig. 31-2). This is a characteristic structural feature of 
the G-protein–coupled receptor. Crystallographic analy-
sis revealed that the μ-opioid receptor actually possesses 
seven transmembrane domains and the morphinan 
ligand binds deeply within a large pocket.5

Further pharmacologic classification of the μ receptor 
as the μ1, μ2, and μ3 subtypes has been proposed, but the 
molecular identity of these receptor subtypes remains to 
be clarified. Several possible molecular bases of the opioid 
receptor subtypes exist, including alternate splicing of a 
common gene product, receptor dimerization, and inter-
action of a common gene product with another receptor 
or signaling molecules.6 Multiple μ-opioid receptor spe-
cies can be produced from a gene product of the μ-opioid 
receptor gene by alternate splicing (Fig. 31-3).7 Analysis 
of the alternate splicing products reveals differences in 
ligand binding and G-protein activation. Further research 

TABLE 31-2 PHARMACOLOGIC ACTIONS OF 
OPIOIDS AND OPIOID RECEPTORS IN ANIMAL 
MODELS

Actions of

Receptor Agonists Antagonists

Analgesia
Supraspinal μ, δ, κ Analgesic No effect
Spinal μ, δ, κ Analgesic No effect
Respiratory 

Function
μ Decrease No effect

Gastrointestinal 
Tract

μ, κ Decrease 
transit

No effect

Psychotomimesis κ Increase No effect
Feeding μ, δ, κ Increase 

feeding
Decrease 

feeding
Sedation μ, κ Increase No effect
Diuresis κ Increase —
Hormone Secretion
Prolactin μ Increase 

release
Decrease 

release
Growth hormone μ and/or δ Increase 

release
Decrease 

release
Neurotransmitter Release
Acetylcholine μ Inhibit —
Dopamine δ Inhibit —
Chapter 31: Opioid Analgesics 867

is necessary to clarify physiologic implications of the 
multiple alternate splicing products.

Several single nucleotide polymorphisms (SNPs) have 
been identified in the human μ-opioid receptor gene.8 The 
A118G mutation, the most common of these SNPs, leads to 
a change in the gene product in the human μ-opioid recep-
tors, which is an A-to-G substitution in exon 1 that results 
in an amino acid exchange at position 40 from asparagine 
to aspartate (N40D). Patients with cancer who are homo-
zygous for the A118G variant require higher doses of oral 
morphine for long-term treatment of their pain.9 A118G 
mutation of the human μ-opioid receptor gene reduces 
analgesic responses to morphine-6- glucuronide (M6G), but 
it does not significantly affect the respiratory depression 
induced by M6G.10 Furthermore, morphine consumption 
with intravenous PCA after total abdominal hysterectomy 
is significantly greater in women homozygous for the 
A118G variant than in other patients.11 Some studies have 
explored the relationship between gene-gene interactions 
and opioid responses. Kolesnikov and associates demon-
strated that the heterozygous patients with μ-opioid recep-
tor A118G and the catechol-O-methyltransferase G1974A 
mutation consumed significantly less morphine compared 
with homozygous patients of A118G.12

ENDOGENOUS OPIOID PEPTIDES

Enkephalin, β-endorphin, and dynorphin were identified 
as endogenous agonists for the δ-, μ-, and κ-opioid recep-
tors, respectively. Following purification of these peptides 
from mammalian tissues, cDNAs for the precursors of 
these peptides were cloned. cDNA cloning and amino acid 
determination of preproopiomelanocortin demonstrated 
that cleavage of this precursor protein produces not only 
β-endorphin but also several other neuropeptides, includ-
ing methionine-enkephalin, adrenocorticotropic hor-
mone (ACTH), and α-melanocyte stimulating hormone. 
Amino acid sequence of preproenkephalin indicates that 
four methionine enkephalins and one leucine-enkephalin 
are cleaved from this precursor. Furthermore, the primary 
structure of preprodynorphin, the precursor of dynor-
phin, was determined by cDNA cloning.

A novel endogenous opioid peptide with a significant 
sequence homology to dynorphin was isolated in 1995.3,4 
This peptide was called orphanin FQ, or nociceptin, 
TABLE 31-3 CHARACTERISTICS OF OPIOID RECEPTORS

μ δ κ Nociceptin

Tissue bioassay Guinea pig ileum Mouse vas deferens Rabbit vas deferens —
Endogenous ligand β-Endorphin, 

endomorphin
Leu-enkephalin, met-

enkephalin
Dynorphin Nociceptin

Agonist Morphine, fentanyl, 
DAMGO

DPDPE, deltorphin, Buprenorphine, 
pentazocine, U50488H

—

Antagonist Naloxone, naltrexone Naloxone, naltrindole Naloxone, NorBNI —
Coupled G protein Gi/o Gi/o Gi/o Gi/o

Adenylate cyclase Inhibition Inhibition Inhibition Inhibition
Voltage-gated calcium 

channels
Inhibition Inhibition Inhibition Inhibition

Inward rectifier potassium 
channels

Activation Activation Activation Activation

DPDPE, [d-penicillamine2, d-penicillamine5]enkephalin; DAMGO, [d-Ala2, MePhe4, Gly-ol8]enkephaline; NorBNI, norbinaltorphimine.
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receptor proteins. (From Pasternak GW: Molecular insights into mu 
opioid pharmacology: from the clinic to the bench, Clin J Pain 26[Suppl 
10]:S3-S9, 2010.)
because it lowered pain thresholds under certain condi-
tions, in contrast to the other endogenous opioid peptides. 
Pharmacologic and physiologic studies demonstrated that 
orphanin FQ/nociceptin has behavioral and pain modula-
tory properties distinct from those of the three classic opioid 
peptides.13 Studies of the effect of orphanin FQ/nociceptin 
on pain sensitivity produced conflicting results that may 
suggest that the effects of orphanin FQ/nociceptin on pain 
sensitivity depend on the underlying behavioral state of 
the animal. Prepronociceptin, the precursor of orphanin 
FQ/nociceptin, was cloned, and its amino acid sequence 
suggested the existence of prepronociceptin-derived neu-
ropeptides other than orphanin FQ/nociception.14

The search for an endogenous ligand that binds with 
the μ receptor with high affinity and high selectivity led 
to the discovery of a class of novel endogenous opioids 
termed endomorphin-1 and endomorphin-2.15 These 
peptides are tetrapeptides with the sequence Tyr-Pro-
Trp-Phe and Tyr-Pro-Phe-Phe, respectively. An endo-
morphin gene has yet to be cloned, and much remains 
to be learned about the anatomic distribution, mode of 
interaction with the opioid receptors, function in vivo, 
and potential existence of other related peptides that are 
highly selective for each of the opioid receptors.

INTRACELLULAR SIGNAL TRANSDUCTION 
MECHANISM

The opioid receptors belong to the G-protein–coupled 
receptor family. Activation of the opioid receptors leads 
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Figure 31-4. Intracellular signal 
transduction mechanisms linked 
with the opioid receptors. Opi-
oid agonists bind with the opioid 
receptors, thus leading to activa-
tion of the G protein. Activity of 
adenylate cyclase and the voltage-
dependent calcium (Ca2+) chan-
nels is suppressed. Conversely, 
the inward rectifier potassium (K+) 
channels and mitogen-activated 
protein kinase (MAPK) cascade 
are activated. AMP, Adenosine 
monophosphate; ATP, adenosine 
triphosphate.
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to activation of the pertussis toxin–sensitive G proteins 
(Gi or Go or both). Expression of the cloned opioid recep-
tors in cultured cells by transfection of the cloned cDNAs 
has facilitated analysis of the intracellular signal transduc-
tion mechanisms activated by the opioid receptors2 (Fig. 
31-4). Adenylate cyclase is inhibited by opioid receptor 
activation, with a resulting reduction of the cellular cyclic 
adenosine monophosphate (AMP) content. Electrophysi-
ologically, the voltage-gated Ca2+ channel is inhibited and 
the inwardly rectifying potassium (K+) channels are acti-
vated by the opioid receptors. As a result, neuronal excit-
ability is reduced by activation of the opioid receptors. In 
contrast, investigators reported that opioids also stimu-
late Ca2+ influx in neuronal cultured cells.16 Extracellular 
signal-related kinase, a class of mitogen-activated protein 
kinases, is activated by the opioid receptors.17 Opioid-
induced activation of extracellular signal-related kinase 
can lead to an increase in arachidonate release17 and 
expression of the immediate early genes, c-fos and junB.18

Long-term exposure of the opioid receptors to ago-
nists induces cellular adaptation mechanisms, which 
may be involved in opioid tolerance, dependence, and 
withdrawal symptoms. Several investigators showed that 
short-term desensitization probably involves phosphory-
lation of the opioid receptors through protein kinase C.19 
Several other kinases also have been implicated, includ-
ing protein kinase A and β-adrenergic receptor kinase 
(βARK), a member of the G-protein–coupled receptor 
kinase (GRK).20 βARKs selectively phosphorylate agonist-
bound receptors and thereby promote interactions with 
β-arrestins, which interfere with G-protein coupling and 
promote receptor internalization. β-Arrestin 2 functions 
as a scaffolding protein that interacts with signal trans-
ducers, and the recruitment of β-arrestin 2 induced by 
opioid receptor activation is involved in the regulation 
of activity of c-Src, Akt, and mitogen-activated protein 
kinases21 (Fig.31-5). Acute morphine-induced analgesia 
was enhanced in mice lacking β-arrestin 2, a finding 
suggesting that this protein contributes to regulation of 
responsivity to opioids in vivo.22

Like other G-protein–coupled receptors, the opioid 
receptors can undergo rapid agonist-mediated internaliza-
tion by a classic endocytic pathway.23,24 These processes 
may be induced differentially as a function of the class 
of the ligand. For example, certain agonists, such as etor-
phine and enkephalins, cause rapid internalization of the 
μ receptor, whereas morphine, which decreases adenylyl 
cyclase activity equally well, does not cause μ-receptor 
internalization.25 These findings may suggest that differ-
ent ligands induce different conformational changes in 
the receptor that lead to divergent intracellular events. 
Furthermore, these observations may provide an explana-
tion for differences in the efficacy and abuse potential of 
various opioids.26

Long-term tolerance to opioids is associated with 
superactivation of adenylyl cyclase activity, which is a 
counterregulatory response to the decrease in cyclic AMP 
levels seen after short-term opioid administration.27 That 
this effect is prevented by pretreatment of cells with per-
tussis toxin demonstrates the involvement of G proteins 
(Gi or Go or both).

MECHANISM OF ANALGESIA

Pain control by opioids must be considered in the con-
text of brain circuits modulating analgesia and the func-
tions of the various types of receptors in these circuits.28 
The analgesic effects of opioids arise from their ability to 
inhibit directly the ascending transmission of nocicep-
tive information from the spinal cord dorsal horn and to 
activate pain control circuits that descend from the mid-
brain, through the rostral ventromedial medulla (RVM), 
to the spinal cord dorsal horn. Petrovic and associates 
used an experimental pain model and positron emission 
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Figure 31-5. β-Arrestin 2 (β-arr2) and 
G protein in μ-opioid receptor recy-
cling, signaling, and degradation. The 
blue star represents an opioid agonist 
and the trimeric membrane-associated 
complex in brown, green, and blue rep-
resents G protein α, β, and γ subunits, 
respectively. The α subunit is shown 
associated with guanosine diphosphate 
(GDP; resting state) or guanosine tri-
phosphate (GTP; activated state). The 
βγ dimer interacts directly with the 
 voltage-activated calcium (Ca2+) chan-
nel to inhibit Ca2+ influx (indicated in 
yellow). GRK, G-protein–coupled recep-
tor kinase; MAPK, mitogen-activated 
protein kinase; PO4-ase, phosphatase. 
(From Hales TG: Arresting the develop-
ment of morphine tolerance and depen-
dence, Br J Anaesth 107:653-655, 2011.)
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tomography (PET) to study mechanisms of action of the 
short-acting μ-opioid agonist remifentanil and found 
drug-induced activation of the rostral anterior cingu-
late cortex, insula, orbitofrontal cortex, and brainstem 
areas.29 The brainstem overlapped with brain areas that 
have been implicated in pain modulation, such as the 
periaqueductal gray (PAG). Surprisingly, placebo anal-
gesia acts similarly on the activity of these brain areas,  
presumably by endogenous opioid release.30

Immunohistochemical studies and in situ hybridiza-
tion analysis have demonstrated that opioid receptors are 
expressed in various areas in the central nervous system 
(CNS).31 These areas include the amygdala, the mesence-
phalic reticular formation, the PAG, and the RVM. How-
ever, the role of the opioid receptors in all these areas has 
not been completely clarified.

Microinjection of morphine into the PAG or direct 
electrical stimulation of this area produces analgesia that 
can be blocked by naloxone. Opioid actions at the PAG 
influence the RVM, which in turn modulates nocicep-
tive transmission in the dorsal horn of the spinal cord 
through the action of the descending inhibition path-
way. Thus, opioids produce analgesia by direct actions on 
the spinal cord, as well as by neurally mediated action in 
the region separated from the site of opioid administra-
tion. Spinal serotonin type 7 (5-HT7) receptors also play 
an important role on the antinociceptive effects of sys-
temic morphine.32

The distribution of opioid receptors in descending pain 
control circuits indicates substantial overlap between μ 
and κ receptors. Interactions between the κ receptor and 
the μ receptor may be important for modulating noci-
ceptive transmission from higher nociceptive centers, as 
well as in the spinal cord dorsal horn. The μ receptor pro-
duces analgesia within descending pain control circuits, 
at least in part, by the removal of γ-aminobutyric acider-
gic (GABAergic) inhibition of RVM-projecting neurons in 
the PAG and spinally projecting neurons in the RVM.28 
The actions of μ-receptor agonists are invariably analge-
sic, whereas those of κ-receptor agonists can be either 
analgesic or antianalgesic. The pain-modulating effects of 
the κ-receptor agonists in the brainstem appear to oppose 
those of μ-receptor agonists.33

Local spinal mechanisms, in addition to descending 
inhibition, underlie the analgesic action of opioids. In 
the spinal cord, opioids act at synapses either presynapti-
cally or postsynaptically. Opioid receptors are abundantly 
expressed in the substantia gelatinosa, where substance P 
release from the primary sensory neuron is inhibited by 
opioids.

Although opioid receptor ligand binding is significant 
and little detectable receptor mRNA expression occurs in 
the spinal cord dorsal horn, high levels of opioid receptor 
mRNA are present in the dorsal root ganglia. This distribu-
tion may suggest that the actions of opioid receptor agonists 
relevant to analgesia at the spinal level are predominantly 
presynaptic. That opioids decrease the pain-evoked release 
of tachykinins from primary afferent nociceptors is well 
known. However, investigators demonstrated that at least 
80% of tachykinin signaling in response to noxious stim-
ulation remains intact after the intrathecal administra-
tion of large doses of opioids.34 These results suggest that 
although opioid administration may reduce tachykinin 
release from primary afferent nociceptors, this reduction 
has little functional impact on the actions of tachykinins 
on postsynaptic pain-transmitting neurons.



The actions of opioids in bulbospinal pathways are 
critical to their analgesic efficacy. Opioid actions in the 
forebrain contribute to analgesia. Decerebration prevents 
analgesia when rats are tested for pain sensitivity using 
the formalin test,35 and microinjection of opioids into 
several forebrain regions is analgesic in this test.36 Anal-
gesia induced by systemic administration of morphine in 
both the tail flick and formalin tests was disrupted either 
by lesioning or reversibly inactivating the central nucleus 
of the amygdala, thereby demonstrating that opioid 
actions in the forebrain contribute to analgesia after tis-
sue damage, as well as after acute phasic nociception.37,38

Opioids may also produce analgesia through the 
peripheral mechanism.39 Immune cells infiltrating the 
inflammation site may release endogenous opioid-like 
substances, which act on the opioid receptors located on 
the primary sensory neuron.39 However, other findings 
do not support this conclusion.40,41

MECHANISM OF MOOD ALTERATIONS  
AND REWARDING PROPERTIES

The mechanisms by which opioids produce euphoria, 
tranquility, and other alterations of mood (including 
rewarding properties) are not entirely clear. Behavioral 
and pharmacologic evidence points to the role of dopa-
minergic pathways, particularly involving the nucleus 
accumbens (NAcc), in drug-induced reward. A functional 
magnetic resonance imaging study demonstrated that a 
small intravenous dose (4 mg) of morphine induces posi-
tive signal changes in reward structures, including the 
NAcc, sublenticular extended amygdala, orbitofrontal 
cortex, and hippocampus, and decreases signal in cortical 
areas similar to the action of sedative-hypnotics such as 
propofol and midazolam.42 These observations are consis-
tent with results of pharmacologic studies.

The shell of the NAcc is the site that may be involved 
directly in the emotional and motivational aspects of 
drug-induced reward. All three opioid receptor types are 
present on the NAcc and are thought to mediate, at least 
in part, the motivational effects of opiate drugs.31 Selec-
tive μ- and δ-receptor agonists are rewarding when defined 
by place preference and intracranial self-administration 
paradigms. Conversely, selective κ-receptor agonists pro-
duce aversive effects. Positive motivational effects of opi-
oids are partially mediated by dopamine release at the 
level of the NAcc.

The locus ceruleus contains both noradrenergic neu-
rons and high concentrations of opioid receptors and 
is postulated to play a critical role in feelings of alarm, 
panic, fear, and anxiety. Neural activity in the locus ceru-
leus is inhibited by both exogenous opioids and endog-
enous opioid peptides.

ANALYSIS OF KNOCKOUT MICE

The physiologic roles of the opioid receptors and endog-
enous opioid peptides have been investigated mainly 
by pharmacologic and physiologic methods. However, 
analysis of the functional roles of these proteins has been 
difficult. More recently, knockout mice, in which a spe-
cific gene is inactivated by molecular biologic methods, 
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have been produced. By analysis of knockout mice, the 
physiologic significance of the respective opioid recep-
tors and endogenous opioid peptide precursors can be 
determined.43

In μ-receptor knockout mice, analgesia, the reward effect, 
and the withdrawal effect of morphine were lost.44 Mor-
phine-induced respiratory depression was not observed in 
μ-receptor knockout mice.45 Therefore, the μ receptor is a 
mandatory component of the opioid system for morphine 
action. In μ-receptor knockout mice, ketamine-induced 
respiratory depression and antinociception were dimin-
ished,46 a finding suggesting that ketamine interacts with 
the μ receptor to lead to these phenomena. Furthermore, 
minimum alveolar concentration (MAC) of sevoflurane 
was significantly higher in μ-receptor knockout mice than 
in wild-type mice, an observation suggesting the involve-
ment of the μ receptor in the anesthetic potency of sevo-
flurane.45 δ-Receptor knockout mice displayed a markedly 
reduced analgesic effect of opioids selective for δ recep-
tors at the spinal cord level.47 However, at the supraspinal 
level, analgesia could be induced by δ-receptor agonists in 
δ-receptor knockout mice, a finding suggesting the exis-
tence of a second δ-like analgesic system. Disruption of 
the κ receptor abolished the analgesic, hypolocomotor, 
and aversive actions of the κ-receptor agonists and induces 
hyperreactivity in the abdominal constriction test; this 
finding indicates that the κ receptor is involved in the per-
ception of visceral chemical pain.48

In the mice lacking β-endorphin, morphine induced 
normal analgesia, but naloxone-reversible stress-induced 
analgesia could not be observed.49 The preproenkephalin 
knockout mice were more anxious than wild-type mice, 
and males displayed increased offensive aggressiveness.50 
The mutant mice showed marked difference from con-
trols in supraspinal, but not spinal, responses to painful 
stimuli.

Thus, the functional roles of individual components 
of the opioid system have been elucidated by analysis 
of knockout mice. However, many points remain to be 
clarified.

ACTIONS OF OPIOIDS ON TARGETS OTHER 
THAN OPIOID RECEPTORS

Opioids can interact with molecules other than the opi-
oid receptors. In cardiac myocytes, morphine can inhibit 
voltage-dependent sodium (Na+) current in a naloxone-
insensitive manner, a finding suggesting the existence 
of a signal transduction mechanism that is not depen-
dent on the opioid receptors.51 Buprenorphine, a partial 
μ-opioid receptor agonist, also has a local anesthetic prop-
erty and blocks voltage-gated Na+ channels through the 
local anesthetic binding site.52 Meperidine is an agonist of 
both μ and κ receptors. In addition, meperidine can block 
voltage-dependent Na+ channels in amphibian peripheral 
nerves,53 as well as in the Xenopus oocyte expression sys-
tem (Fig. 31-6).54 Furthermore, meperidine exerts agonist 
activity at the α2B-adrenoreceptor subtype.55 High con-
centrations of opioids, including meperidine, morphine, 
fentanyl, codeine, and naloxone, directly inhibit the 
N-methyl-d-aspartate (NMDA) receptor expressed in Xen-
opus oocytes.56 Methadone is clinically used as a racemic 
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Figure 31-6. A to C, Meperidine blocks the sodium (Na+) channels similarly to lidocaine. Na+ currents induced by voltage jump were recorded 
from Xenopus oocytes expressing the Na+ channels. Lidocaine (LIDO; A) and meperidine (MEP; B) dose dependently inhibited the current. CTL, 
Control. (From Wagner LE 2nd, Eaton M, Sabnis SS, Gingrich KJ: Meperidine and lidocaine block of recombinant voltage-dependent Na+ channels: evi-
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mixture of the l and d isomers. The opioid-like activity 
of the racemate seems to be almost entirely the result of 
l-methadone, whereas d-methadone acts as an NMDA 
antagonist.57 The commercially available remifentanil 
solution (Ultiva), which contains glycine, directly acti-
vates the NMDA receptor expressed in Xenopus oocytes.58 
Furthermore, an electrophysiologic study in rat spinal 
cord showed that remifentanil hydrochloride does not 
directly activate NMDA receptors, the NMDA current 
recorded after application of Ultiva is related to the pres-
ence of glycine, and the glycine-induced NMDA current 
is potentiated by application of remifentanil hydrochlo-
ride through a pathway involving the μ-opioid receptor.59 
The serotonin type 3A (5-HT3A) receptor, which is directly 
and indirectly linked to gastrointestinal motility, visceral 
pain, nausea, and vomiting, is competitively inhibited by 
morphine and hydromorphone, as well as by naloxone; 
however, investigators found that fentanyl-like opioids 
did not significantly affect activity of the 5-HT3A recep-
tor.60,61 Tramadol acts as an agonist of transient receptor 
potential vanilloid-1 (TRPV1) heterologously expressed in 
cultured cells.62 Tramadol may activate TRPV1 in sensory 
neurons, followed by local release of vasoactive neuro-
peptides and marked desensitization of the afferent fibers.

PHYSIOLOGIC ROLE OF NOCICEPTIN OR 
ORPHANIN FQ

Nociceptin or orphanin FQ is a 17-amino-acid peptide, 
the sequence of which resembles those of opioid peptides. 
Nociceptin or orphanin FQ precursor mRNA and pep-
tide are present throughout the descending pain control 
circuits. In the spinal cord, nociceptin or orphanin FQ-
receptor mRNA expression is stronger in the ventral horn 
than in the dorsal horn, but higher levels of ligand bind-
ing occur in the dorsal horn. Targeted disruption of the  



nociceptin or orphanin FQ receptor in mice had little effect 
on basal pain sensitivity in several measures, whereas 
targeted disruption of the N nociceptin or orphanin FQ 
precursor consistently elevated basal responses in the tail 
flick test, findings suggesting an important role for noci-
ceptin or orphanin FQ in regulating basal pain sensitiv-
ity.63,64 Intrathecal injections of nociceptin or orphanin 
FQ have been shown to be analgesic65; however, supraspi-
nal administration has produced hyperalgesia, antiopioid 
effects, or a biphasic hyperalgesic-analgesic response.66 
Nociceptin or orphanin FQ inhibits both pain-facilitat-
ing and analgesia-facilitating neurons in the RVM.67 The 
effects of nociceptin or orphanin FQ on pain responses 
appear to depend on the preexisting state of pain in 
the animal. Physiologic implications of nociceptin or 
orphanin FQ remain to be elucidated.

Expression of opioid receptors on peripheral blood 
mononuclear cells is controversial. Williams and associ-
ates reported that human peripheral blood mononuclear 
cells express the nociceptin receptor, but not μ-, δ- or 
κ-opioid receptors.68 Nociceptin, produced by the periph-
eral blood mononuclear cells, may be involved in the 
control of immune functions.

NEUROPHYSIOLOGIC EFFECTS OF OPIOIDS

ANALGESIC ACTION OF OPIOIDS

In human beings, morphine-like drugs produce analge-
sia, drowsiness, changes in mood, and mental clouding. 
A significant feature of opioid analgesia is that it is not 
associated with loss of consciousness. When morphine in 
the same dose is given to a normal, pain-free individual, 
the experience may be unpleasant. The relief of pain by 
morphine-like opioids is relatively selective in that other 
sensory modalities are not affected. Patients frequently 
report that the pain is still present, but they feel more 
comfortable. It is also important to distinguish between 
pain caused by stimulation of nociceptive receptors and 
transmitted over intact neural pathways (nociceptive 
pain) and pain that is caused by damage to neural struc-
tures, often involving neural supersensitivity (neuropathic 
pain). Although nociceptive pain usually is responsive to 
opioid analgesics, neuropathic pain typically responds 
poorly to opioid analgesics and may require larger doses. 
Not only is the sensation of pain altered by opioid analge-
sics, but also the affective response is changed.

The analgesic effects, as well as the side effects, of opi-
oids vary among individuals. A pharmacogenomic twin 
study showed that the interindividual variations in opi-
oid effects are likely the result of genetic and environ-
mental factors.69,70

Animal and human studies indicated the existence of 
sex-related differences in opioid-mediated behavior.71 Sar-
ton and associates examined the influence of morphine 
on experimentally induced pain in healthy volunteers and 
demonstrated the gender differences in morphine anal-
gesia, with greater morphine potency but slower speed 
of onset and offset in women.72 In contrast, in a study 
examining interindividual variability in alfentanil anal-
gesic sensitivity in experimental pain models in humans, 
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no gender differences were detected.73 The mechanism of 
the gender difference remains to be clarified.

The pharmacokinetic and pharmacodynamic char-
acteristics of opioids often vary throughout the day, as 
demonstrated for oral morphine in chronic pain.74 The 
duration of intrathecal sufentanil analgesia exhibited a 
temporal pattern, with 30% variation throughout the day 
in women in the first stage of labor.75 The time of day of 
administration does not seem to influence the duration 
of labor analgesia with spinal-epidural administration of 
fentanyl or with systemic hydromorphone administra-
tion.76 The potential impact of chronobiology on clini-
cal practice is not clear, and research on the influence of 
circadian rhythms on the actions of opioids is warranted.

Some controversy remains regarding analgesia pro-
duced by the peripheral actions of opioids. One review 
concluded from meta-analysis that intraarticularly admin-
istered morphine has a definite but mild analgesic effect.77 
It may be dose dependent, and a systemic effect cannot be 
completely excluded. The addition of opioids in brachial 
plexus block improves the success rate and postoperative 
analgesia.78,79 In contrast, the addition of sufentanil may 
not prolong the duration of brachial plexus block.80

EFFECTS OF OPIOIDS ON CONSCIOUSNESS

Cortical acetylcholine originates in the basal forebrain and 
is essential for maintaining normal cognition and arousal. 
Injection of morphine to the substantia innominata or intra-
venous morphine administration significantly decreased 
acetylcholine release within the prefrontal cortex in the rat, 
and this effect may be the neurochemical basis of opioid-
induced change in consciousness.81 Although unconscious-
ness in humans can be produced with high doses of opioids 
alone, opioid-based anesthesia can be unpredictable and 
inconsistent.82 Therefore, opioids cannot induce anesthe-
sia by themselves.83 The anesthetic potential of opioids was 
tested by measurement of MAC.84 Fentanyl can reduce the 
MAC of isoflurane at skin incision in patients by at least 
80%.85 The relationship between the plasma fentanyl con-
centration and reduction in MAC is not linear, and fentanyl 
has a sub-MAC ceiling effect on reduction of the MAC of 
isoflurane. The MAC of sevoflurane was also dose depend-
ently reduced by fentanyl, with 3 ng/mL resulting in a 61% 
reduction in MAC86 (see also Chapter 33). A ceiling effect 
was observed for MAC; 6 ng/mL fentanyl provided only an 
additional 13% reduction in the MAC of sevoflurane. Even 
potency ratios have been established for the “reduction of 
volatile anesthetic MAC” for most opioids such as sufen-
tanil, fentanyl, alfentanil, and remifentanil. However, the 
MAC-reducing capabilites of the opioids are not complete; 
that is, these are not complete anesthetics. The opioids must 
be combined with other anesthetics to produce a “com-
plete anesthetic.”85,87-89 Esmolol, a short-acting β1-receptor 
antagonist, significantly decreased the MAC of isoflurane 
in the presence of alfentanil, although it did not signifi-
cantly affect this parameter in the absence of alfentanil.90 
The mechanism of the interaction is unknown. Epidural 
fentanyl infusion reduces the awakening concentration of 
isoflurane more than does intravenous fentanyl infusion 
despite the lower plasma concentration, possibly by modu-
lating the afferent nociceptive inputs in the spinal cord.91
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The MAC that prevents movement in response to 
laryngoscopy and tracheal intubation in 50% of patients 
(MAC-TI) is higher than the MAC that prevents move-
ment in response to surgical incision (MAC). The MAC-
TI of sevoflurane was 3.55% and was reduced markedly 
to 2.07%, 1.45%, and 1.37% by the addition of fentanyl 
1, 2, and 4 μg/kg, respectively, with no significant dif-
ference in the reduction between 2 and 4 μg/kg, thus 
showing a ceiling effect.92 The MAC that prevents sym-
pathetic responses to surgical incision in 50% of patients 
(MAC-BAR) decreased with increasing concentrations of 
fentanyl in plasma, and the initial steep reduction was 
followed by a ceiling effect.86

The bispectral index (BIS) was proposed as a mea-
sure of the effects of anesthetic agents on the brain (see 
also Chapter 50). In the presence of fentanyl, alfent-
anil, remifentanil, or sufentanil, loss of consciousness 
occurred at a lower effect-site concentration of propofol 
and at a higher BIS value than with propofol alone.93 
Furthermore, Wang and colleagues reported that infu-
sion of remifentanil (0.1 to 0.4 μg/kg/minute) did not 
significantly change the median effective concentration 
(EC50) of propofol necessary to lower the BIS value to 50 
or less.94 These results suggest that the hypnotic effect of 
propofol is enhanced by analgesic concentrations of opi-
oids without changes in the BIS value. Conversely, infu-
sion of remifentanil (effect-site target concentrations of 
0.25, 2.5, and 10 ng/mL), combined with propofol infu-
sion adjusted to a BIS of approximately 60, dose depend-
ently decreased the BIS, thus suggesting a sedative or 
hypnotic effect of remifentanil.95 Response surface anal-
ysis showed considerable synergy between opioids and 
hypnotics for sedation and suppression of responses to 
various noxious stimuli (see also Chapter 33).96

Opioids administered as a mainstay of surgical pain 
management can inhibit sleep on the first postoperative 
night. However, the effects of opioids on sleep and circa-
dian rhythm are not clearly understood. A human study 
demonstrated that an overnight constant infusion of 
remifentanil inhibited rapid eye movement sleep without 
suppressing the nocturnal melatonin surge, findings that 
may suggest a minimal effect of opioids on the circadian 
pacemaker.97

ELECTROENCEPHALOGRAPHY

Increasing concentrations of inhaled anesthetic agents 
produce a continuum of electroencephalogram (EEG) 
changes and eventually result in burst suppression and a 
flat EEG. In contrast, a ceiling effect is reached with opi-
oids. Once this ceiling has been obtained, increasing opi-
oid dosage does not further affect the EEG.98

Although the potency and rate of equilibrium between 
plasma and brain are different among opioids, the effects 
of fentanyl, alfentanil, sufentanil, and remifentanil are 
consistent99 (Fig. 31-7). Small doses of fentanyl (200 μg) 
produce minimal EEG changes, whereas higher doses 
(30 to 70 μg/kg) result in high-voltage slow (delta) waves 
suggesting a state consistent with anesthesia. Although 
transient isolated (usually frontotemporal) sharp wave 
activity can be observed after large doses of fentanyl and 
other opioids, it is not generalized (see also Chapter 49).
As an effect-site measure, the EEG can be employed to 
assess onset of drug action and drug potency ratios. The 
spectral edge and serum concentration are closely paral-
lel for remifentanil,100 whereas a significant time lag is 
found for recovery of the spectral edge for fentanyl and 
sufentanil101 (Fig. 31-8). In healthy volunteers, approxi-
mate entropy derived from a parietal montage showed 
significant correlation with remifentanil concentration, 
and it was shown to be appropriate for the assessment 
of the remifentanil effect on the EEG.102 Potency ratios 
based on EEG studies are similar to those obtained from 
studies determining the plasma drug levels of each opioid 
necessary to reduce the MAC of isoflurane by 50%.

EVOKED RESPONSES

Because opioids do not appreciably alter sensory-evoked 
potentials elicited at the posterior tibial or median nerve, 
sensory-evoked potentials can be used for spinal cord 
function monitoring during anesthesia with opioids.103 
Remifentanil produced dose-dependent reduction in 
auditory-evoked potentials.104 Investigators also reported 
that remifentanil infusion (target plasma concentrations 
of 1, 2, and 3 ng/mL) did not affect evoked potential 
amplitudes and latencies.105 In healthy human volun-
teers receiving 3 μg/kg fentanyl, amplitude and latency 
of motor-evoked responses to transcranial stimulation 
were not significantly affected.106 Kawaguchi and associ-
ates reported that intraoperative myogenic motor-evoked 
potential monitoring is feasible during isoflurane or sevo-
flurane anesthesia with fentanyl.107

Middle latency auditory-evoked potentials (MLAEPs) 
and their derivatives are increasingly used as a surrogate 
measure of the level of anesthesia. Changes in MLAEPs 
following the administration of opioids occur and may 
result from either a direct depressant effect of opioids on 
MLAEPs itself or an indirect effect reflecting the action of 

Baseline, awake

1 min, 37.5 µg 

3.5 min, 65.6 µg

4.0 min, 75 µg

50 µV 1 sec

Figure 31-7. Representative 4-second electroencephalogram (EEG) 
tracings during infusion of sufentanil (total dose shown in the right 
column). The awake baseline EEG consists of mixed beta and alpha 
activity. At 1 minute, the EEG showed loss of beta activity and the 
presence of primarily alpha waves (8 to 13 Hz). At 3.5 minutes, the 
EEG consisted of mixed theta (4 to 7 Hz) and delta (<4 Hz) waves, and 
at 4.0 minutes, it consisted of delta waves of high amplitude. (From 
Scott JC, Cooke JE, Stanski DR: Electroencephalographic quantitation of 
opioid effect: comparative pharmacodynamics of fentanyl and sufentanil, 
Anesthesiology 74:34-42, 1991.)



opioids in attenuating CNS arousal associated with nox-
ious stimuli. Wright and colleagues examined the effect 
of remifentanil (1 or 3 μg/kg/minute) on MLAEPs in tra-
cheally intubated and nonintubated patients and showed 
that remifentanil has an effect on MLAEPs in attenuating 
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Figure 31-8. Time course of spectral edge and serum opioid concen-
tration. Fentanyl (A) and sufentanil (B) were infused at 150 and 18.75 
μg/minute, respectively. Remifentanil (C) was administered at 3 mg/kg/
minute for 10 minutes. The spectral edge changes lag behind the serum 
concentration changes in the case of fentanyl and sufentanil, whereas 
the spectral edge and serum concentration closely parallel each other 
in the cases of remifentanil administration. (From Scott JC, Ponganis KV, 
Stanski DR: EEG quantitation of narcotic effect: the comparative pharma-
codynamics of fentanyl and alfentanil, Anesthesiology 62:234-241, 1985; 
and Egan TD, Minto CF, Hermann DJ, et al: Remifentanil versus alfentanil: 
comparative pharmacokinetics and pharmacodynamics in healthy adult 
male volunteers, Anesthesiology 84:821-833, 1996.)
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the arousal associated with intubation of the trachea but 
has no effect in the absence of a stimulus.108 Similarly, 
Schraag and associates found no significant contribution 
of remifentanil alone on MLAEPs, whereas increasing the 
concentration of remifentanil led to a significant decrease 
of the calculated propofol effect-site concentrations nec-
essary for unconsciousness.109

CEREBRAL BLOOD FLOW AND CEREBRAL 
METABOLIC RATE

Opioids generally produce modest decreases in cerebral 
metabolic rate and intracranial pressure (ICP), although the 
changes are influenced by the concomitant administration 
of other agents and anesthetic drugs, as well as by patients’ 
conditions (see also Chapters 49 and 70). When vasodi-
lation is produced by coadministered anesthetic agents, 
opioids are more likely to cause cerebral vasoconstriction. 
Opioids also decrease cerebral blood flow (CBF) when they 
are combined with nitrous oxide (N2O). When opioids are 
administered alone or when the coadministered anesthetic 
agents cause cerebral vasoconstriction, opioids usually 
have no influence or result in a small increase in CBF.

Endogenous opioid activity is present in the cerebral 
arteries, although exogenously administered opioids were 
found to exert little effect on pial artery diameter in sev-
eral animal models.110 In the piglet, fentanyl, alfentanil, 
and sufentanil decreased arteriolar diameter in a dose-
dependent naloxone-reversible manner.111 In human 
volunteers, PET demonstrated that CBF changes induced 
by fentanyl are regionally heterogenous.112

In healthy volunteers, sufentanil (0.5 μg/kg intrave-
nously [IV]) produces no significant effect on CBF.113 Alfen-
tanil (25 to 50 μg/kg IV), administered to patients receiving 
isoflurane (0.4 to 0.6%)–N2O anesthesia, produces mini-
mal reductions in middle cerebral artery flow velocity.114 A 
PET study in human volunteers showed that remifentanil 
induced dose-dependent changes in relative regional CBF 
in areas involved in pain processing, such as the lateral pre-
frontal cortex, inferior parietal cortex, and supplementary 
motor area.115 In patients scheduled to undergo a supra-
tentorial tumor surgical procedure and receiving N2O, 
remifentanil (1 μg/kg/minute), similar to fentanyl (2 μg/
kg/minute), reduced CBF and did not significantly affect 
cerebrovascular carbon dioxide (CO2) reactivity.116

Opioid-induced neuroexcitation and focal seizure 
activity can cause regional increases in brain metabolism. 
Regional increases in glucose use induced by high doses 
of alfentanil in the rat were associated not only with epi-
leptiform activity but also with neuropathic lesions.117 In 
humans, PET evaluation demonstrated that a 1 to 3 μg/
kg/minute infusion of remifentanil induces a significant 
increase in the cerebral metabolic rate for glucose.118

INTRACRANIAL PRESSURE

Opioids are generally thought to affect ICP minimally. 
During isoflurane-N2O–based anesthesia, opioids do not 
cause significant increases in ICP in patients undergoing 
craniotomy for supratentorial space-occupying lesions 
(see also Chapters 17 and 70).119,120 Opioid sedation 
does not alter ICP in patients with head injuries.121 Light 
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sedation with remifentanil (4.2 ± 1.8 μg/kg/hour) does 
not result in higher ICP than that observed with propofol 
(4.3 ± 2.5 mg/kg/hour) in patients undergoing stereotac-
tic brain tumor biopsy, and cerebral perfusion pressure 
may be better preserved with remifentanil.122

Opioids may produce increases in ICP in patients 
undergoing craniotomy for excision of supratentorial 
space-occupying lesions, especially if intracranial compli-
ance is compromised (see also Chapter 70). In a study of 
patients with severe head injury who have preserved and 
impaired autoregulation, morphine (0.2 mg/kg) and fen-
tanyl (2 μg/kg) moderately increased ICP, a finding sug-
gesting that mechanisms other than vasodilation could 
be implicated in the opioid-induced ICP elevation.123 
Investigators also demonstrated no change in ICP in 
hydrocephalic children after alfentanil (70 μg/kg) admin-
istration.124 Whether these discrepancies of the opioid 
effects on ICP reflect pressure assessment methods or the 
effects of other drugs is not clear.

NEUROPROTECTION

Although certain early studies suggested potentially 
adverse effects of μ-opioid agonists on ischemic brain, 
other studies documented that certain opioid agents, 
such as the κ-opioid agonists, can be neuroprotective, at 
least in animal models of focal ischemia (see also Chapter 
70). Investigators also showed that activation of δ-opioid 
receptors increases the survival time of mice during lethal 
hypoxia. An in vitro study involving rat cerebellar brain 
slices demonstrated that pretreatment with morphine at 
clinically relevant concentrations induced acute neuropro-
tection mediated by activation of the δ1-opioid receptors, 
activation of adenosine triphosphate (ATP)–sensitive K+ 
channels, and free radical production in mitochondria.125

In contrast, Charchaflieh and associates demonstrated, 
using the rat hippocampal slice model, that fentanyl is 
neither neurotoxic nor protective against anoxic injury 
to neurons when used in concentrations comparable to 
those produced in clinical practice.126

In the rat focal ischemia model, in contrast to iso-
flurane, fentanyl neither increased nor decreased brain 
injury compared with awake unanesthetized rats.127

MUSCLE RIGIDITY

Opioids can increase muscle tone and may cause mus-
cle rigidity. The incidence of rigidity noted with opioid 
anesthetic techniques varies greatly because of differ-
ences in dose and speed of opioid administration, the 
concomitant use of N2O, the presence or absence of 
muscle relaxants, and the patient’s age. Opioid-induced 
rigidity is characterized by increased muscle tone that 
sometimes progresses to severe stiffness with the poten-
tial for serious problems (Table 31-4). Clinically signifi-
cant opioid-induced rigidity usually begins just as or 
after a patient loses consciousness. Mild manifestations 
of rigidity, such as hoarseness, can occur in conscious 
patients. Vocal cord closure is primarily responsible for 
the difficult ventilation with bag and mask that follows 
the administration of opioids. Delayed or postopera-
tive rigidity is probably related to second peaks that can 
occur in plasma opioid concentrations, similar to the 
recurrence of respiratory depression.

The precise mechanism by which opioids cause muscle 
rigidity is not clearly understood. Muscle rigidity is not 
the result of a direct action on muscle fibers because it can 
be decreased or prevented by pretreatment with muscle 
relaxants. Mechanisms of opioid-induced muscle rigidity 
involving the CNS have been postulated. Pharmacologic 
investigation using selective agonists and antagonists 
suggest that systemic opioid-induced muscle rigidity 
is primarily caused by activation of central μ receptors, 
whereas supraspinal δ1 and κ1 receptors may attenuate 
this effect.128 Some aspects of opioid-induced catato-
nia and rigidity (increased incidence with age, muscle 
movements resembling extrapyramidal side effects) are 
similar to Parkinson disease and suggest similarities in 
neurochemical mechanisms. Patients with Parkinson dis-
ease, particularly if they are inadequately treated, may 
experience reactions such as dystonia following opioid 
administration.129

Pretreatment with or concomitant use of nondepolar-
izing muscle relaxants can decrease the incidence and 
severity of rigidity (see also Chapter 34). Induction doses 
of sodium thiopental and subanesthetic doses of diaze-
pam and midazolam can prevent, attenuate, or success-
fully treat rigidity.

NEUROEXCITATORY PHENOMENA

Fentanyl causes seizure activity seen on the EEG in ani-
mals, but EEG evidence of seizure activity after fentanyl, 
alfentanil, and sufentanil is generally lacking in humans. 
Remifentanil induced generalized tonic-clonic seizure-
like activity in an otherwise healthy adult.130 Morphine 
produces tonic-clonic activity after epidural and intra-
thecal administration.131 Focal neuroexcitation on the 
EEG (e.g., sharp and spike wave activity) occasionally 
occurs in humans after large doses of fentanyl, sufent-
anil, and alfentanil.

The mechanisms underlying opioid-induced neuroex-
citatory phenomena are not completely clear. Excitatory 
opioid actions may be related to coupling to mitogen- 
activated protein kinase cascades.132 Local increases in 
CBF and metabolism are also of theoretic concern because 
prolonged seizure activity, even if focal, could lead to neu-
ronal injury or cellular death. Fentanyl, alfentanil, and 
sufentanil in large doses also induced hypermetabolism 

TABLE 31-4 POTENTIAL PROBLEMS ASSOCIATED 
WITH OPIOID-INDUCED RIGIDITY 

System Problem

Hemodynamic ↑CVP, ↑ PAP, ↑ PVR
Respiratory ↓ Compliance, ↓ FRC, ↓ ventilation

Hypercarbia, hypoxemia
Miscellaneous ↑ Oxygen consumption, ↑ intracranial 

pressure, ↑ fentanyl plasma levels

Modified from Bailey PL, Egan TD, Stanley TH: Intravenous opioid anesthet-
ics. In Miller RD, editor: Anesthesia, ed 5. Philadelphia, 2010, Churchill 
Livingstone, p 781.

CVP, Central venous pressure; FRC, functional residual capacity; PAP, pulmo-
nary artery pressure; PVR, pulmonary vascular resistance.



and histopathologic alterations of the limbic system in 
rats.133 Experimental study using excised mouse hippo-
campus showed that the proseizure effect of morphine is 
mediated by selective stimulation of the μ- and κ-opioid 
receptors but not the activation of the δ-opioid recep-
tor.134 In rats, midazolam, naloxone, and phenytoin pre-
vented EEG seizure activity and histologically evident 
brain damage induced by large doses of fentanyl.135

Measurement of CBF by magnetic resonance imaging 
in human volunteers indicated that the cingulate cortex 
is the most susceptible to activation by remifentanil (0.05 
to 0.2 μg/kg/minute), and susceptibility is affected by the 
apolipoprotein E genotype.136 These findings support the 
notion that neuroactivation of limbic areas by the peri-
operative use of opioids may have a role in the genesis of 
postoperative cognitive dysfunction.

PUPIL SIZE

Morphine and most μ- and κ-agonists cause constriction 
of the pupil by an excitatory action on the parasympa-
thetic nerve innervating the pupil. Opioids release cor-
tical inhibition of the Edinger-Westphal nucleus, with 
resulting papillary constriction. After intravenous admin-
istration of morphine (0.125 mg/kg) in one report, a 
26% decrease in pupil diameter occurred at 1 hour, and a 
period of more than 6 hours was necessary for complete 
recovery of pupil diameter.137 The changes in pupil size 
associated with opioid action may be too slight to be of 
clinical utility in assessing the degree of opioid effect. The 
pupillary dilatation reflex has been successfully used to 
assess the analgesic component of a balanced anesthetic 
regimen. The pupillometer may be a valuable tool to 
guide morphine administration in the immediate post-
operative period.138

PRURITUS

Histamine release is not causative because non–hista-
mine-releasing opioids also produce pruritus. Intrathecal 
morphine-induced itching in monkeys was suggested to 
be mediated by the μ receptor.139 Activation of a μ-opioid 
receptor isoform MOR1D by morphine induced activa-
tion of the gastrin-releasing peptide receptor that het-
erodimerized with MOR1D, thus resulting in activation 
of phospholipase β3 and intracellular Ca2+ increase in 
neurons leading to itch sensation in mice.140 Naloxone 
reverses opioid-induced itching, but opioid antagonists 
are not ideal therapeutic agents against pruritus because 
opioid analgesia is also reversed by these agents. A meta-
analysis demonstrated that prophylactic use of serotonin 
type 3 (5-HT3) antagonists significantly reduced the 
severity and the need for treatment of pruritus.141 Acti-
vation of the κ-opioid receptor inhibits pruritus evoked 
by subcutaneous and intrathecal morphine in animal 
models.142 Tamdee and colleagues reported that 15 mg of 
pentazocine, an agonist of the κ-opioid receptor and par-
tial agonist of the μ-opioid receptor, is superior to 4 mg 
of ondansetron for the treatment of pruritus induced by 
intrathecal morphine in parturients undergoing cesarean 
delivery.143 Tenoxicam, a nonsteroidal antiinflammatory 
drug (NSAID), was reported to be effective for pruritus 
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induced by epidural fentanyl.144 Intravenous administra-
tion of droperidol (1.25 mg), propofol (20 mg), or aliza-
pride (100 mg) reduced the incidence of pruritus induced 
by the use of morphine 0.2 mg intrathecally in patients 
undergoing cesarean section with spinal anesthesia.145 
Preoperative gabapentin prevents pruritus induced by 
intrathecal morphine in patients undergoing lower limb 
operations with spinal anesthesia.146

Facial itching may not necessarily be a manifesta-
tion of direct opioid action at the level of the trigeminal 
nucleus, but rather, it may reflect opioid-triggered neu-
ral transmission at a distant site. Why the face is prone 
to pruritus even after spinal opioid administration is not 
known. Pruritus resulting from cholestasis is ameliorated 
by opioid antagonists.147

RESPIRATORY EFFECTS OF OPIOIDS

The respiratory depressant actions of opioids represent 
their most serious adverse effects (see also Chapter 51). 
Although some early studies indicated involvement of 
both μ- and δ-opioid receptors, a more recent report dem-
onstrated that activation of the μ-opioid receptor in the 
caudal medullary raphe region, which is important for reg-
ulating pain and respiratory modulation, inhibits the ven-
tilatory response to hypercapnia in anesthetized rats.148 
Furthermore, administration of morphine or M6G did not 
produce significant respiratory depression in the μ-opioid 
receptor knockout mice.149 Polymorphism of the μ-opioid 
receptor at nucleotide position 118, which is known to 
affect M6G-induced analgesia, does not significantly 
change the susceptibility of respiratory depressive effect of 
M6G.10 This result suggests that analgesia and respiratory 
depression may be mediated by different signal transduc-
tion mechanisms activated by the μ-opioid receptor.

Morphine depresses respiratory mucous transport, 
which is one of the most important defenses against 
respiratory tract infections. However, morphine had no 
effect on the beating frequency of nasal cilia in vitro.150

THERAPEUTIC EFFECTS

By decreasing pain and central ventilatory drive, opioids are 
effective agents in preventing hyperventilation induced by 
pain or anxiety. Because the lack of adequate pain relief can 
also cause postoperative respiratory dysfunction, opioids 
can be used as postoperative analgesics to prevent respira-
tory dysfunction. The antitussive actions of opioids are well 
known and central in origin. Investigators reported that an 
effect-site concentration of 2 ng/mL of remifentanil can 
suppress coughing induced by extubation after propofol or 
sevoflurane anesthesia.151 In contrast, fentanyl, sufentanil, 
and alfentanil curiously elicit a brief cough in up to 50% 
of patients when the drug is injected by intravenous bolus. 
Fentanyl, administered through a peripheral intravenous 
cannula, provoked cough when it was injected rapidly, but 
the incidence of cough decreased significantly as the injec-
tion time was increased,152 as well as by the administration 
of 1.5 mg/kg lidocaine 1 minute before fentanyl admin-
istration.153 Investigators reported that preemptive use 
of 25 μg, administered 1 minute before bolus injection of 
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fentanyl (125 or 150 μg), can effectively suppress fentanyl-
induced cough.154 A prospective randomized controlled 
study demonstrated that a huffing maneuver, consisting 
of a forced expiration against an open glottis, just before 
intravenous fentanyl administration significantly reduced 
the incidence and severity of fentanyl-induced coughing 
in the majority of the patients.155

Opioids are also excellent agents for depressing upper 
airway, tracheal, and lower respiratory tract reflexes, but 
the mechanism is not clear. Although opioids can affect 
the contractile responses of airway smooth muscles, the 
clinical significance and relevance of opioid-induced 
effects on airway resistance remain controversial.156 Opi-
oids blunt or eliminate somatic and autonomic responses 
to tracheal intubation. They allow patients to tolerate 
endotracheal tubes without coughing or “bucking.” Con-
versely, two successive dose of 1.5 μg/kg fentanyl did not 
effectively prevent laryngospasm in children 2 to 6 years 
old who were anesthetized with sevoflurane.157 Opioids 
can also help avoid increases in bronchomotor tone in 
asthma. In addition, fentanyl also has antimuscarinic, 
antihistaminergic, and antiserotoninergic actions and 
may be more effective than morphine in patients with 
asthma or other bronchospastic diseases.

RESPIRATORY DEPRESSION

Opioids activating the μ receptor cause dose-dependent 
depression of respiration, primarily through a direct 
action on brainstem respiratory centers.158 The stimula-
tory effect of CO2 on ventilation is significantly reduced 
by opioids. Hypercapnic responses can be separated into 
central and peripheral components. In one report, mor-
phine-induced changes in the central component were 
equal in men and women, whereas changes in the periph-
eral component were larger in women.159 In addition, the 
apneic threshold and resting end-tidal partial pressure 
of CO2 are increased by opioids (Fig. 31-9). Opioids also 
decrease hypoxic ventilatory drive.

Respiratory rate is usually drastically decreased in 
opioid overdose, although a hypoxic CNS insult can 
counter this effect. The prolonged expiratory time in the 
respiratory cycle induced by opioids frequently results 
in greater reductions in respiratory rate than in tidal 
volume. Monitoring of breath intervals can sensitively 
detect fentanyl-induced respiratory depression and can 
be used as a measure of dynamic opioid effect.160 High 
doses of opioids usually eliminate spontaneous respira-
tions without necessarily producing unconsciousness. 
Patients receiving high doses of opioids may still be 
responsive to verbal command and often breathe when 
they are directed to do so.

Peak onset of respiratory depression after an analge-
sic dose of morphine is slower than after comparable 
doses of fentanyl, and respiratory depression induced by 
small doses of morphine usually lasts longer than after 
equipotent doses of fentanyl. Sufentanil (0.1 to 0.4 μg/
kg) produces shorter-lasting respiratory depression and 
longer-lasting analgesia than does fentanyl (1.0 to 4.0 μg/
kg).161 Plasma fentanyl concentrations of 1.5 to 3.0 ng/mL 
are associated with significant decreases in CO2 respon-
siveness. With higher doses of fentanyl (50 to 100 μg/kg),  
respiratory depression can persist for many hours. When 
moderately large doses (20 to 50 μg/kg or greater) of 
fentanyl are used, the potential need for postoperative 
mechanical ventilation should be anticipated. The effects 
of remifentanil, no matter what the dose, are attenuated 
rapidly and completely within 5 to 15 minutes following 
termination of its administration. In healthy humans, 
the EC50 for depression of minute ventilation with remi-
fentanil and alfentanil was 1.17 ng/mL and 49.4 ng/
mL, respectively.162 In healthy volunteers, fentanyl  
1 μg/kg and remifentanil 0.5 μg/kg had similar maximum 
decreases in minute ventilation (≈50%), but the onset of 
and recovery from ventilatory depression were faster with 
remifentanil.163

Naloxone has been accepted as a standard therapy for 
opioid-induced respiratory depression. However, reports 
have noted naloxone-resistant respiratory depression 
after intrathecal morphine administration.164 Although 
serotonin agonists, ampakines, and the antibiotic mino-
cycline may be considered newer treatments to prevent 
opioid-induced respiratory depression, more study is nec-
essary before these treatments are used in humans.158

FACTORS AFFECTING OPIOID-INDUCED 
RESPIRATORY DEPRESSION

Many factors affect the magnitude and duration of opi-
oid-induced respiratory depression (Box 31-2).
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Figure 31-9. Influence of morphine administration (bolus dose of 
100 μg/kg given at the start of the infusion [0 minute], followed by a 
continuous infusion of 30 μg/kg/hour) on resting inspired minute ven-
tilation ( V̇i) and resting pressure of end-tidal carbon dioxide (Petco2) 
in a single subject. A one-component exponential was fitted to the 
data. The estimated time constant for the V̇i data is 3.0 minutes and 
for Petco2 data is 2.6 minutes. The time delays are between 1 and 2 
minutes. (From Sarton E, Teppema L, Dahan A: Sex differences in mor-
phine-induced ventilatory depression reside within the peripheral chemo-
reflex loop, Anesthesiology 90:1329-1338, 1999.)



Older patients are more sensitive to the anesthetic and 
respiratory depressant effects of opioids (see also Chapter 
80). Older patients also experience higher plasma con-
centrations of opioids administered on a weight basis. 
Morphine can produce greater respiratory depression on 
a weight basis in neonates than in adults because mor-
phine easily penetrates the brain in neonates and infants 
with incomplete blood-brain barriers.

The respiratory depressant effects of opioids are 
increased or prolonged (or both) when these drugs are 
administered with other CNS depressants, including 
potent inhaled anesthetic agents, alcohol, barbiturates, 
benzodiazepines, most intravenous sedatives, and hyp-
notics. However, droperidol, scopolamine, and clonidine 
do not enhance the respiratory depressant effects of fen-
tanyl or other opioids.

Although opioid action is usually dissipated by redis-
tribution and hepatic metabolism, rather than by urinary 
excretion, the adequacy of renal function may influence 
the duration of opioid activity. In renal insufficiency, the 
respiratory depressant properties of the morphine metab-
olite M6G would become evident as it accumulated.

Hypocapnic hyperventilation enhances and prolongs 
postoperative respiratory depression after fentanyl (10 
and 25 μg/kg). Intraoperative hypercarbia produces the 
opposite effects. Possible explanations for these findings 
include increased brain opioid penetration (increased 
un-ionized fentanyl with hypocarbia) and removal 
(decreased CBF with hypocarbia). In patients who hyper-
ventilate because of anxiety or pain, even small doses of 
intravenous opioids can result in transient apnea because 
of acute shifts in apneic thresholds.

Delayed or recurring respiratory depression has been 
reported with most opioids. Mechanisms for this phe-
nomenon may include augmented release of fentanyl or 
other opioids from skeletal muscle into the systemic cir-
culation on rewarming, shivering, motion, or any other 
condition that enhances muscle perfusion.

CARDIOVASCULAR EFFECTS OF OPIOIDS

Numerous reports have demonstrated that large doses 
of opioid, administered as the sole or primary anesthetic 

High dose
Sleep
Old age
Central nervous system depressant

Inhaled anesthetics, alcohol, barbiturates, benzodiazepines
Renal insufficiency
Hyperventilation, hypocapnia
Respiratory acidosis
Decreased clearance

Reduction of hepatic blood flow
Secondary peaks in plasma opioid levels

Reuptake of opioids from muscle, lung, fat, and intestine
Pain

BOX 31-2 Factors Increasing the Magnitude 
and/or Duration of Opioid-Induced Respiratory 
Depression
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agent, result in hemodynamic stability throughout the 
operative period.

NEUROLOGIC MECHANISMS

Key areas of the brainstem that integrate cardiovascu-
lar responses and maintain cardiovascular homeosta-
sis are the nucleus solitarius, the dorsal vagal nucleus, 
the nucleus ambiguus, and the parabrachial nucleus. 
The nucleus solitarius and parabrachial nucleus play an 
important role in the hemodynamic control of vasopres-
sin secretion. Enkephalin-containing neurons and opi-
oid receptors are distributed in these regions. The direct 
administration of μ-agonists into the CNS of animals 
most commonly, but not always, produces hypotension 
and bradycardia.165 The ventrolateral PAG region, a key 
central site mediating opioid analgesia, also affects hemo-
dynamic control.166 In addition, opioids can modulate 
the stress response through receptor-mediated actions 
on the hypothalamic-pituitary-adrenal axis. Most opioids 
reduce sympathetic and enhance vagal and parasympa-
thetic tone. Patients who are volume depleted, or individ-
uals depending on high sympathetic tone or exogenous 
catecholamines to maintain cardiovascular function, are 
predisposed to hypotension after opioid administration.

The predominant and usual effect of opioids on heart 
rate is bradycardia resulting from stimulation of the cen-
tral vagal nucleus. Blockade of sympathetic actions may 
also play a role in opioid-induced bradycardia. Meperi-
dine, in contrast to other opioids, rarely results in brady-
cardia, but it can cause tachycardia.

CARDIAC MECHANISMS

The direct cardiac actions of opioids, in particular the 
effects on myocardial contractile mechanisms, are sig-
nificantly less pronounced than are those of many other 
intravenous and inhaled anesthetics. However, opioid 
receptors exist in cardiac myocytes of several species.

Contractility
Morphine decreases Ca2+ transients but not cardiac con-
traction and enhances myofilament Ca2+ sensitivity 
through the action on the δ1-opioid receptor expressed 
in the heart.167 In rabbit ventricular myocytes, mor-
phine prolonged action potential duration by increasing 
L-type Ca2+ current, an effect mediated by δ- and κ-opioid 
receptors, and hyperpolarized cardiac resting membrane 
potential by increasing the inwardly rectifying K+ current, 
which is not mediated by opioid receptors.168 Conversely, 
investigators demonstrated that morphine decreased the 
isometric force of contraction in atrial muscles from non-
failing and failing human hearts through a naloxone-
insensitive mechanism.169 Fentanyl produces little or 
no change in myocardial contractility.170 Usually, most 
hemodynamic variables remain unchanged after large 
doses of fentanyl. However, fentanyl has positive inotro-
pic effects. Possible mechanisms of the dose-dependent 
positive inotropic effects of fentanyl, as well as those of 
sufentanil, include catecholamine release or direct myo-
cardial adrenergic activation. Alfentanil, at concentra-
tions achieved in clinical practice, increases contraction 
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in ventricular cells by a mechanism involving an increase 
in the sensitivity of the contractile apparatus to Ca2+.171 
The negative inotropic effect of tumor necrosis factor-α 
(TNF-α) and interleukin-1β (IL-1β) on ventricular myo-
cytes caused by disruption of sarcoplasmic reticulum Ca2+ 
handling and the Ca2+ transient was reported to be ame-
liorated by alfentanil, but this response may not be medi-
ated by opioid receptors.172 Studies in dogs demonstrated 
little change in hemodynamics with moderate doses (160 
μg/kg) of alfentanil and transient cardiac stimulation 
(increases in left ventricular contractility, aortic blood flow 
velocity, and acceleration) with very large doses (5 mg/kg).  
In dogs, remifentanil produced hemodynamic effects 
that include decreases in contractility and cardiac output, 
as well as reductions in heart rate and blood pressure.173 
However, a study using transthoracic echocardiography 
demonstrated that continuous target-controlled infusion 
of remifentanil (target effect-site concentration 2 ng/mL, 
infusion rate 0.08 to 0.09 μg/kg/minute) did not affect 
systolic and diastolic left ventricular function in young 
healthy subjects during spontaneous breathing.174

Cardiac Rhythm Conduction
Opioid-induced bradycardia is primarily mediated by 
the CNS (see also Chapter 45). However, some reports 
have noted direct effects of opioids on cardiac pacemaker 
cells. Alfentanil significantly decreased the frequency of 
contractions of the right atrial-sinoatrial node in a dose-
related manner in isolated cardiac tissues from young 
adult rabbits.175 Premedication with or concomitant 
administration of β-adrenergic or Ca2+ channel entry 
blockers can exacerbate the bradycardia and may result 
in asystole after the administration of opioids. Periods 
of asystole, 10 to 12 seconds in duration, may resolve 
spontaneously, but they usually respond to atropine (0.4 
to 0.8 mg IV).

Fentanyl may depress cardiac conduction by a mecha-
nism mediated by direct membrane actions, as opposed 
to opioid receptor interactions.176 During induction of 
anesthesia in patients undergoing coronary artery bypass 
graft surgery, the QT interval increased significantly after 
the injection of fentanyl177 (see also Chapter 67). How-
ever, pretreatment with fentanyl (2 μg/kg) or remifentanil 
(1 μg/kg) significantly attenuated QTc prolongation asso-
ciated with laryngoscopy and tracheal intubation during 
propofol or sevoflurane induction.178,179 Both sufentanil 
and alfentanil have been demonstrated to be devoid 
of electrophysiologic effects on the normal or acces-
sory pathways in patients with Wolff-Parkinson-White 
syndrome.180,181 Clinically, cardiac conduction distur-
bances attributable to opioids are rare, but they may be 
more likely to occur in the presence of Ca2+ channel or 
β-adrenergic blockers.

The overall effect of opioid anesthesia is antiarrhyth-
mogenic. Naloxone, morphine, and levorphanol pro-
tected against arrhythmia induced by coronary artery 
occlusion in rats.182 A direct effect on ionic currents in 
cardiac muscle was suggested as the mechanism of the 
antiarrhythmogenic activity of opioids. Opioid antago-
nists were more antiarrhythmogenic than were agonists 
in rats.183 Some of the electrophysiologic actions of opi-
oids resemble those of class III antiarrhythmogenic drugs.
Myocardial Ischemia
Determining the effects and consequences of opioid 
action on myocardial ischemia is complex because the 
results can depend on such factors as the species stud-
ied and experimental design (see also Chapter 67). In an 
experimental model of myocardial ischemia in rabbits, 
fentanyl had antiarrhythmic and antiischemic action 
with central and peripheral opioid receptor involve-
ment.184 Opioids can mimic ischemic preconditioning. 
Opioid receptor stimulation results in a reduction in 
infarct size similar to that produced by ischemic precon-
ditioning.185 Although the preconditioning effect of opi-
oids is mediated mainly by the cardiac κ- and δ-opioid 
receptors,186 part of the protective effect of remifent-
anil may be produced by μ-agonist activity outside the 
heart.187 Preconditioning with small doses of intrathecal 
morphine can provide comparable cardioprotection to 
myocardial ischemic preconditioning and precondition-
ing with intravenous morphine, and the effect seems to 
involve δ-, κ- and μ-opioid receptors.188 Late precondi-
tioning, in which cardioprotective effects can be observed 
24 hours after drug administration, was also produced by 
morphine-induced activation of the opioid receptor in 
rat hearts.189 Remote preconditioning by brief ischemia 
of other distant organs, such as the intestine, kidney, and 
limb, similarly provides cardioprotection that is as effec-
tive as classic ischemic preconditioning. The myocardial 
κ-opioid receptors were demonstrated to mediate cardio-
protection by remote preconditioning.190 Brief cycles of 
ischemia and reperfusion during the early phase of reper-
fusion protect the heart from infarction. This phenom-
enon, termed postconditioning, was shown to be induced 
by activation of the κ-opioid receptor in the heart.191 
Volatile anesthetic agents may also be capable of produc-
ing protection against ischemic injury when these drugs 
are administered solely on reperfusion. This anesthetic-
induced postconditioning can be enhanced by morphine 
through the activation of phosphatidyl-3-kinase and opi-
oid receptors.192

Stimulation of δ1-opioid receptor generates oxygen 
(O2) radicals through mitochondrial ATP-sensitive K+ 
channels, with resulting attenuation of oxidant stress and 
cell death in cardiomyocytes.193 Involvement of adenos-
ine A1 receptor and protein kinase C in the cardioprotec-
tive effect of opioids was also suggested.194,195 Whether 
the experimental results showing protective effects of 
opioid against myocardial ischemia will translate into 
reductions in morbidity and mortality in patients with 
coronary artery disease has yet to be established by clini-
cal trials.196 Clinically, large doses of opioids can maintain 
myocardial perfusion and the O2 supply-demand ratio as 
well as or better than can inhalation-based techniques.

Coronary Circulation
Opioids appear to have no significant effect on coro-
nary vasomotion or myocardial metabolism; they do 
not produce steal phenomena, and they do not dimin-
ish the ability of large coronary arterioles to respond to 
vasoactive agents.197 Coronary conductance is regulated 
by arterial baroreflex control, and a vasodilator response 
is induced by a rise in aortic pressure. This baroreflex 
control is enhanced by low plasma concentrations of 



fentanyl (1 to 2 ng/mL), but it appears to be depressed 
with increasing plasma concentrations of fentanyl.198 
In a study of the effects of opioids and neuroendocrine 
modulators on porcine coronary arteries, fentanyl, but 
not sufentanil or morphine, antagonized acetylcholine-
induced contractions.199 The effect of fentanyl was not 
reversible by naloxone and thus was thought to represent 
a direct smooth muscle effect.

Circulatory Reflexes
In an experiment examining baroreceptor reflex responses 
induced by perfusion of the carotid sinus at predeter-
mined levels, baroreceptor reflexes were well preserved 
with moderate doses of fentanyl, whereas high doses of 
fentanyl depressed the baroreceptor reflexes.200 The ocu-
locardiac reflex, which is caused by traction on the extra-
ocular muscles during surgical procedures for strabismus, 
was significantly augmented by fentanyl, sufentanil, and 
remifentanil.201 Among pediatric patients undergoing 
surgical procedures for strabismus and anesthetized with 
propofol (12 mg/kg/hour) and alfentanil (0.04 mg/kg/
hour), virtually all patients developed oculocardiac reflex, 
and atrioventricular rhythm disorders were frequent.202

HISTAMINE RELEASE

Morphine causes histamine release and sympathoadre-
nal activation. Codeine and meperidine induce mast cell 
activation with the release of histamine, probably by a 
mechanism other than the μ-opioid receptors.203

Increases in plasma histamine after morphine admin-
istration cause dilatation of terminal arterioles and direct 
positive cardiac chronotropic and inotropic actions. In 
patients pretreated with both H1- and H2-antagonists, 
the cardiovascular responses are significantly attenuated 
despite comparable increases in plasma histamine con-
centrations. Meperidine also causes histamine release 
more frequently than do most other opioids. Unlike mor-
phine or meperidine, fentanyl, alfentanil, and remifent-
anil do not produce increases in plasma histamine, and 
hypotension is less frequent with these opioids.

VASCULAR MECHANISMS

A more recent pharmacologically defined opioid recep-
tor subtype, designated μ3, is opiate alkaloid sensitive and 
insensntive to opioid peptides including peptides previ-
ously shown to have affinities for the μ-opioid receptors. 
This receptor is expressed in human endothelial cells and 
is coupled to vasodilation through nitric oxide produc-
tion. Morphine-induced vasodilation may be partially 
caused by activation of the μ3 receptor.204 Pharmacologic 
studies evaluating alfentanil, fentanyl, and sufentanil in 
dogs demonstrated direct peripheral vessel smooth mus-
cle relaxation.205 Measurement of forearm blood flow 
after infusion of sufentanil into the brachial artery indi-
cated that sufentanil has a direct vasodilatory effect on 
human vascular tissue that is probably independent of 
a neurogenic or systemic mechanism.206 A supraclinical 
dose of alfentanil attenuated the phenylephrine-induced 
contraction through an inhibitory effect on calcium 
(Ca2+) influx by blocking the L-type Ca2+ channels in rat 
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aortic vascular smooth muscle.207 Remifentanil can cause 
transient instability in hemodynamic variables. However, 
this change may not solely be the result of autonomic 
nervous system or CNS inhibition or centrally mediated 
vagal stimulation. A pharmacologic study using rat tho-
racic aortic rings indicated that remifentanil vasodilates 
by an endothelium-dependent mechanism involving 
prostacyclin and nitric oxide released from the endothe-
lium and by an endothelium-independent vasodilation 
probably mediated by the suppression of voltage-sensitive 
Ca2+ channels.208 In patients with total artificial hearts in 
which cardiac output is preload independent, remifent-
anil induces a dose-dependent and significant systemic 
vasodilation without significant effects on capacitance 
vessels.209

Opioids may affect the pulmonary vasculature, as 
well as the systemic circulation. Phenylephrine-induced 
contraction of the canine pulmonary artery was primar-
ily mediated by α1B-adrenergic receptor activation, and 
it was attenuated by fentanyl by binding to and directly 
inhibiting the α1B-adrenergic receptor.210 Pharmacologic 
studies in cats demonstrated that sufentanil and remi-
fentanil have potent vasodepressor activity in the pul-
monary vascular bed and that these responses may be 
mediated by the histamine and opioid receptor–sensitive 
pathway.211,212

Activation of muscarinic acetylcholine receptors 
expressed on endothelial cells results in the activation of 
nitric oxide synthase and release of nitric oxide, which 
relaxes vascular smooth muscle by activation of 3,5-cyclic 
guanosine monophosphate. Investigators showed that 
fentanyl attenuated acetylcholine-induced relaxation of 
rat aorta precontracted with phenylephrine by an inhibi-
tory effect at a level proximal to nitric oxide synthase 
activation on the pathway involving endothelial M3 mus-
carinic receptor activation.213

Opioids are often administered to patients requiring 
surgical intervention for the control of hemorrhage. An 
animal study demonstrated that pretreatment with mor-
phine before inducing the shock state decreased leukocyte 
adhesion and vascular permeability in the microcircula-
tion of the mesenteric venule, a finding suggesting the 
survival benefit for use of morphine during acute resusci-
tation214 (see also Chapter 108).

ENDOCRINOLOGIC EFFECTS OF OPIOIDS

The main components of the neuroendocrine stress 
response are the corticotropin-releasing hormone brain 
centers (e.g., paraventricular hypothalamic nucleus) and 
the locus ceruleus–norepinephrine/autonomic nervous 
system. Increased levels of stress hormones are consid-
ered undesirable because they promote hemodynamic 
instability and intraoperative and postoperative meta-
bolic catabolism. In some circumstances, the hormonal 
and metabolic responses to surgery are extreme and are 
thought to contribute to operative mortality.

Opioids are capable of reducing the stress response by 
modulating nociception at several different levels of the 
neuraxis, as well as by influencing centrally mediated 
neuroendocrine responses. Opioids are potent inhibitors 
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of the pituitary-adrenal axis.215 Endogenous opioid pep-
tides may serve as stress hormones themselves and not 
just as modulators of the secretion of other hormones. 
This activity is suggested by the finding that β-endorphin 
and ACTH are derived from the same precursor proopi-
omelanocortin and are cosecreted during stress.

Morphine modifies hormonal responses to surgi-
cal trauma in a dose-related fashion. Morphine can pre-
vent ACTH release, suppress surgically induced increases 
in plasma cortisol, and attenuate the pituitary-adrenal 
response to surgical stress. Morphine can increase some 
stress-responding hormones by increasing plasma hista-
mine release, adrenal medullary release mechanisms, and 
release of catecholamine from sympathetic nerve endings.

Fentanyl and its congeners are more effective than 
morphine in modifying hormonal responses to surgery. 
The efficacy of fentanyl in controlling the hormonal 
manifestations of the stress response can be dose depen-
dent. Fentanyl doses of 50 μg/kg or larger can help reduce 
the hyperglycemic response to cardiac surgical procedures 
in pediatric patients to less than 200 mg/dL throughout 
the operation.216 In contrast, neither fentanyl nor suf-
entanil alone can completely block the sympathetic and 
hormonal stress responses, and perhaps no dose-response 
relationship exists for opioid-associated control of the 
stress response.217 The stress response to cardiopulmonary 
bypass (CPB) is difficult to suppress with sufentanil or fen-
tanyl. Alfentanil can suppress increases in plasma cortisol 
and catecholamines before but not during CPB and may 
prevent increases in antidiuretic hormone (ADH) and 
growth hormone throughout coronary artery bypass sur-
gery. A randomized controlled trial showed that remifen-
tanil (0.85 μg/kg/minute), when compared with fentanyl 
(total doses of 15 and 28 μg/kg), blunts the hypertensive 
responses and cortisol excretion associated with cardiac 
surgery but is associated with more hypotension.218

STRESS REDUCTION AND OUTCOME

Anesthetic techniques or drugs that minimize the stress 
response may reduce morbidity and mortality in a vari-
ety of circumstances. Anand and colleagues evaluated the 
impact of sufentanil versus morphine-halothane anesthe-
sia on hormonal and metabolic responses and morbid-
ity and mortality in neonates undergoing cardiac surgical 
procedures.219 Most strikingly, a statistically significant 
difference in postoperative mortality was observed (0 of 
30 infants given sufentanil versus 4 of 15 infants given 
halothane plus morphine). Mangano and associates also 
reported that, after myocardial revascularization, patients 
receiving intense postoperative analgesia with sufentanil 
(1 μg/kg/hour) experienced a lower incidence and sever-
ity of electrocardiographically documented ischemia 
compared with patients receiving intermittent intrave-
nous morphine (2.2 ± 2.1 mg/hour) for postoperative 
analgesia.220 High-dose opioids (remifentanil 0.85 μg/
kg/minute or fentanyl 28 μg/kg) are associated with a 
decreased rate of myocardial infarction after cardiac sur-
gical procedures.218

Many different hormonal changes induced by surgery 
have been described. However, the concomitant neural, 
cellular, immune, and biochemical changes have been 
less well defined, and little is understood or proven with 
regard to how modifying hormonal responses alters out-
come.221 Additional studies are necessary for complete 
elucidation of the relationship between control of surgi-
cally induced hormonal responses and outcome.

OPIOID TOLERANCE AND OPIOID-
INDUCED HYPERALGESIA

The mechanisms of dependence and tolerance involve 
genetic, molecular, cellular, physiologic, and functional 
factors. In the locus ceruleus, the major noradrenergic 
nucleus in the brain, long-term opioid exposure results in 
inhibition of adenylyl cyclase, reduced activity of protein 
kinase A, and up-regulation of the cyclic AMP pathway.222 
The changes in μ-receptor density that occur before or 
during the development of tolerance do not appear to be 
essential for the development of opioid tolerance.223 Possi-
ble mechanisms involve protein kinase signal transduction 
cascades that link extracellular signals to cellular changes 
by regulating target gene expression. Central glucocorti-
coid receptors (GRs) have been implicated in the cellular 
mechanism of neuronal plasticity, which has many cel-
lular steps in common with the mechanism of opioid 
tolerance. Investigators showed that the development of 
tolerance to the antinociceptive effect of morphine was 
substantially attenuated when a GR antagonist was coad-
ministered with morphine, but the GR agonist dexameth-
asone facilitated the development of morphine tolerance; 
these findings suggest an important role of spinal GRs in 
the cellular mechanisms of morphine tolerance in rats.224 
Morphine tolerance occurs more rapidly in younger rats 
than in older rats and is unlikely to be the result of dif-
ferences in drug metabolism or clearance, an observation 
suggesting that aging may have an impact on the molecu-
lar processes involved in the development of tolerance.225 
Activation of glial cells, including astrocytes and microg-
lia, at the level of the spinal cord may play an important 
role in the development of opioid tolerance.226,227

Short-term administration of opioids results in anal-
gesia and side effects, whereas tolerance and dependence 
were thought to occur only after long-term administra-
tion. However, tolerance can also develop rapidly after 
short-term opioid exposure in animals and humans. 
Intraoperative remifentanil infusion (0.3 μg/kg/minute) 
in patients undergoing major abdominal surgical proce-
dures performed using desflurane anesthesia increased 
postoperative pain and morphine requirements when 
compared with low-dose remifentanil (0.1 μg/kg/min-
ute); these findings suggest the development of acute 
remifentanil tolerance.228 In contrast, there is a report 
that target-controlled infusion of alfentanil and remifen-
tanil for postoperative analgesia does not lead to opioid 
tolerance.229 In human volunteers, continuous infusion 
of remifentanil (0.08 μg/kg/minute) for 3 hours did not 
decrease the pain threshold.230 Thus, the development of 
acute opioid tolerance in humans remains controversial.

Opioids can elicit hyperalgesia in experimental models 
after repeated opioid administration or continuous deliv-
ery.231 This phenomenon seems to be related to opioid 
tolerance.232 In rats, thermal hyperalgesia and mechanical 
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allodynia were observed for several days after cessation of 
morphine administration (40 mg/kg/day for 6 days).233 
The opioid-induced hyperalgesia resulted from spinal sen-
sitization to glutamate and substance P.234 Furthermore, 
cholecystokinin and the NMDA–nitric oxide system are 
responsible for the development of acute tolerance to 
opioids,235 which is also affected by spinal serotonin activ-
ity.236 Opioid-induced hyperalgesia and subsequent acute 
opioid tolerance can be prevented by ketamine, a find-
ing suggesting involvement of the NMDA receptor.237,238 
Methadone is unique in possessing both μ-opioid and 
NMDA-antagonist properties. Opioid-induced hyperalge-
sia resulted from the presence of l-methadone (μ-opioid 
agonist) in the racemate and was antagonized by the pres-
ence of d-methadone (NMDA antagonist).239 N2O is an 
effective NMDA antagonist. Intraoperatively, 70% N2O 
administration significantly reduced postoperative opioid-
induced hyperalgesia in patients receiving propofol (≈120 
μg/kg/minute) and remifentanil (0.3 μg/kg/minute).240

Spinal cyclooxygenase-2 (COX-2) protein was up-
regulated and release of prostaglandin E2 in the spinal 
cord was increased after morphine withdrawal in rats.241 
In humans, hyperalgesia after 30-minute intravenous 
infusion of remifentanil (0.1 μg/kg/minute) could be 
prevented by the administration of parecoxib, a COX-2 
inhibitor, before remifentanil infusion,242 thereby sug-
gesting the involvement of COX-2 in opioid-induced 
hyperalgesia.

Genetic analysis in mice suggested that genetic variants 
of the β2-adrenergic receptor gene seem to explain some 
of the differences among various strains of mice in the 
development of opioid-induced hyperalgesia, and the 
selective β2-adrenergic receptor antagonist butoxamine 
was shown to reverse opioid-induced hyperalgesia in a 
dose-dependent manner.243 In mice, systemic or intra-
thecal injection of the 5-HT3 receptor antagonist, ondan-
setron, was shown to prevent or reverse opioid-induced 
tolerance or hyperalgesia.244

The occurrence of opioid-induced hyperalgesia may 
possibly be affected by general anesthetic agents coad-
ministered with opioids. When women undergoing sur-
gical treatment of breast cancer were anesthetized with 
sevoflurane or propofol to keep the BIS value at 40 to 
50, postoperative hyperalgesia induced by intraoperative 
remifentanil infusion (effect-site target of 4 ng/mL) was 
significant with sevoflurane anesthesia but not apparent 
with propofol anesthesia.245 Human data generally sup-
port the existence of opioid-induced hyperalgesia in a 
few specific settings. The conditions under which opioid-
induced hyperalgesia is expressed should be clarified, and 
its clinical significance remains to be elucidated.246

MANAGEMENT OF OPIOID-DEPENDENT 
PATIENTS

A variety of problems should be taken into consider-
ation for anesthetic management of opioid-dependent 
patients.247 Complications in opioid-addicted patients 
include cardiopulmonary problems, renal problems, and 
anemia. Long-term morphine administration causes adre-
nal hypertrophy and impairs corticosteroid secretion. 
Viral and nonviral hepatitis, acquired immunodeficiency 
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yndrome, osteomyelitis, muscle weakness, and neuro-
ogic complications may be found in addicted patients. 
ecause underestimation and undertreatment of pain are 
ommon in opioid-dependent patients, it is important 
o identify the goals of short-term pain management in 
hese patients (Box 31-3).248 Anesthetic management of 
he opiate-dependent or addicted patient should include 
dequate premedication with opioids, administration of 
upplemental intraoperative and postoperative opioids, 
nd provision of nonopioid analgesics and neural block-
de. No ideal anesthetic approach exists for a patient 
ith a chronic addiction or a patient with an acute opi-
te overdose. One treatment for opioid addiction is rapid 
etoxification with a high dose of naloxone or naltrex-
ne. For this treatment, general anesthesia is induced 
efore the start of opioid antagonism and is maintained 
or several hours to prevent perception of withdrawal 
ymptoms by the patient.249,250 Blockade of μ-opioid 
eceptors by naloxone (total dose of 12.4 mg) in opioid-
ddicted patients induces sympathetic neural activation, 
ncluding an increase in plasma catecholamine concen-
ration and cardiovascular stimulation, which is abol-
shed by α2-agonists.251

ENAL AND URODYNAMIC EFFECTS  
F OPIOIDS

-Receptor activation causes antidiuresis and decreases 
lectrolyte excretion. κ-Receptor stimulation predomi-
antly produces diuresis with little change in electrolyte 
xcretion. Indirect actions may involve inhibiting or 
ltering the secretion of ADH and atrial natriuretic pep-
ide. The absence of increases in plasma ADH, renin, and 
ldosterone indicates that fentanyl, sufentanil, alfentanil, 
nd probably remifentanil most likely preserve or mini-
ally alter renal function in humans. If renal function 

oes change during opioid anesthesia and surgery, this is 
robably the result of secondary changes in systemic and 
enal hemodynamics.

The mechanism by which opioids cause urinary reten-
ion is incompletely understood. Effects of opioids on the 
ower urinary tract include disturbances of micturition 
haracterized by urinary retention, especially after intra-
hecal opioid administration. Intrathecal administration 

 1.  Identification of the population of at-risk patients receiving 
long-term opioid therapy for various chronic pain situations 
(musculoskeletal disease, neuropathic conditions, sickle cell 
disease, HIV-related disease, palliative care), drug abusers, 
recovering addicts in opioid maintenance programs

 2.  Prevention of withdrawal symptoms and complications
 3.  Symptomatic treatment of psychological affective disorders 

such as anxiety
 4.  Effective analgesic treatment in the acute phase
 5.  Rehabilitation to acceptable and suitable maintenance opioid 

therapy

BOX 31-3 Goals of Acute Pain Management 
in Opioid-Dependent Patients

IV, Human immunodeficiency virus.
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of morphine and sufentanil caused dose-dependent sup-
pression of detrusor contractility and decreased sensa-
tion of urge.252 Mean times to recovery of normal lower 
urinary tract function were 5 and 8 hours after 10 or 30 
μg sufentanil and 14 and 20 hours after 0.1 or 0.3 mg 
morphine, respectively. Not all opioid agonists behave 
similarly, and morphine appears to be particularly 
potent with regard to producing urodynamic problems. 
Malinovsky and associates compared the urodynamic 
effects of intravenous morphine (10 mg), buprenorphine 
(0.3 mg), fentanyl (0.35 mg), and nalbuphine (20 mg).253 
All the opioids altered bladder sensations, but detrusor 
contraction decreased only after the administration of 
fentanyl and buprenorphine. Urinary retention induced 
by intravenous infusion of remifentanil (0.15 μg/kg/
minute) could be reversed by a single intravenous dose 
of methylnaltrexone (0.3 mg/kg) or naloxone (0.01 mg/
kg).254 Reversal of urinary retention by methylnaltrexone 
indicates that peripheral mechanisms may play a role in 
opioid-induced bladder dysfunction.

GASTROINTESTINAL EFFECTS OF OPIOIDS

Several opioid receptor types can be demonstrated on 
myenteric neurons, and both κ- and μ-receptor agonists 
regulate cholinergic transmission in the myenteric plexus. 
κ-Agonists appear to modulate release of acetylcholine 
more potently than do μ-agonists by inhibition of N-type 
voltage-sensitive Ca2+ channels through a pertussis toxin–
sensitive G protein in guinea pig ileum.255 The adverse 
gastrointestinal effects of exogenous opioid treatment 
include nausea, vomiting, altered fluid dynamics, inhib-
ited gastric emptying, inhibited intestinal coordinated 
propulsive activity, and increased transit time, all of which 
may contribute to postoperative ileus (Box 31-4).256

The effect of morphine on esophageal motility has 
been extensively explored. Morphine (80 μg/kg) increased 

Pharmacologic Action Clinical Effect

Decreased gastric motility 
and emptying

Decreased appetite; increased 
gastroesophageal reflux

Decreased pyloric tone Nausea and vomiting
Decreased enzymatic secretion Delayed digestion; hard, dry 

stools
Inhibition of small and large 

bowel propulsion
Delayed absorption of medica-

tion; straining; incomplete 
evacuation; bloating; abdomi-
nal distention; constipation

Increased fluid and 
 electrolyte absorption

Hard, dry stools

Increased nonpropulsive 
segmental contractions

Spasms; abdominal cramps; 
pain

Increased anal sphincter tone Incomplete evacuation

BOX 31-4 Effects of Opioids on the 
Gastrointestinal Tract

From Viscusi ER, Gan TJ, Leslie JB, et al: Peripherally acting mu-opioid receptor 
antagonists and postoperative ileus: mechanisms of action and clinical  
applicability, Anesth Analg 108:1811-1822, 2009.
the velocity but did not alter the amplitude or duration  
of primary peristalsis of the esophagus, and it decreased 
the duration and magnitude of swallow-induced relax-
ation of the lower esophageal sphincter.257 Gastric emp-
tying is delayed by opioids through supraspinal (vagus 
nerve–mediated) and spinal, as well as peripheral, mech-
anisms. Intrathecal morphine (0.4 mg) significantly 
decreased the gastroduodenal propagation velocity and 
acetaminophen absorption, and intramuscular morphine 
(4 mg) resulted in additional effects.258 Tramadol (1.25 
mg/kg IV) has a measurable but smaller inhibitory effect 
on gastric emptying than does codeine (1 mg/kg IV) or 
morphine (0.125 mg/kg IV).259 Opioids administered 
epidurally, as well as intrathecally, reduce gastrointes-
tinal motility.258 The translocation of enteric microor-
ganisms from the intestinal tract to extraintestinal sites 
was promoted by reduction of gut propulsion after mor-
phine treatment in rats.260 Propofol (0.3 mg/kg bolus and 
1.0 mg/kg/hour) abolished the decrease in gastric tone 
induced by morphine (0.1 mg/kg IV), but it did not abol-
ish a morphine-induced delay of gastric emptying.261

Naloxone reverses opioid-induced delays in gastric 
emptying. Methylnaltrexone, a quaternary naloxone 
derivative that does not cross the blood-brain barrier, 
can attenuate morphine-induced delays in gastric empty-
ing, thus suggesting a peripheral mechanism in the opi-
oid effect on gastrointestinal tract.262 Naloxone (0.7 mg/
kg) significantly inhibited gastric emptying of saline and 
milk in rats.263 This observation may suggest that opioids 
can affect the gastrointestinal tract by a mechanism inde-
pendent of the opioid receptors. Intravenous, but not 
intramuscular, metoclopramide (10 mg) also can reverse 
morphine-induced delays in gastric emptying.264

Opioid effects on the intestine are complex. Tran-
sit time from mouth to ileum may not be significantly 
altered by morphine because morphine enhances ileal 
propulsion before decreasing motility. Opioids increase 
tone and decrease propulsive activity in most of the intes-
tine. In rats, pretreatment with epidural or intraperito-
neal morphine attenuated ischemia-induced inhibition 
of bowel motility.265

BILIARY AND HEPATIC EFFECTS

Opioid agonists increase biliary duct pressure and sphinc-
ter of Oddi (choledochoduodenal sphincter) tone in 
a dose- and drug-dependent manner through opioid 
receptor–mediated mechanisms. However, the clinical 
consequences of opioid-induced biliary tract actions are 
usually minimal. Although traditional teaching dictates 
that morphine induces “spasm” in the sphincter of Oddi 
and should not be used in patients with acute pancreati-
tis, no study or evidence indicates that morphine is con-
traindicated for use in acute pancreatitis.266 Increases in 
biliary pressure caused by opioids are, with the exception 
of meperidine, reversible with naloxone. Oddi sphincter 
manometry through choledochoscopy demonstrated that 
the regular dose of morphine could increase common bile 
duct pressure, whereas pethidine had no effect, and tram-
adol inhibited motility of the sphincter of Oddi.267 Fragen 
and associates studied the effect of remifentanil (0.1 mg/
kg/minute) on the flow of dye from the gallbladder into 



the duodenum and showed that remifentanil delays the 
drainage of dye from the gallbladder into the duodenum, 
but the delay is shorter than that reported after morphine 
or meperidine.268

Opioids have minimal effects on liver function during 
anesthesia and surgery. Remifentanil pretreatment can 
attenuate liver injury induced by ischemia and reperfu-
sion. This effect is mediated by inducible nitric oxide syn-
thase expression and exhausting reactive O2 species but 
does not involve opioid receptors.269

NAUSEA AND VOMITING

Postoperative nausea and vomiting comprise a serious 
problem that often embarrasses patients and anesthesio-
logists270,271 (see also Chapter 97). The etiology, treatment, 
and prevention of postoperative nausea and vomiting 
have been extensively investigated (Fig. 31-10).272 Intra-
operative use of opioids is a well-known risk factor for 
postoperative nausea and vomiting. Opioids stimulate 
the chemoreceptor trigger zone in the area postrema of 
the medulla, possibly through δ receptors, and thereby 
lead to nausea and vomiting. When compared with 
approximately equipotent doses of fentanyl and sufen-
tanil, alfentanil is associated with a lower incidence of 
postoperative nausea and vomiting.273

The use of propofol in balanced anesthesia or total 
intravenous anesthesia (TIVA) significantly reduces the 
incidence of opioid-induced nausea and vomiting. When 
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Figure 31-10. The chemoreceptor trigger zone and the emetic cen-
ter with the agonist and antagonist sites of action of various anes-
thetic-related agents and stimuli. GI, Gastrointestinal. (From Watcha 
MF, White PF: Postoperative nausea and vomiting: its etiology, treatment, 
and prevention, Anesthesiology 77:162-184, 1992.)
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opioids are administered, antiemetic prophylaxis should 
be considered, including drugs with anticho linergic activ-
ity, butyrophenones, dopamine antagonists, serotonin 
antagonists, and acupressure. Ondansetron, a 5-HT3 recep-
tor antagonist, was found to be effective for postoperative 
opioid-induced nausea and vomiting.274 A meta-analysis 
concluded that prophylactic use of 5-HT3 receptor antago-
nists significantly reduced the incidence of postoperative 
nausea and vomiting and the need of rescue antiemetic 
therapy in parturient patients who received intrathecal 
morphine for cesarean delivery.141 Nausea and vomiting 
after epidural morphine (3 mg) for postcesarean section 
analgesia could be prevented by dexamethasone (8 mg IV) 
as efficiently as droperidol (1.25 mg IV).275 Cannabinoid 
receptor agonists are effective antiemetics in some clini-
cal settings. Animal experiments showed that the can-
nabinoid agonist suppresses opioid-induced retching and 
vomiting by activation of the cannabinoid CB1 recep-
tor.276 A continuous low-dose naloxone infusion (0.25 
μg/kg/hour) ameliorates some of the opioid-induced side 
effects, including nausea, vomiting, and pruritus, in many 
but not all patients without adversely affecting analge-
sia.277 Transdermal scopolamine was shown to be effec-
tive for prophylactic use in parturient patients receiving 
intrathecal morphine while undergoing cesarean deliv-
ery, but it was associated with a higher incidence of side 
effects such as dry mouth and blurry vision.278

OTHER OPIOID EFFECTS

OBSTETRICS

Alfentanil and pethidine have been safely used as anal-
gesics during the harvesting of human oocytes for subse-
quent in vitro fertilization279 (see also Chapter 77). The 
teratogenic actions of opioids, including fentanyl, suf-
entanil, and alfentanil, at least in animal models, appear 
to be minimal. The parenteral administration of opioids 
before delivery remains a common method of analgesia. 
Nociception as a result of uterine cervical distention was 
able to be suppressed by μ- and κ-agonists in rats,280 but 
the analgesic effect of μ-agonist but not κ-agonist was 
reduced by estrogen.281 Aortocaval compression and 
associated hypotension may be exacerbated by paren-
teral opioids, especially following the use of morphine 
or meperidine. Fatal manifestations of maternal opioid 
administration include decreases in heart rate variability. 
Adverse neonatal effects can occur after administration of 
either morphine or meperidine to mothers. Fetal acidosis 
increases opioid transfer from the mother. Attempts to 
minimize neonatal effects of opioids include restricting 
opioid administration to the first stage of labor. In one 
report, the short-acting opioid alfentanil administered 
before cesarean delivery attenuated the maternal stress 
response but led to a slightly reduced Apgar score.282 In a 
randomized double-blind controlled study, a single bolus 
of 1 μg/kg remifentanil administered to patients under-
going elective cesarean delivery effectively attenuated 
hemodynamic changes after induction of anesthesia and 
tracheal intubation, but remifentanil crosses the placenta 
and may cause mild neonatal depression.283
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Because the fetus is capable of pain perception after 
the twenty-sixth week of gestation, adequate postoperative  
fetal pain management is essential after fetal surgery. 
Investigators showed that the sheep fetus absorbs suf-
entanil after intraamniotic instillation, and significantly 
greater plasma concentrations were achieved in the fetal 
lamb than in the ewe.284

Morphine and meperidine have been found in the 
breast milk of mothers receiving intravenous opioid 
analgesia.285,286 Although both fentanyl and morphine 
are concentrated in breast milk in milk-to-plasma ratios 
of 2:1 to 3:1, newborn exposure is reported to be insig-
nificant. Newborns of addicted mothers can exhibit opi-
oid withdrawal and require observation and appropriate 
treatment.287

ANAPHYLACTOID REACTIONS

True allergic reactions and systemic anaphylactoid reac-
tions to opioids are rare. More commonly, local reactions 
caused by preservatives or histamine may occur. In 32% of 
heroin addicts who died suddenly after heroin injection, 
the concentration of tryptase was elevated (>10 μg/L), but 
no correlation was found between the immunoglobulin E 
levels and tryptase, a finding supporting the hypothesis 
that mast cell degranulation was not mediated by allergic 
reactions.288 This report suggests that many heroin fatali-
ties are caused by an anaphylactoid reaction.

OCULAR EFFECTS

The use of fentanyl, sufentanil, and alfentanil during 
induction of anesthesia can help prevent increases in 
intraocular pressure. Fentanyl, alfentanil, and sufent-
anil doses as small as 2.5, 10, and 0.1 μg/kg, respectively, 
may be sufficient as long as appropriate anesthetic depth 
is achieved before tracheal intubation. Remifentanil  
(1 μg/kg) combined with propofol (2 mg/kg) or thiopen-
tal (5 mg/kg) was reported to be effective for prevention 
of intraocular pressure change after succinylcholine and 
tracheal intubation.289,290

IMMUNE EFFECTS

Opioids influence specific enzymatic degradation and reg-
ulation processes, as well as immune regulation through 
modulation of immune cell activity. Several immune cell 
populations, including T cells, macrophages, and natural 
killer (NK) cells, serve as targets for the effects of opioids. 
Investigators showed that the maximal suppression of NK 
cell activity, proliferation of splenic T and B cells, and 
interferon-γ production were observed 0.5 to 1 hour after 
the injection of 15 mg/kg of morphine in rats.291 The 
time course was nearly concordant with the antinocicep-
tive effect of morphine. Postoperative administration of 
morphine (10 mg intramuscularly [IM]) did not signifi-
cantly affect NK cell activity, whereas tramadol (100 mg 
IM) enhanced NK cell activity.292 Intravenous fentanyl 
causes a rapid increase in NK cell cytotoxicity, which is 
coincident with an increase in the percentage of CD16+ 
and CD8+ cells in peripheral blood.293 When compared 
with fentanyl (1000 μg), administration of morphine  
(40 mg) as part of a balanced anesthetic technique sup-
pressed several components of the inflammatory response 
(interleukin-6, CD11b, CD18, postoperative hyperther-
mia) to cardiac surgery and CPB.294

As a potential mechanism for the immunosuppressive 
effects of morphine, activation of nuclear factor NF-κB by 
an inflammatory stimulus was inhibited by morphine-
induced activation of μ3-opioid receptors in a nitric 
oxide–dependent manner.295 Several investigators inde-
pendently reported direct effects of morphine on apopto-
sis in cultured human peripheral blood lymphocytes that 
may result in compromised immune function.296 How-
ever, another report noted that morphine has no effect 
on apoptosis-related molecules and does not promote 
apoptosis of human peripheral blood lymphocytes.297

CANCER PROGRESSION

Patients who receive general anesthesia with opioids 
have a greater rate of cancer recurrence than do patients 
who receive local or regional anesthetic agents.298 Opi-
oids may directly stimulate proliferation and invasion of 
tumor cells and inhibit apoptosis of tumor cells, or they 
may indirectly affect cancer recurrence by immunosup-
pression.299 Overexpression of the μ-opioid receptor in 
human non–small cell lung cancer was suggested to pro-
mote tumor growth and progression.300 Exploration of 
the opioid receptors in cancer cells could contribute to 
a diagnostic and therapeutic option of cancer. Further-
more, investigators reported that women with the A118G 
genotype of the μ-opioid receptor have decreased breast 
cancer–specific mortality, a finding suggesting that opioid 
pathways may be involved in tumor growth.301

WOUND HEALING

The topical application of opioids has been explored 
as a strategy for reducing pain associated with cutane-
ous wounds. Activation of peripheral opioid receptors 
on primary afferent neurons reduces the excitability of 
these neurons and suppresses the antidromic release of 
substance P and calcitonin gene–related peptide, which 
play an essential role in wound repair. Topical morphine 
application significantly reduced the number of myo-
fibroblasts and macrophages in the closing wound.302 
These findings limit the topical application of opioids as 
an analgesic therapeutic strategy in the treatment of pain-
ful cutaneous wounds.

PHARMACOKINETICS AND 
PHARMACODYNAMICS OF OPIOIDS

Using modern drug assay technology and with the 
widespread availability of computers, investigators can 
analyze pharmacologic data with combined pharma-
cokinetic-pharmacodynamic models to separate drug 
responses into pharmacokinetic and pharmacodynamic 
components. Pharmacokinetic parameters govern the 
relationship between opioid dose and the opioid con-
centrations in blood (or other body fluid). Pharmacody-
namic parameters describe the relationship between the 



opioid concentration in blood (or other fluid) and opioid 
effect.

PHYSICOCHEMICAL PROPERTIES

Opioids are weak bases. When dissolved in solution, 
opioids are dissociated into protonated and free-base frac-
tions, with the relative proportions depending on the pH 
and ion dissociation constant (pKa). The free-base frac-
tion is more lipid soluble than the protonated fraction. 
High lipid solubility facilitates transport of opioid into 
the biophase or site of action. Therefore, highly lipid-
soluble opioids have a more rapid onset of action. How-
ever, because the opioid receptor “recognizes” an opioid 
molecule in the protonated form, the intensity of opioid 
effects is closely related to the ionized concentration of 
drug in the biophase.

All opioids are to some extent bound to plasma 
proteins, including albumin and α1-acid glycoprotein. 
Only the un-ionized, unbound fraction constitutes the 
diffusible fraction and provides the concentration gra-
dient that promotes diffusion of opioid from blood to 
the tissue of interest. Thus, the speed of onset of opioid 
effect is affected by both the lipid solubility and protein 
binding.

PHARMACOKINETIC FEATURES OF 
INDIVIDUAL DRUGS

Representative pharmacokinetic parameters for the  
opioids commonly used in anesthesia are displayed in 
Table 31-5.

Morphine
Morphine pharmacokinetics is notably different from 
that of the fentanyl congeners. This difference is in large 
part the result of morphine’s comparatively low lipid 
solubility. Relatively little transient first-pass uptake 
of morphine by the lung occurs. The pKa of morphine 
(8.0) is greater than physiologic pH, and thus after intra-
venous injection, only a small fraction (10% to 20%) of 
morphine is un-ionized. Penetration of morphine into 
and out of the brain is presumably slower than that of 
Chapter 31: Opioid Analgesics 887

other opioids. Approximately 20% to 40% of morphine is 
bound to plasma proteins, mostly albumin.

Morphine is principally metabolized by conjugation in 
the liver, but the kidney plays a key role in the extrahe-
patic metabolism of morphine. Morphine-3-glucuronide 
(M3G) is the major metabolite of morphine, but it does 
not bind to opioid receptors and possesses little or no 
analgesic activity. M3G may actually antagonize mor-
phine, and this effect may contribute to both variability 
in response and resistance to morphine analgesic ther-
apy. M3G was reported to cause seizures in animals and 
allodynia in children.303 M6G accounts for nearly 10% 
of morphine metabolite and is a more potent μ-receptor 
agonist than morphine, with a similar duration of action. 
Investigators reported that M6G contributes substantially 
to morphine’s analgesic effects, even in patients with nor-
mal renal function.304 Especially in patients with renal 
dysfunction, the accumulation of M6G can lead to an 
increased incidence of adverse effects, including respi-
ratory depression. Except for renal function, M6G accu-
mulation was shown to be affected by transmembrane 
transporters inhibited by probenecid.305 M6G can induce 
respiratory depression in a manner similar to that of mor-
phine, but the site of action in the ventilatory control 
system may be different between M6G and morphine.306 
Investigators suggested that SNP at the μ-opioid receptor 
affects the susceptibility to M6G-related opioid toxic-
ity.307 Because the hepatic extraction ratio of morphine is 
high, the bioavailability of orally administered morphine 
is significantly lower (20% to 30%) than after intramus-
cular or subcutaneous injection. M6G is in fact the pri-
mary active compound when morphine is administered 
orally (Fig. 31-11).308 In contrast to the reports suggesting 
a high potency of M6G, other reports have shown that 
short-term intravenous administration of M6G does not 
provide effective analgesia.309

Fentanyl
A three-compartment model is typically used to describe 
decay of plasma fentanyl concentrations. The lungs 
exert a significant first-pass effect and transiently take 
up approximately 75% of an injected dose of fentanyl. 
Approximately 80% of fentanyl is bound to plasma 
TABLE 31-5 PHYSICOCHEMICAL AND PHARMACOKINETIC DATA OF COMMONLY USED OPIOID AGONISTS 

Morphine Fentanyl Sufentanil Alfentanil Remifentanil

pKa 8.0 8.4 8.0 6.5 7.1
% Un-ionized at pH 7.4 23 <10 20 90 67?
Octanol/H2O partition coefficient 1.4 813 1778 145 17.9
% Bound to plasma protein 20-40 84 93 92 80?
Diffusible fraction (%) 16.8 1.5 1.6 8.0 13.3?
t½α (min) 1-2.5 1-2 1-2 1-3 0.5-1.5
t½β (min) 10-20 10-30 15-20 4-17 5-8
t½γ (hr) 2-4 2-4 2-3 1-2 0.7-1.2
Vdc (L/kg) 0.1-0.4 0.4-1.0 0.2 0.1-0.3 0.06-0.08
Vdss (L/kg) 3-5 3-5 2.5-3.0 0.4-1.0 0.2-0.3
Clearance (mL/min/kg) 15-30 10-20 10-15 4-9 30-40
Hepatic extraction ratio 0.6-0.8 0.8-1.0 0.7-0.9 0.3-0.5 NA

From Bailey PL, Egan TD, Stanley TH: Intravenous opioid anesthetics. In Miller RD, editor: Anesthesia, ed 7. Philadelphia, 2010, Churchill Livingstone, p 791.
NA, Not applicable; pKa, ion dissociation constant; t½α, t½β, t½γ, half-lives of a three-compartment model; Vdc, volume of distribution of the central 

 compartment; Vdss, volume of distribution at steady state.
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proteins, and significant amounts (40%) are taken up 
by red blood cells. Fentanyl is relatively long acting, in 
large part because of this widespread distribution in body 
tissues.

Fentanyl is primarily metabolized in the liver by 
N-dealkylation and hydroxylation. Metabolites begin 
to appear in plasma as early as 1.5 minutes after injec-
tion. Norfentanyl, the primary metabolite, is detectable 
in the urine for up to 48 hours after intravenous fentanyl 
administration in humans.
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Figure 31-11. Mean plasma concentrations (± SEM) of morphine, 
morphine-6-glucuronide (M6G), and morphine-3-glucuronide (M3G) 
after intravenous and oral administration of morphine. (From Osborne R,  
Joel S, Trew D, Slevin M: Morphine and metabolite behavior after differ-
ent routes of morphine administration: demonstration of the importance 
of the active metabolite morphine-6-glucuronide, Clin Pharmacol Ther 
47:12-19, 1990.)
Alfentanil
After intravenous injection, plasma concentrations of 
alfentanil are described by either a two-compartment or a 
three-compartment model. Alfentanil is bound to plasma 
proteins (mostly glycoproteins) in higher proportions 
(90%) than is fentanyl. At physiologic pH, alfentanil is 
mostly (90%) un-ionized because of its relatively low pKa 
(6.5). Thus, despite more intense protein binding, the 
diffusible fraction of alfentanil is higher than is that of 
fentanyl. This explains, in part, the short latency to peak 
effect of alfentanil after intravenous injection.

The main metabolic pathways of alfentanil are similar 
to those of sufentanil and include oxidative N-dealkyl-
ation and O-demethylation, aromatic hydroxylation, and 
ether glucuronide formation. The degradation products 
of alfentanil have little, if any, opioid activity. Human 
alfentanil metabolism may be accomplished predomi-
nantly, if not exclusively, by cytochrome P450 3A3/4 
(CYP3A3/4).310 This enzyme is known to display at least 
an eightfold difference in activity in humans. Alfentanil 
is also metabolized by human liver microsomal CYP3A5, 
which shows more than a twentyfold pharmacogenetic 
variability in expression level and thus results in signifi-
cant differences in human liver alfentanil metabolism.311 
An in vitro study demonstrated that propofol in clini-
cally relevant concentrations interferes with oxidative 
metabolic degradation of alfentanil and sufentanil in the 
microsomal fraction of pig and human liver.312

Sufentanil
The pharmacokinetic property of sufentanil is adequately 
described by a three-compartment model. After intra-
venous injection of sufentanil, first-pass pulmonary 
extraction, retention, and release are similar to those of 
fentanyl.313 The pKa of sufentanil at physiologic pH is the 
same as that of morphine (8.0), and therefore only a small 
amount (20%) exists in the un-ionized form. Sufentanil 
is twice as lipid soluble as fentanyl and is highly bound 
(93%) to plasma proteins, including α1-acid glycoprotein.

The major metabolic pathways of sufentanil include 
N-dealkylation, oxidative O-demethylation, and aro-
matic hydroxylation. Major metabolites include 
N-phenylpropanamide.

Remifentanil
Although chemically related to the fentanyl congeners, 
remifentanil is structurally unique because of its ester 
linkages. Remifentanil’s ester structure renders it sus-
ceptible to hydrolysis by blood- and tissue-nonspecific 
esterases that results in rapid metabolism and rapid 
reduction of blood concentrations after cessation of infu-
sion314 (Fig. 31-12). Remifentanil thus constitutes the first 
“ultrashort”-acting opioid for use as a supplement to gen-
eral anesthesia.

The pharmacokinetic properties of remifentanil are 
best described by a three-compartment model. Remifen-
tanil clearance is several times more rapid than normal 
hepatic blood flow, consistent with widespread extrahe-
patic metabolism. However, remifentanil is not signifi-
cantly metabolized or sequestered in the lungs.315 It is a 
weak base with a pKa of 7.07. It is highly lipid soluble, 
with an octanol-water partition coefficient of 19.9 at 



pH 7.4. Remifentanil is highly bound (70%) to plasma 
proteins (mostly α1-acid glycoprotein). The remifentanil 
free base is formulated with glycine. Because glycine has 
been shown to act as an inhibitory neurotransmitter that 
causes a reversible motor weakness when it is injected 
intrathecally in rodents, remifentanil is not approved for 
spinal or epidural use.316

The primary metabolic pathway of remifentanil is 
de-esterification to form a carboxylic acid metabolite, 
GI90291 (Fig. 31-13),317 which is 0.003 to 0.001 times 
as potent as remifentanil. The low in vivo potency of 
GR90291 can be explained by a low affinity to the μ 
receptor in combination with poor brain penetration.318 
Excretion of GI90291 depends on renal clearance mecha-
nisms. Evidence from dogs suggests that the remifentanil 
metabolites are, for practical purposes, completely inactive, 
even in patients with renal failure. The pharmacokinetics 
of remifentanil is not appreciably influenced by renal 
or hepatic failure. In blood, remifentanil is metabolized  
primarily by enzymes within erythrocytes. Remifentanil 
is not a good substrate for pseudocholinesterase and 
therefore is not influenced by pseudocholinesterase 
deficiency.319

SURROGATE MEASURES OF OPIOID 
POTENCY

Because a high-resolution measure of analgesia is not 
available, opioid potencies are usually estimated by some 
surrogate measures. Reduction of the MAC required to 
produce lack of movement to skin incision has been a fre-
quently used surrogate measure for estimation of opioid 
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potency (Fig. 31-14).320 However, the MAC is not use-
ful as a surrogate measure of opioid potency outside the 
operating room.

The EEG has been another widely used surrogate mea-
sure for estimating opioid potency. The EEG is advanta-
geous because it is noninvasive and can be used as an effect 
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Egan TD, Lemmens HJ, Fiset P, et al: The pharmacokinetics of the new 
short-acting opioid remifentanil [GI87084B] in healthy adult male volun-
teers, Anesthesiology 79:881-892, 1993.)
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Figure 31-12. Mean (± standard deviation) blood concentration–time curves of remifentanil and its metabolite GI90291 after a 1-minute 
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measure when an experimental subject is unconscious 
or apneic. When processed by Fourier spectral analysis, 
the raw changes on the EEG translate into a significant 
decrease in the value of the spectral edge, a parameter that 
quantitates the frequency below which a given percent-
age (usually 95%) of the power in the signal of the EEG is 
found. Although the clinical meaning of the changes on 
the EEG produced by opioids is unclear, the opioid poten-
cies estimated by using the EEG as a surrogate measure 
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Figure 31-14. The reduction in isoflurane concentration to prevent 
movement at skin incision in 50% of patients by increasing measured 
remifentanil whole blood concentrations. F represents a patient who 
moved, and S represents a patient who did not move. The solid line 
is the logistic regression solution for a 40-year-old patient. (From Lang 
E, Kapila A, Shlugman D, et al: Reduction of isoflurane minimal alveolar 
concentration by remifentanil, Anesthesiology 85:721-728, 1996.)
appear to be clinically reliable because they relate to clini-
cally determined potencies in a proportional, reproduc-
ible fashion. However, because the surrogate measures do 
not always assess the drug effect of clinical interest (analge-
sia), estimations of potency based on surrogate measures 
must be interpreted with some caution.

FACTORS AFFECTING PHARMACOKINETICS 
AND PHARMACODYNAMICS OF OPIOIDS

Age
The pharmacokinetics and pharmacodynamics of opi-
oids can be influenced by age. Neonates clearly exhibit 
a reduced rate of elimination of essentially all opioids,321 
presumably because of immature metabolic mechanisms, 
including the cytochrome P450 system. The prolonged 
elimination of opioids observed in the neonatal period 
quickly normalizes toward adult values within the first 
year of life.321

Intraoperative requirements of opioids differ between 
adults and children. The infusion rate of remifentanil to 
block somatic and autonomic response to skin incision 
was almost twofold higher in children (2 to 11 years) 
than in adults (20 to 60 years).322,323 With advanced age, 
although pharmacokinetic changes may play a minor 
role, pharmacodynamic differences are primarily respon-
sible for the decreased dose requirement in older adults. 
In one report, age was inversely correlated with central 
volume of distribution, clearance, and potency of remi-
fentanil324 (Fig. 31-15). These combined pharmacokinetic 
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and pharmacodynamic changes mandate a reduction 
in remifentanil dosage by at least 50% or more in older 
patients (see also Chapter 80).

Body Weight
Many opioid pharmacokinetic parameters, especially clear-
ance, appear to be more closely related to lean body mass 
(see also Chapter 71). This means that opioid dosage regi-
mens may best be based on lean body mass and not on total 
body weight. Total body weight–based dosing in an obese 
patient results in much higher remifentanil effect-site con-
centrations than does lean body mass–based dosing.325 In 
contrast, for lean patients, the concentrations that result 
from total body weight–based dosing are not much greater 
than are those based on body mass (Fig. 31-16). Clinically, 
context-sensitive half-times are not significantly different 
between obese and lean subjects (Fig. 31-17). Mounting 
evidence suggests that lean body mass is a better predictor 
of metabolic capacity than is total body weight. Ideal body 
weight, a parameter closely related to lean body mass and 
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one that is perhaps more easily estimated by the clinician, 
is probably an acceptable alternative.

Renal Failure
Renal failure has implications of major clinical impor-
tance with respect to morphine and meperidine (see 
also Chapter 74). For the fentanyl congeners, the clinical 
importance of renal failure is less marked.

Morphine is an opioid with active metabolites that 
depend on renal clearance mechanisms for elimination. 
Morphine is principally metabolized by conjugation in 
the liver, and the water-soluble glucuronides (M3G and 
M6G) are excreted by the kidney. The kidney also plays 
a role in the conjugation of morphine and accounts for 
nearly 40% of the drug’s metabolism.326 Patients with 
renal failure can develop very high levels of M6G and 
life-threatening respiratory depression (Fig. 31-18).327 In 
view of these changes induced by renal failure, morphine 
may not be a good choice in patients with severely altered 
renal clearance mechanisms.

The clinical pharmacology of meperidine is also signif-
icantly altered by renal failure. Normeperidine, the main 
metabolite, has analgesic and CNS excitatory effects. 
Because the active metabolites are subject to renal excre-
tion, this potential CNS toxicity secondary to normeperi-
dine accumulation is especially a concern in patients in 
renal failure.

The clinical pharmacology of the fentanyl congeners 
is not grossly altered by renal failure, although a decrease 
in plasma protein binding may potentially alter the free 
fraction of the fentanyl class of opioids. In the presence 
of renal impairment, fentanyl, alfentanil, sufentanil, and 
remifentanil do not deliver a high active metabolite load, 
and their clearance is not significantly prolonged.328 Nei-
ther the pharmacokinetics nor the pharmacodynamics of 
remifentanil is altered by impaired renal function. Levels 
of GI90291 that develop during remifentanil infusion in 
patients with renal failure are not likely to produce any 
clinically significant effects.

Hepatic Failure
Even though the liver is the metabolic organ primarily 
responsible for opioid biotransformation, the degree of 
liver failure typically observed in perioperative patients, 
with the exception of patients undergoing liver trans-
plantation, does not have a major impact on the phar-
macokinetics of most opioids (see also Chapter 74). In 
addition to reduced metabolic capacity (i.e., cytochrome 
P450 system and conjugation), liver disease may also lead 
to reductions in hepatic blood flow, hepatocellular mass, 
and plasma protein binding. The increase in total body 
water and the edema of advanced liver disease may alter 
the distribution characteristics of a drug. Enzyme induc-
tion, such as that observed in early alcoholism, can actually 
increase the metabolic capacity of the liver.

Morphine pharmacokinetics is relatively unchanged 
by developing liver disease, such as liver cirrhosis and 
hepatic carcinoma, because of the substantial compen-
satory extrahepatic metabolism of morphine. A reduc-
tion in hepatic blood flow would be expected to slow 
the decline in morphine plasma concentrations. In one 
report, M6G-to-morphine and M3G-to-morphine ratios 
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were significantly reduced after liver resection, and the 
circulating morphine concentration was increased, 
mainly as a result of lower morphine clearance.329 In 
patients with cirrhosis, the metabolism of meperidine 
is decreased, which leads to accumulation of the par-
ent drug and possible CNS depressive effects similar to 
those observed in hepatic encephalopathy. Although the 
elimination of normeperidine is also decreased in these 
patients, the ratio of normeperidine to meperidine is gen-
erally low, and the narcotic effects of meperidine usually 
predominate.330 The disposition of fentanyl and sufen-
tanil appears to be unaffected by liver diseases.331 The 
reductions in liver blood flow that result from either liver 
disease or some other disorder (e.g., shock) can affect the 
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Figure 31-18. Effect of renal failure on the pharmacokinetics of mor-
phine. The graphs show the time-dependent change of the serum 
concentration of morphine and its metabolites in patients with renal 
failure (A) and in patients with normal renal function (B) who received 
0.1 mg/kg morphine intravenously. (From Osborne R, Joel S, Grebenik 
K, et al: The pharmacokinetics of morphine and morphine glucuronides in 
kidney failure, Clin Pharmacol Ther 54:158-167, 1993.)
pharmacokinetic parameters of alfentanil, fentanyl, and 
sufentanil. A significant decrease in clearance of alfent-
anil was demonstrated in patients with mild to moder-
ate cirrhosis when compared with volunteers from the 
historical control group.332 Greater elimination half-lives 
(t½; 3.7 ± 2.6 hours) have also been observed for alfen-
tanil in patients undergoing abdominal aortic surgical 
procedures.333 Remifentanil is an opioid whose pharma-
cokinetics is completely unchanged by liver disease (Fig. 
31-19).334 Its kinetics does not change during the anhe-
patic phase of orthotopic liver transplantation.335 Investi-
gators reported that 0.25 to 0.5 μg/kg/minute remifentanil 
could provide perioperative analgesia without neurologic 
deterioration in patients suffering from chronic hepatic 
failure with mild encephalopathy.336

Cardiopulmonary Bypass
CPB produces significant alterations in the pharma-
cokinetics of most opioids (see also Chapter 67). These 
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Figure 31-19. Time-dependent changes of blood concentration of 
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kg/minute for 1 hour and then at 0.025 μg/kg/minute for 3 hours. In 
the high-dose group, the infusion rate of remifentanil was 0.025 μg/
kg/minute for 1 hour and then 0.05 μg/kg/minute for 3 hours. (From 
Dershwitz M, Hoke JF, Rosow CE, et al: Pharmacokinetics and pharmaco-
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alterations are a result of CPB-induced modifications in 
distribution volumes (secondary to priming) and changes 
in acid-base balance, organ blood flow, plasma protein 
concentrations, and body temperature. Binding of drugs 
to components of the bypass circuit can also alter opioid 
pharmacokinetics.

When morphine is given as a premedication before 
cardiac anesthesia, its concentrations decline sig-
nificantly on initiation of CPB. Miller and associates 
examined the effect of CPB on plasma fentanyl con-
centration and showed that the total concentration 
of fentanyl in plasma was significantly decreased and 
the unbound fraction of fentanyl rose on initiation of 
CPB.337 The total fentanyl concentration remained rela-
tively stable during bypass until near the end of CPB, 
at which time the mean total concentration increased, 
coincident with rewarming. Population pharmacoki-
netic modeling applied to concentration versus time 
data from patients undergoing coronary artery bypass 
grafting with CPB demonstrated that the effect of CPB 
on fentanyl pharmacokinetics is clinically insignificant 
and that a simple three-compartment model accurately 
predicts fentanyl concentrations throughout surgical 
procedures involving the use of CPB.338 Elimination 
of alfentanil is prolonged by CPB primarily because of 
increased distribution. The volume of distribution in 
steady state (Vdss) and the volume of central compart-
ment for alfentanil were significantly greater in the CPB 
groups than in the nonbypass group.339 However, the 
elimination t½β of alfentanil did not differ significantly 
among the normothermic CPB, hypothermic CPB, and 
nonbypass groups. Between the normothermic and 
hypothermic CPB groups, no significant differences in 
Vdss, clearance, or t½β were found. The free fraction of 
alfentanil during CPB remains constant despite com-
plex changes in binding protein concentrations.340 In 
adult patients undergoing elective myocardial revas-
cularization with hypothermic CPB who received con-
tinuous infusions of remifentanil 1.0 to 2.0 μg/kg/
minute, no evidence of accumulation or sequestration 
was found.315 Russell and colleagues reported that nor-
mothermic CPB did not significantly affect the clear-
ance of remifentanil, but hypothermic CPB reduced it 
by an average of 20%, findings attributed to the effect 
of temperature on blood and tissue esterase activity.341 
In pediatric patients undergoing CPB for repair of atrial 
septal defects, no changes in the Vdss, volume of the 
central compartment, t½α, and t½β were noted, but clear-
ance values increased 20% in the postbypass period.342 
In patients undergoing coronary artery bypass graft 
surgery with hypothermic CPB who received a con-
tinuous infusion of remifentanil, the volume of distri-
bution increased by 86% with institution of CPB and 
remained increased after CPB, and elimination clear-
ance decreased by 6.37% for each degree lower than  
37oC.343 Thus, although clearance of remifentanil 
reduced during CPB, remifentanil remains a very short-
acting drug even during CPB.

Acid-Base Changes
Changes in pH influence the protein binding of fentanyl, 
sufentanil, and alfentanil. The results are an increase in 
Chapter 31: Opioid Analgesics 893

protein binding with alkalosis and a decrease with acido-
sis (see also Chapter 60). These effects are more intense 
for fentanyl than for sufentanil and for sufentanil than 
for alfentanil. Relative changes in the free drug fraction 
with pH variation from 7.4 to 7.0 were much higher for 
fentanyl (52%) when compared with sufentanil (29%) 
and alfentanil (6%). The pH dependence of plasma pro-
tein binding of the opioids significantly correlates with 
their partition between an organic and aqueous phase, 
thus suggesting the hydrophobic character of the inter-
action between plasma proteins and opioids. Increased 
ionization decreases the amount of fentanyl available 
for hepatic metabolism or renal excretion. Intraoperative 
hyperventilation during surgical procedures can signifi-
cantly influence the pharmacokinetics of sufentanil and 
can result in an increased distribution volume and pro-
longed elimination half-time.

Thus, both intraoperative respiratory alkalosis and 
respiratory acidosis, especially in the immediate post-
operative period, can prolong and exacerbate opioid-
induced respiratory depression.

Hemorrhagic Shock
Common practice is to administer reduced doses of opi-
oids to patients in hemorrhagic shock to minimize adverse 
hemodynamic consequences and to prevent a prolonged 
opioid effect (see also Chapter 81). This prolonged drug 
effect is at least partially attributable to a pharmacokinetic 
mechanism. Analysis of pigs receiving fentanyl suggested 
that central clearance and central and second compart-
ment distribution volumes were significantly reduced 
in hemorrhagic shock, with higher fentanyl concentra-
tions for any given dosage and a prolonged context-sen-
sitive half-time (Fig. 31-20).344 Hemorrhagic shock also 
altered the pharmacokinetics of remifentanil, a finding 
suggesting that less remifentanil would be required to 
maintain a target plasma concentration (Fig. 31-21).345 
However, because of the rapid metabolism of remifent-
anil, changes in context-sensitive half-time are small. In a 
stepwise hemorrhagic model of pigs receiving TIVA with 
remifentanil (0.5 μg/kg/minute) and propofol (6 mg/kg/
hour after 2 mg/kg bolus), the plasma remifentanil con-
centration showed a threefold greater increase than did 
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that of propofol.346 Thus, the remifentanil dose should 
be reduced substantially compared with propofol during 
TIVA for patients with significant blood loss.

ANESTHETIC TECHNIQUES USING OPIOIDS

See also Chapters 56, 57, 64, 65, and 98.

ANALGESIA

Opioids are frequently used to relieve pain during moni-
tored anesthesia care and regional anesthesia. A single 
bolus administration of opioids can provide significant 
pain relief. Morphine is slow in onset and does not allow 
rapid titration to effect. Meperidine (50 to 100 mg IV) 
produces variable degrees of pain relief and is not always 
effective in patients with severe pain. Intravenous boluses 
of fentanyl (1 to 3 μg/kg), alfentanil (10 to 20 μg/kg), or 
sufentanil (0.1 to 0.3 μg/kg) can produce potent and short-
lasting analgesia. Infusion rates range from 0.01 to 0.05 
μg/kg/minute for fentanyl, 0.0015 to 0.01 μg/kg/minute 
for sufentanil, 0.25 to 0.75 μg/kg/minute for alfentanil, 
and 0.05 to 0.25 μg/kg/minute for remifentanil. Plasma 
concentrations of opioids necessary for various purposes 
are listed in Table 31-6.

Changes in the excitability of central neurons play an 
important role in the establishment of pain. In rats, low 
doses of fentanyl blocked the synaptic form of central 
sensitization in the spinal cord in vivo, a finding suggest-
ing the possibility of preemptive analgesia by fentanyl, 
but higher doses do not have this effect.347 Reductions 
in postoperative pain and improved recovery have been 
attributed to preemptive analgesia with either epidural 
fentanyl or bupivacaine after radical prostatectomy.348 In 
contrast, in patients undergoing transperitoneal tumor 
nephrectomy, preoperative intravenous administration 
of a combination of morphine, ketamine, and clonidine 
failed to exert a clinically relevant effect on postoperative 
pain.349 Aida and colleagues reported that the effective-
ness of preemptive analgesia varies according to the type 
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of surgical procedure, and preemptive analgesia with epi-
dural morphine was reliably effective in limb and breast 
operations but ineffective in abdominal surgical proce-
dures.350 A meta-analysis demonstrated that the results 
of preemptive analgesia with systemic administration of 
opioids are equivocal.351 Thus, whether preemptive anal-
gesia can be effectively achieved clinically by the early 
administration of opioids remains uncertain.

PCA with opioids is now a cornerstone of postopera-
tive analgesia, but pharmacokinetic optimization of opioid 
treatment in acute pain is a complex matter. Without 
considering effect-site drug concentrations over time, the 
choice of opioid and the amount, method, and frequency 
of its administration cannot be optimal. Morphine 
remains a popular and rational choice for PCA therapy. A 
double-blind randomized study demonstrated that effect-
compartment controlled remifentanil PCA with a slow 
and progressive adapted algorithm is feasible in young 
women undergoing uterine artery embolization.352 The 
combination of opioids with other drugs may improve 
PCA. For thoracic surgical procedures, the addition of 
ketamine to opioids for intravenous PCA was superior 
to intravenous PCA opioids alone, whereas the effect of 
added ketamine was not significant for orthopedic or 
abdominal surgical procedures.353

BALANCED ANESTHESIA

The term balanced anesthesia was introduced by Lundy 
in 1926. Lundy suggested that a balance of anesthetic 
agents and techniques be used to produce the differ-
ent components of anesthesia (i.e., analgesia, amne-
sia, muscle relaxation, and abolition of autonomic 
reflexes with maintenance of homeostasis). Anesthe-
sia with a single agent can require doses that produce 
excessive hemodynamic depression. The inclusion of 
an opioid as a component of balanced anesthesia can 
reduce preoperative pain and anxiety, decrease somatic 
and autonomic responses to airway manipulations, 
improve hemodynamic stability, lower requirements 
for inhaled anesthetic agents, and provide immediate 
postoperative analgesia. Opioids interact synergistically 
and markedly reduce the dose of propofol and other 
sedative-hypnotics required for loss of consciousness 
and during noxious stimulation such as skin incision354 
(Fig. 31-22). Although the intent of combining opioids 
with sedative-hypnotics or volatile anesthetic agents is 
to produce anesthetic conditions with stable hemody-
namics before and after noxious stimulation, this ideal 
is not always achieved.355,356

The timing, rate of administration, and dose of sup-
plemental opioid should also be tailored to the specific 
condition of the patient and the expected duration of 
the operation, to avoid problems. Giving a large dose of 
any opioid shortly before the end of a surgical procedure 
is very likely to result in postoperative respiratory depres-
sion. However, analgesic concentrations of opioids have 
little effect on the MAC awake of inhaled anesthetic 
agents.357

The ideal opioid would permit rapid titration, success-
fully prevent unwanted responses to noxious stimuli, 
require little supplementation, not depress cardiovascular 
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TABLE 31-6 RANGE OF APPROXIMATE PLASMA (OR WHOLE BLOOD FOR REMIFENTANIL) OPIOID 
CONCENTRATION 

Fentanyl (ng/mL) Sufentanil (ng/mL) Alfentanil (ng/mL) Remifentanil (ng/mL)

Predominant agent 15-30 5-10 400-800 —
Major surgery 4-10 1-3 200-400 2-4
Minor surgery 3-6 0.25-1 50-200 1-3
Spontaneous ventilation 1-3 <0.4 <200 0.3-0.6
Analgesia 1-2 0.2-0.4 50-150 0.2-0.4

From Bailey PL, Egan TD, Stanley TH: Intravenous opioid anesthetics. In Miller RD, editor: Anesthesia, ed 7. Philadelphia, 2010, Churchill Livingstone, p 800.
function, permit the return of adequate spontaneous 
ventilation in a timely manner, and produce residual if 
not complete postoperative analgesia with minimal side 
effects. Alfentanil and remifentanil provide the greatest 
ability to titrate opioids rapidly because of their extremely 
rapid time to onset (1 to 2 minutes) of peak effect. Sufent-
anil, alfentanil, and remifentanil are arguably superior to 
fentanyl in most respects. Antagonism of opioid action 
with naloxone for troublesome respiratory depression is 
required less frequently after alfentanil and sufentanil 
compared with fentanyl. Pharmacologic antagonism is 
rarely required after remifentanil administration.

Fentanyl
Anesthetic induction is usually achieved by combining 
a loading dose of fentanyl (2 to 6 μg/kg) with a seda-
tive-hypnotic, most commonly thiopental or propofol, 
and a muscle relaxant. Maintenance of anesthesia can 
be achieved with N2O (60% to 70%) in O2, low con-
centrations of potent inhaled anesthetic agents, and 
additional fentanyl (intermittent boluses of 25 to 50 μg 
every 15 to 30 minutes or a constant infusion of 0.5 to 
5.0 μg/kg/hour).

The plasma concentration of fentanyl required for 
postoperative analgesia was approximately 1.5 ng/mL,358  
but levels of at least 2 to 3 ng/mL are usually required 
during surgery if the only inhaled agent is N2O. In 
unpremedicated patients anesthetized with a fentanyl 
infusion and N2O in O2, the CP50 (minimal steady-state 
plasma concentration of an intravenous analgesic or 
anesthetic agent required to prevent a somatic response 
in 50% of patients following skin incision) and the 
CP50- BAR (minimal plasma concentration of an intra-
venous analgesic or anesthetic agent required to prevent 
a somatic, hemodynamic, or autonomic response in 
50% of patients following skin incision) for fentanyl at 
skin incision are 3.26 and 4.17 ng/mL, respectively.359 
The MAC of isoflurane at skin incision can be reduced 
by 50% and 63% with plasma fentanyl concentra-
tions of 1.67 and 3.0 ng/mL, respectively.85 Increasing 
plasma fentanyl concentrations from 3.0 to 10 ng/mL 
only further reduced the MAC of isoflurane from 63% 
to 82%. The intraoperative requirement of propofol is 
also reduced by fentanyl. In patients undergoing spine 
fusion, to keep the mean arterial pressure within 15% of 
the control value when fentanyl was infused to main-
tain the plasma concentration at 0, 1.5, 3.0, and 4.5 
ng/mL, average propofol infusion rates were 10.1 ± 2.5 
(mean ± SD), 7.5 ± 1.2, 5.7 ± 1.1, and 4.9 ± 1.2 mg/kg/
hour, respectively.360
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Opioid pharmacokinetics and pharmacodynamics 
vary considerably among patients. Investigators reported 
that fentanyl dose based on total body weight may cause 
overdosing in obese patients.358 Nevertheless, a balanced 
technique with fentanyl, by titrating the opioid in antici-
pation of various stimuli and patients’ responses with 
pharmacokinetic guidelines in mind, often results in a 
stable hemodynamic course and rapid awakening of a 
pain-free patient. Repeated doses or continuous infusions 
of fentanyl are most likely to result in significant depres-
sion of spontaneous ventilation.

Alfentanil
Because alfentanil penetrates the brain so rapidly, equili-
bration of alfentanil between the plasma and the CNS can 
be achieved while plasma alfentanil levels are relatively 
high compared with sufentanil and fentanyl. This prop-
erty explains how low doses (10 to 30 μg/kg) of alfent-
anil, administered just before or simultaneously with a 
sedative-hypnotic, are effective.

Alfentanil (25 to 50 μg/kg IV), followed by small titrated 
sleep doses of any sedative-hypnotic (e.g., 50 to 100 mg 
sodium thiopental), is usually successful in preventing 
significant hemodynamic stimulation from laryngoscopy 
and intubation. In one report, the optimum dose of alfen-
tanil, coadministered with 2.5 mg/kg propofol, when 
inserting a classic laryngeal mask airway was 10 μg/kg.361 
Further opioid supplementation can be achieved with 
an alfentanil infusion (0.5 to 2.0 μg/kg/minute) or inter-
mittent boluses of alfentanil (5 to 10 μg/kg) for shorter 
procedures. In balanced anesthetic techniques in which 
potent inhaled anesthetic agents are also employed, rela-
tively low plasma alfentanil concentrations (e.g., 29 ng/
mL) can reduce the MAC of isoflurane by approximately 
50%.87 In one report, the EC50 of alfentanil during pro-
pofol anesthesia, in which the plasma concentrations of 
propofol are kept at target concentrations of 3 μg/mL, 
was 92 ng/mL for intubation, 55 ng/mL for skin incision, 
84 ng/mL for the opening of the peritoneum, and 66 ± 
38 ng/mL for the intraabdominal part of surgery.362 The 
hemodynamic changes induced by propofol may have an 
important influence on the pharmacokinetics of alfent-
anil. Propofol (target concentration, 1.5 μg/mL) decreased 
the elimination clearance of alfentanil by 15%, rapid dis-
tribution clearance by 68%, slow distribution clearance 
by 51%, and lag time by 62% in one report.363 Alfentanil 
infusions or repeated doses should be minimized 15 to 30 
minutes before the end of the surgical procedure, to avoid 
problematic residual respiratory depression.

Sufentanil
The mean plasma sufentanil concentration reported to 
be the CP50 for prevention of hemodynamic responses 
to laryngoscopy and tracheal intubation was 1.08 ng/mL 
with a range of 0.73 to 2.55 ng/mL. In combination with 
propofol for induction of anesthesia in children, bolus 
administration of sufentanil 0.3 μg/kg can completely 
abolish the cardiovascular response to tracheal intuba-
tion.364 Maintenance of anesthesia can be achieved with 
N2O (60% to 70%) in O2 and further sufentanil (intermit-
tent boluses, 0.1 to 0.25 μg/kg, or constant infusion, 0.5 
to 1.5 μg/kg/hour). The CP50 for sufentanil during skin 
incision (2.08 ± 0.62 ng/mL) is twice as great as that for 
intubation in unpremedicated patients.365 CP50 value 
ratios at skin incision for sufentanil, fentanyl, and alfent-
anil in N2O-O2 anesthesia are approximately 1:2:150 and 
represent different and probably more accurate potency 
ratios than those traditionally published based on drug 
dose. In patients undergoing coronary artery bypass 
grafting, sufentanil doses larger than 1.25 ± 0.21 ng/
mL reduced isoflurane requirements to less than 0.5% 
through the operation.366

Remifentanil
Very short duration of action of remifentanil mandates 
that an infusion (0.1 to 1.0 μg/kg/minute) be started 
before or soon after the bolus dose to ensure a sustained 
opioid effect. Maintenance infusion rates of remifentanil 
range from 0.1 to 1.0 μg/kg/minute for balanced anesthe-
sia. Remifentanil can reliably suppress automatic, hemo-
dynamic, and somatic responses to noxious stimulation.

The use of remifentanil allows rapid (5 to 15 min-
ute) emergence. Infusion rates of 0.1 ± 0.05 μg/kg/min-
ute should permit the return of spontaneous ventilation 
and responsiveness with maintenance of analgesia. A 
randomized double-blind placebo-controlled study dem-
onstrated that the combination of 0.05 to 0.1 μg/kg/min-
ute remifentanil and 2 mg midazolam provided effective 
sedation and analgesia during outpatient surgical proce-
dures performed using local anesthesia.367 Administra-
tion of remifentanil 1 μg/kg followed by 0.5 μg/kg/minute 
with propofol and 66% N2O provided sufficient anesthe-
sia for craniotomy with stable hemodynamics and rapid 
tracheal extubation.368 Associated with emergence from 
remifentanil anesthesia, the need for alternative analgesic 
therapies should be anticipated, and these medications 
should be administered in a timely fashion. Periopera-
tive administration of morphine (0.15 or 0.25 mg/kg IV) 
or fentanyl (0.15 mg) did not provide entirely adequate 
immediate postoperative pain control after remifentanil-
based anesthesia in patients undergoing major abdominal 
operations.369,370 Administration of ketamine (0.15 mg/
kg followed by 2 μg/kg/minute) decreased intraoperative 
remifentanil use during abdominal surgical procedures 
and reduced postoperative morphine consumption with-
out increasing the incidence of side effects.371 In children 
undergoing surgical correction of strabismus, a combina-
tion of sevoflurane (2.5%) and remifentanil (1 μg/kg fol-
lowed by 0.1 to 0.2 μg/kg/minute) caused less frequent 
postoperative vomiting but higher postoperative pain 
scores, compared with fentanyl (2 μg/kg followed by 1 μg/
kg every 45 minute).372

Postoperative pain relief with low-dose remifentanil 
infusion was also reported. After general anesthesia with 
propofol (75 μg/kg/minute) and remifentanil (0.5 to 1.0 
μg/kg/minute) for abdominal or thoracic surgical proce-
dures, continuous infusion of remifentanil (0.05 or 0.1 
μg/kg/minute) provided adequate analgesia.373

NEUROLEPTANALGESIA-ANESTHESIA

In 1959, De Castro and Mundeleer derived the con-
cept of neuroleptanalgesia, which involved the combina-
tion of a major tranquilizer (usually the butyrophenone 



droperidol) and a potent opioid analgesic (fentanyl) to 
produce a detached, pain-free state of immobilization 
and insensitivity to pain. Neuroleptanalgesia is character-
ized by analgesia, absence of clinically apparent motor 
activity, suppression of autonomic reflexes, maintenance 
of cardiovascular stability, and amnesia in most patients. 
The addition of an inhaled anesthetic, usually N2O, 
improves amnesia and has been called neuroleptanes-
thesia. Because of the frequent and serious postoperative 
adverse effects of the neurolept component, droperidol, 
this technique is rarely used today.

“Neuroleptic” drugs traditionally include the pheno-
thiazines (e.g., chlorpromazine) and the butyrophenones 
(e.g., haloperidol and droperidol). Butyrophenones cause 
sedation, tranquility, immobility, antiemesis, an extra-
pyramidal syndrome with face and neck dyskinesia, ocu-
logyric crises, torticollis, agitation, and hallucinations. 
Administering droperidol alone, without analgesics or 
other sedatives, often produces feelings of discomfort 
or dysphoria in patients. The cardiovascular effects of 
droperidol are most often limited to mild hypotension, 
probably mediated through α-adrenergic blockade. Little 
respiratory depression is induced by droperidol, although 
significant variability exists, and occasional respiratory 
depression may be noted. Droperidol and other butyro-
phenones may enhance hypoxia-induced increases in 
ventilation in humans because of their antidopaminer-
gic effects at the carotid body. Droperidol was previously 
used as a premedication (0.025 to 0.075 mg/kg IM), as 
an antiemetic (0.01 to 0.02 mg/kg IV), as an adjunct for 
awake endotracheal intubations (0.025 to 0.1 mg/kg IV), 
and as treatment for agitated, belligerent, or psychotic 
patients (0.05 to 0.2 mg/kg IV or IM).

Neuroleptanalgesia or neuroleptanesthesia is contrain-
dicated in patients receiving monoamine oxidase inhibi-
tors (MAOIs), in patients who abuse drugs or alcohol, or 
in those with Parkinson disease.

TOTAL INTRAVENOUS ANESTHESIA

Many different intravenous compounds can be employed 
in numerous combinations to provide TIVA. Most com-
monly, an opioid is combined with another drug more 
likely to provide hypnosis and amnesia. For example, 
the combination of alfentanil and propofol produces 
excellent TIVA. Alfentanil provides analgesia and hemo-
dynamic stability while blunting responses to noxious 
stimuli. Conversely, propofol provides hypnosis and 
amnesia and is antiemetic. Profound synergism also exists 
when more than two agents, such as propofol, alfentanil, 
and midazolam, are combined. Anesthetic induction 
with alfentanil (25 to 50 μg/kg) and propofol (0.5 to 1.5 
mg/kg), followed by infusions of 0.5 to 1.5 μg/kg/min-
ute of alfentanil and 80 to 120 μg/kg/minute of propofol, 
produce complete anesthesia in patients ventilated with 
air and O2 with or without N2O for a variety of proce-
dures. Investigators proposed that alfentanil concentra-
tions as low as 85 ng/mL, when combined with a blood 
propofol concentration of 3.5 μg/mL, can produce both 
optimal anesthetic conditions and speed of recovery.374 
Stanski and Shafer suggested that bolus doses and initial 
infusion rates would be 30 μg/kg and 0.35 μg/kg/minute 
Chapter 31: Opioid Analgesics 897

for alfentanil and 0.7 mg/kg and 180 μg/kg/minute for 
propofol.375 Recognizing that these calculations were 
based on EC50 data in patients undergoing only moder-
ately painful procedures, anesthesiologists should adjust 
these doses accordingly. In patients undergoing ear, nose, 
throat surgical procedures, TIVA with remifentanil and 
propofol provided a more rapid respiratory recovery after 
brief surgical procedures, compared with TIVA with alfen-
tanil and propofol.376

The optimal propofol-opioid concentrations that 
ensure adequate anesthesia and rapid emergence were 
determined by computer modeling. The optimal propo-
fol concentration decreases in the order of fentanyl > 
alfentanil > sufentanil >> remifentanil. A shorter context-
sensitive half-time allows the administration of greater 
amounts of opioid (and less propofol) during anesthesia 
without creating prolonged opioid effects.

Maintenance infusions vary according to the patient’s 
condition and surgical stimuli. Propofol (75 to 125 μg/
kg/minute) and alfentanil (1.0 to 2.0 μg/kg/minute) were 
initially recommended. Drug infusions should be termi-
nated 10 to 20 minutes before the end of anesthesia if 
N2O is employed. Otherwise, propofol infusions should 
be terminated 5 to 10 minutes before anticipated patient 
awakening. Alfentanil infusion rates do not need to be 
less than 0.25 to 0.5 μg/kg/minute until the surgical pro-
cedure is terminated. A multicenter evaluation demon-
strated that, in patients undergoing elective inpatient 
surgical procedures, intravenous administration of remi-
fentanil (1 μg/kg followed by 1.0 μg/kg/minute), when 
combined with propofol (75 μg/kg/minute), effectively 
controlled responses to tracheal intubation.377 Reduction 
of the remifentanil infusion rate to 0.25 to 0.40 μg/kg/
minute after tracheal intubation was also recommended.

Midazolam-opioid combinations can also provide 
complete anesthesia. However, midazolam-alfentanil 
TIVA has not been found to compare favorably with 
propofol-alfentanil TIVA even with flumazenil reversal of 
benzodiazepine actions.378

TIVA techniques are especially useful when delivery 
of inhaled anesthetic agents is compromised. By keep-
ing the goals of balanced anesthesia in mind, combining 
modern opioids and other drugs, using infusion pumps, 
and employing an increased understanding of pharmaco-
kinetics, clinicians can successfully perform a variety of 
TIVA techniques. Approximate opioid doses and infusion 
rates for TIVA are listed in Table 31-7.

TABLE 31-7 APPROXIMATE OPIOID LOADING 
(BOLUS) DOSES, MAINTENANCE INFUSION RATES, 
AND ADDITIONAL MAINTENANCE DOSES FOR 
TOTAL INTRAVENOUS ANESTHESIA 

Loading 
Dose (μg/kg)

Maintenance 
Infusion Rate

Additional 
Boluses

Alfentanil 25-100 0.5-2 μg/kg/min 5-10 μg/kg
Sufentanil 0.25-2 0.5-1.5 μg/kg/hr 2.5-10 μg
Fentanyl 4-20 2-10 μg/kg/hr 25-100 μg
Remifentanil 1-2 0.1-1.0 μg/kg/min 0.1-1.0 μg/kg

From Bailey PL, Egan TD, Stanley TH: Intravenous opioid anesthetics. In Miller 
RD, editor: Anesthesia, ed 7. Philadelphia, 2010, Churchill Livingstone, p 803.
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OPIOID-BASED (HIGH-DOSE OPIOID) 
ANESTHESIA FOR CARDIAC SURGERY

Opioids can be administered as the primary or sole anes-
thetic in opioid-based anesthetic techniques (see also 
Chapter 67). High-dose opioid anesthesia was introduced 
as a stress-free anesthetic method for cardiac surgical pro-
cedures. High-dose opioid anesthesia was first performed 
with morphine; however, fentanyl and sufentanil were 
later recommended. Several factors have diminished the 
popularity of high-dose opioid anesthesia, even in car-
diac anesthesia. These factors include the lack of evidence 
substantiating any significant outcome benefit associated 
with the use of large doses of opioids, the added drug 
costs, and the trend toward “fast track” approaches for 
cardiac patients that can be impeded with large doses of 
opioids. However, opioids, particularly when adminis-
tered by continuous infusion, are still among the most 
effective anesthetic agents for patients undergoing car-
diac or other extensive operations.

In an attempt to decrease the costs of cardiac surgery, 
fast-track programs have become popular. Engoren and 
colleagues reported that the more expensive but shorter-
acting opioids, sufentanil and remifentanil, produced 
equally rapid extubation, similar stays, and similar costs 
when compared with fentanyl; these findings indicate 
that any of these opioids can be recommended for fast-
track cardiac surgery.379

Fentanyl
Many different techniques have been used to achieve 
anesthesia with fentanyl.380,381 Rapid or slow injections 
of fentanyl range from 5 to 75 μg/kg. These doses estab-
lish plasma fentanyl concentrations (10 to 30 ng/mL) 
that are often sufficient to provide stable hemodynam-
ics throughout the induction and intubation sequence. 
Continuous infusions of fentanyl for cardiac surgery 
range from 0.1 to 1.0 μg/kg/minute up to or continu-
ing through CPB. High-dose fentanyl anesthesia has 
also proved effective and safe for pediatric heart surgery. 
Investigators indicated that fentanyl (25 to 50 μg/kg) 
combined with isoflurane (0.2% to 0.4%) was sufficient 
to obtund hemodynamic and stress responses in the pre-
CPB phase of open heart surgery in infants and young 
children382 (Fig. 31-23). Investigators reported that 57 of 
59 eligible patients were successfully extubated at 34 ± 
14 minutes after termination of fentanyl administration 
(total dose, 127 ± 64 μg/kg) with naloxone (total bolus, 
3.4 ± 2.6 μg/kg), and they recovered fully without venti-
latory support under the naloxone infusion, which was 
terminated at 11 ± 7 hours.383 These results suggest that 
naloxone infusion with individual dose titration facili-
tates the use of high-dose opioid anesthesia, thus main-
taining the advantage of this anesthesia. Investigators 
also showed that high-dose fentanyl (50 μg/kg) is not 
associated with a difference in the incidence of postop-
erative cognitive dysfunction at 3 or 12 months after 
coronary artery bypass surgery in older adults, whereas 
low-dose fentanyl (10 μg/kg) leads to shorter postop-
erative ventilation times and may be associated with a 
greater incidence of postoperative cognitive dysfunction 
1 week postoperatively.384

Alfentanil
The induction of anesthesia with large doses of alfentanil 
has been applied in cardiac surgery. Large doses of alfen-
tanil (150 μg/kg) may be used with or without thiopental 
to induce anesthesia. However, some investigators claim 
that anesthesia cannot be reliably induced with alfentanil 
alone, at least in young and healthy adults. Continuous 
infusions of alfentanil (2 to 12 μg/kg/minute) have been 
employed to maintain moderate to very high plasma 
alfentanil concentrations (<3000 ng/mL) during cardiac 
surgical procedures. Enthusiasm for high-dose alfentanil 
anesthesia techniques is limited by the amount (and cost) 
of drug required and by suggestions that alfentanil anes-
thesia for cardiac surgery is inadequate and is associated 
with more cardiovascular adverse effects compared with 
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Figure 31-23. Suppression of stress responses in the prebypass phase of open heart surgery in infants and young children by fentanyl combined 
with a low concentration (0.2% to 0.4%) of isoflurane. Mean (± standard error) natural logarithm (ln) for glucose (A) or ln for cortisol (B) versus 
stage of surgery for each dose of fentanyl. The values for the 2 μg/kg group indicated by asterisks were significantly higher (P < 0.01) than in the 
other groups. (From Duncan HP, Cloote A, Weir PM, et al: Reducing stress responses in the pre-bypass phase of open heart surgery in infants and young 
children: a comparison of different fentanyl doses, Br J Anaesth 84:556-564, 2000.)



fentanyl and sufentanil. More modest doses of alfent-
anil have been successfully administered in combina-
tion with sedative-hypnotics such as propofol for cardiac 
anesthesia.

Sufentanil
Advantages of high-dose sufentanil include more rapid 
induction, better blunting or elimination of hypertensive 
episodes, and greater reduction in left ventricular stroke 
work, with higher cardiac outputs and more stable hemo-
dynamics intraoperatively and postoperatively. Induction 
doses of sufentanil range from 2 to 20 μg/kg administered 
as a bolus or infused over 2 to 10 minutes. Total doses of 
sufentanil administered in high-dose techniques usually 
range from 15 to 30 μg/kg. However, no additional benefit 
could be demonstrated in terms of hemodynamic control 
or EEG signs by increasing the dose of sufentanil from 
3 to 15 μg/kg for the induction of anesthesia in patients 
premedicated with lorazepam.385 Muscle rigidity during 
induction of anesthesia with high-dose opioid may cause 
difficult ventilation with a mask. During induction of 
anesthesia with sufentanil (3 μg/kg), upper airway closure 
occurs at the level of the glottis or above.386

The amount of sufentanil required can be markedly 
influenced by the supplements employed concomitantly. 
For patients undergoing coronary artery surgery, induc-
tion (0.4 ± 0.2 μg/kg) and total maintenance (2.4 ± 0.8 
μg/kg) doses of sufentanil were used in combination with 
propofol (1.5 ± 1 mg/kg for induction and 32 ± 12 mg/kg 
total). Sufentanil requirements tripled when midazolam 
was used instead of propofol.387 Etomidate combined 
with an opioid can provide excellent anesthetic condi-
tions with few hemodynamic perturbations. Inducing 
anesthesia with sufentanil (0.5 to 1.0 μg/kg) and etomi-
date (0.1 to 0.2 mg/kg) frequently confers hemodynamic 
stability. Maintenance of anesthesia by using an infusion 
of sufentanil (1.0 to 2.0 μg/kg/hour) in a balanced anes-
thetic technique achieves the advantages of opioid-based 
anesthesia and avoids prolonged opioid action into the 
postoperative period.

Remifentanil
Remifentanil has been used in cardiac anesthesia341 (see 
also Chapter 67). Induction with remifentanil (2 μg/kg) 
with propofol and maintenance with remifentanil at 0.25 
or 0.5 μg/kg/minute provided appropriate anesthesia for 
minimally invasive coronary artery bypass surgery with 
rapid awakening and tracheal extubation (Fig. 31-24).388 
Kazmaier and associates compared high-dose remifen-
tanil (2.0 μg/kg/minute) and remifentanil (0.5 μg/kg/
minute) combined with propofol (target-controlled infu-
sion aiming at a plasma concentration of 2.0 μg/mL) in 
patients undergoing elective coronary artery bypass graft-
ing.389 Their results showed that a high dose of remi-
fentanil reduced stroke volume index, heart rate, mean 
arterial pressure, myocardial blood flow, and myocar-
dial O2 uptake, and the drug’s effects did not differ from 
those of remifentanil-propofol anesthesia. Geisler and 
associates examined the efficacy and safety of high-dose 
remifentanil anesthesia in patients undergoing coronary 
artery bypass graft surgery.390 Continuous infusions of 
remifentanil (1.0 to 2.0 μg/kg/minute) in combination 
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with propofol (3 mg/kg/hour) caused profound suppres-
sion of responses to surgical stimuli in most patients, but 
muscle rigidity occurred when remifentanil was used to 
induce anesthesia. These investigators concluded that 
starting the remifentanil infusion rate higher than 1.0 μg/
kg/minute had no apparent advantage, and remifentanil 
is not suitable for use as a sole induction agent.

OTHER APPLICATIONS OF OPIOIDS

See also Chapter 98.

Transdermal Therapeutic System
Transdermal drug delivery generally requires high solu-
bility in both water and oil, low molecular weight, high 
potency, and little or no skin irritation. Fentanyl is avail-
able in a transdermal therapeutic system (TTS). Potential 
advantages of delivering fentanyl transdermally include 
no first-pass drug metabolism by the liver, improved 
patient compliance, convenience and comfort, and con-
sistent analgesia. Doses of TTS fentanyl include 20, 50, 75 
and 100 μg/hour and achieve blood levels ranging from 
less than 1.0 to 2.0 ng/mL, although significant variabil-
ity exists.

The pharmacokinetics of transdermally delivered fen-
tanyl (50 μg/hour) was compared in 10 young adult (25 
to 38 years of age) and eight older adult (64 to 82 years 
of age) patients.391 Investigators shown that the mean 
half-time (time for plasma concentrations to double after 
patch application) was 4.2 hours and 11.1 hours and the 
mean maximum plasma concentrations were 1.9 ng/mL 
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Figure 31-24. Times to awakening (green circles) and tracheal extu-
bation (blue circles) in patients who underwent minimally invasive 
direct coronary artery bypass surgery after intravenous anesthesia with 
remifentanil and propofol or alfentanil and propofol. (From Ahonen J, 
Olkkola KT, Verkkala K, et al: A comparison of remifentanil and alfentanil 
for use with propofol in patients undergoing minimally invasive coronary 
artery bypass surgery, Anesth Analg 90:1269-1274, 2000.)
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and 1.5 ng/mL, in the younger and older groups, respec-
tively. No differences were noted in the time at which 
maximum plasma concentrations occurred and the elimi-
nation t½ after patch removal. Elevated body temperature 
accelerates either the release of fentanyl from the patch 
or the distribution from the subcutaneous fat depot. 
Portenoy and colleagues demonstrated that steady-state 
serum concentration was obtained by repeated applica-
tion of TTS fentanyl, and the apparent t½ following sys-
tem removal after repeated application was relatively 
long, presumably because of ongoing absorption from a 
subcutaneous depot.392

Results of clinical trials using TTS fentanyl for postop-
erative analgesia demonstrated a high incidence of sig-
nificant respiratory depression, and this application is not 
recommended.393 In cancer pain, TTS fentanyl offers an 
interesting alternative to oral morphine, and its effective-
ness and tolerability in this indication were demonstrated 
by several trials.394 In general, TTS fentanyl has the same 
adverse effects as other opioids, mainly sedation, nausea, 
vomiting, and constipation. In comparison with oral mor-
phine, TTS fentanyl causes fewer gastrointestinal adverse 
events. The risk of hypoventilation is comparatively low 
in patients with cancer. Sufentanil and buprenorphine 
may also be suitable for transdermal delivery, but clini-
cal results are not yet available. Transdermal morphine is 
useful only if it is applied to de-epithelialized skin.

Iontophoresis
Iontophoresis is a technique by which drug passage through 
the skin is augmented by an external electric current. 
Clinically significant doses of morphine and fentanyl can 
be delivered iontophoretically. The fentanyl HCl ionto-
phoretic transdermal system (fentanyl ITS) is a novel PCA 
system that has been approved in the United States and 
Europe for the management of acute moderate to severe 
postoperative pain.395 This system allows patients to self-
administer preprogramed doses of fentanyl noninvasively 
through the use of iontophoretic technology. To assess 
the efficacy and safety of patient-controlled ITS using 
fentanyl hydrochloride (40-μg infusion over 10 minutes) 
compared with standard intravenous morphine PCA 
(1-mg bolus every 5 minutes; maximum of 10 mg/hour), 
a prospective randomized controlled parallel-group trial 
was performed.396 The results indicated that the fentanyl 
ITS can provide pain control equivalent to that observed 
with standard morphine PCA, with a similar incidence of 
opioid-related adverse events. The fentanyl ITS may offer 
certain clinical advantages over existing PCA modali-
ties.395 Its method of drug delivery avoids the risk of com-
plications of needle-related injuries and infection, and 
its preprogramed electronics eliminate the potential for 
manual programing errors and excessive dosing. In addi-
tion, the compact size of the system enables more patient 
mobility postoperatively. The patient-controlled ITS with 
fentanyl has the potential to become a valuable option 
in the management of acute postoperative pain. Panchal 
and colleagues reported that fentanyl ITS was associated 
with a significantly lower incidence of analgesic gaps, 
which are defined as periods during which the patient 
does not access analgesia, thus contributing to ineffective 
postoperative pain management relative to morphine 
intravenous PCA.397
Transmucosal Drug Delivery
Similar to transdermal drug delivery, transmucosal deliv-
ery through the oropharynx and nasopharynx eliminates 
hepatic first-pass metabolism (drugs are absorbed directly 
into the systemic circulation) and improves patient com-
fort, convenience, and compliance.

Buprenorphine, a potent, synthetic morphine ana-
logue with mixed opioid agonist-antagonist properties 
and a long half-time, is readily absorbed from sublingual 
mucosal tissues. The portion of the drug that is swal-
lowed is almost completely metabolized by the liver, 
and only a small fraction can reach the systemic circu-
lation when swallowed. Systemic bioavailability after 
sublingual buprenorphine is approximately 50% of that 
following intravenous administration. In several stud-
ies, sublingual buprenorphine (0.4 mg) was compared 
with conventional intramuscular morphine or meperi-
dine and found to provide comparable and satisfactory 
analgesia.

Oral transmucosal fentanyl citrate (OTFC) is a solid 
dosage form of fentanyl that consists of fentanyl incor-
porated into a sweetened lozenge on a stick. A portion 
of fentanyl is absorbed through the oral mucosa, and the 
rest is swallowed and absorbed through the gastrointes-
tinal tract. The recommended doses range from 5 to 20 
μg/kg.398 OTFC should be administered approximately 
30 minutes before the surgical procedure (or painful 
procedure) to obtain peak effect. Plasma concentrations 
after OTFC administration peak at 2.0 ± 0.5 ng/mL, 15 to 
30 minutes after OTFC administration, and then decline 
to less than 1 ng/mL an hour later.399 Unlike transder-
mal fentanyl, OTFC leaves no significant depot in the 
mucosal tissues after it is removed. The systemic bio-
availability of OTFC is 50% and reflects both buccal and 
gastrointestinal absorption. OTFC bioavailability is simi-
lar to that of buprenorphine (55%), but it is much greater 
than that of buccal morphine and other opioids with 
low lipid solubility. Egan and associates demonstrated 
that the pharmacokinetics of OTFC did not change with 
repeated dosing, and the decline of plasma concentra-
tion was as rapid as when the drug was administered by 
intravenous infusion400 (Fig. 31-25). Furthermore, Khar-
asch and colleagues reported that the pharmacokinetics 
of OTFC was not altered in older volunteers (67 ± 6 years 
of age), and no change in OTFC dosing in older adults 
would appear necessary.401 Peak fentanyl concentration 
and clinical effects after OTFC were minimally affected 
by hepatic or intestinal CYP3A induction by rifampi-
cin and intestinal CYP3A inhibition by grapefruit juice, 
findings suggesting that first-pass metabolism minimally 
influences OTFC bioavailability.402 Perioperative OTFC 
was reported to be effective for postoperative analge-
sia in pediatric patients undergoing tonsillectomy.403 
However, OTFC can induce perioperative emesis and 
respiratory depression. It is also being evaluated for the 
treatment of breakthrough cancer pain.404 OTFC may be 
ideally suited to treat breakthrough cancer pain because 
fentanyl is rapidly absorbed from OTFC, and patients 
can easily self-administer OTFC.

Delivery of opioids through the nasal mucosa has 
also been investigated. No difference was noted in the 
efficacy of intranasal fentanyl (2 μg/kg), intramuscu-
lar morphine (0.1 mg/kg), and intravenous morphine  



(0.1 mg/kg) in controlling postoperative pain and emer-
gence delirium in children undergoing bilateral myrin-
gotomy and placement of ventilating tubes.405 A novel 
transnasal morphine formulation composed of morphine 
monohydrate and chitosan, a nontoxic, naturally occur-
ring mucoadherent derived from shellfish, was shown to 
offer a noninvasive alternative to intravenous morphine 
for postoperative analgesia in patients after third molar 
extraction.406 Intranasal administration of remifentanil 
(4 μg/kg) produces good intubating conditions in 2 to 3 
minutes after induction of anesthesia with sevoflurane in 
children.407

Fentanyl (300 μg) inhalation produces low plasma 
drug level (0.1 ng/mL) after 15 minutes and analgesia 
that may be disproportionately greater than expected.408 
Inhaled liposome-encapsulated fentanyl was also demon-
strated to provide a noninvasive route of administra-
tion with a rapid increase and prolonged maintenance 
of plasma fentanyl concentration.409 In patients termi-
nally ill with cancer, inhalation of nebulized fentanyl 
citrate significantly improved patients’ perception of 
breathing, respiratory rate, and O2 saturation.410 This 
inexpensive and readily available treatment may offer 
substantial relief of end-of-life dyspnea. The advent 
of specialized and efficient pulmonary drug delivery 
systems has facilitated the evaluation of inhaled opi-
oids, such as morphine and fentanyl, for management 
of severe pain associated with surgery or malignant 
disease.411

The rectal mucosa is another site for transmucosal 
drug delivery. The bioavailability of 30 mg morphine 
sulfate controlled-release suppository formulation was 
significantly greater than that of 30 mg oral controlled-
release morphine sulfate tablets; this increase may be the 
result of partial avoidance of hepatic biotransformation 
with rectal administration.412 The hydrogel formulation 
of rectal morphine may also be useful for premedication 
and analgesia in pediatric patients.413
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Figure 31-25. A typical result of time-dependent change in plasma 
concentration of fentanyl after oral transmucosal fentanyl citrate 
(OTFC) application and intravenous administration. Three 800-μg 
doses of OTFC were administered with 6-hour intervals between 
doses, and fentanyl was infused at a constant rate of 50 μg/minute 
to a total of 15 μg/kg. (From Egan TD, Sharma A, Ashburn MA, et al: 
Multiple dose pharmacokinetics of oral transmucosal fentanyl citrate in 
healthy volunteers, Anesthesiology 92:665-673, 2000.)
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Oral Controlled-Release Medications
Despite the high first-pass metabolism of opioid analgesics, 
morphine has been formulated into an oral, sustained-
release tablet (MST) and has been evaluated for premedica-
tion, for postoperative analgesia, and as an analgesic for 
chronic cancer pain. MST provides unreliable preoperative 
anxiolysis and postoperative pain relief, possibly because of 
delayed time to onset of peak effects (3 to 5 hours), which 
can be increased by impaired gastric emptying and absorp-
tion from the small intestine. As an analgesic for chronic 
cancer pain, MST was shown to be an excellent formula.414

The relative analgesic potency of single doses of oral 
controlled-release oxycodone (20 or 40 mg) and oral 
 controlled-release morphine (45 or 90 mg) was compared 
in a randomized double-blind trial in women with moder-
ate to severe pain following abdominal hysterectomy.415 
Controlled-release oxycodone at doses of 20 mg or 40 
mg was comparable with controlled-release morphine at 
doses of 45 mg or 90 mg, respectively, for total and peak 
analgesic effects, thus indicating that oral controlled-
release oxycodone was twice as potent as oral controlled-
release morphine. A randomized double-blind crossover 
trial indicated that controlled-release oxycodone is as safe 
and effective as controlled-release morphine in the treat-
ment of cancer pain.416

Extended-Release Epidural Morphine 
(DepoDur)
DepoDur is a novel drug that delivers morphine by using 
DepoFoam technology, a drug-delivery system composed 
of multivesicular lipid particles containing nonconcen-
tric aqueous chambers that encapsulate the active drug. 
When the plasma morphine concentration after epidural 
administration of 5 mg of standard morphine was com-
pared with that of 5 mg of DepoDur, the terminal t½ was 
comparable, but the peak concentration was significantly 
smaller, and peak systemic absorption occurred later with 
DepoDur. Randomized controlled studies demonstrated 
that 5 to 15 mg of DepoDur can be a potentially ben-
eficial analgesic after elective cesarean delivery with no 
significant increases in adverse events for the period from 
24 to 48 hours postoperatively.417,418 A large dose of epi-
dural lidocaine before DepoDur administration alters the 
pharmacokinetics and drug effects of DepoDur.419

OTHER OPIOID AGONISTS

CODEINE

Codeine (methylmorphine) is one half as potent as mor-
phine, has a high oral-parenteral potency ratio (2:3), and 
has a plasma t½ of 2 to 3 hours. Codeine has mild to moder-
ate analgesic but strong cough-suppressant properties after 
oral administration. Cytochrome P450 2D6 (CYP2D6) is 
the enzyme responsible for O-demethylation of codeine 
to morphine.420 Intravenous codeine produces profound 
hypotension and is neither approved nor recommended.

OXYCODONE

Oxycodone is extensively metabolized in humans 
mainly by hepatic cytochrome P450, and only 10% 
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of oxycodone is excreted in unchanged form in urine. 
Rifampin, a strong inducer of several drug-metabolizing 
enzymes, induces cytochrome P450, reduces the plasma 
concentration of intravenous and oral oxycodone, and 
modestly attenuates the pharmacologic effects of oxyco-
done.421 The role of several metabolites in oxycodone’s 
analgesic activity is still not fully understood.422 Oxy-
codone is a potent analgesic after systemic administra-
tion, but its analgesic potency is poor after intrathecal 
administration.423 Investigators showed that oxycodone 
is more potent than morphine for visceral pain relief 
in intravenous PCA after laparoscopic hysterectomy.424 
With respect to pharmacologic effects other than anal-
gesic effects, investigators reported that the extent and 
speed of onset of oxycodone-induced respiratory depres-
sion were dose dependent and greater than those of an 
equivalent dose of morphine.425

MEPERIDINE (PETHIDINE)

Meperidine is predominantly a μ-opioid receptor agonist 
that produces pharmacologic effects similar but not iden-
tical to those of morphine. Meperidine sometimes causes 
excitation of the CNS that is characterized by tremors, 
muscle twitches, and seizures largely caused by accumu-
lation of a metabolite, normeperidine. Meperidine has 
well-known local anesthetic properties.

Unlike morphine, after intravenous injection, first-
pass uptake of meperidine by the lungs is approximately 
65%. Meperidine is more highly bound to plasma proteins 
than is morphine, principally (70%) to α1-acid glycopro-
tein. As with morphine, a relatively high hepatic extrac-
tion ratio results in biotransformation that depends on 
hepatic blood flow. The major metabolite normeperidine 
has analgesic activity and is roughly twice as potent as 
meperidine in producing seizures in animals. The elimina-
tion t½ of normeperidine is considerably greater than that 
of meperidine, and thus repeated doses can easily produce 
accumulation of this toxic metabolite in patients with 
renal disease, with the potential for inducing seizures.

Meperidine is frequently used for postoperative pain 
management. A comparative study demonstrated that 
morphine, meperidine, and tramadol resulted in equiv-
alent pain scores in intravenous PCA after abdominal 
hysterectomy.426 Meperidine (12.5 to 35 mg) is also 
effective for prevention and treatment of postoperative 
shivering.427,428

HYDROMORPHONE

Hydromorphone is structurally related to morphine but is 
approximately 5 to 10 times as potent. Hydromorphone 
may be better tolerated than morphine in patients with 
renal failure; because of the keto-group in position 6 of 
the benzol ring, an active 6-glucuronate metabolite is not 
formed as in morphine.429 A bolus dose of hydromor-
phone reaches its peak effect in approximately 20 min-
utes, whereas an equivalent morphine bolus requires 94 
minutes to reach peak. Analgesia after hydromorphone 
lasts 4 to 5 hours. Hydromorphone has been used for 
both acute and chronic pain conditions in adults and 
children.430 Hydromorphone PCA provides adequate 
postoperative analgesia in patients who have undergone 
gynecologic surgical procedures, and no systematic differ-
ence is noted between morphine and hydromorphone in 
opioid-related side effects.431

LEVORPHANOL

Levorphanol is the only available semisynthetic opioid 
agonist of the morphinan series with a long (12 to 19 
hours) t½. It is five times as potent as morphine, with an 
intramuscular-to-oral potency ratio of 1:2. Levorphanol 
may have particular utility in patients with chronic pain 
who demonstrate morphine tolerance, perhaps because 
of differences in opioid receptor activity. Analgesia pro-
duced by levorphanol is mediated by its interactions 
with μ-, δ-, and κ-opioid receptors. Levorphanol is also 
an NMDA receptor antagonist. The long t½ of the drug 
increases the potential for drug accumulation.432

METHADONE

Methadone has an equivalent potency but longer dura-
tion of action than morphine. The plasma t½ of metha-
done is very long and variable (13 to 100 hours). Despite 
this property, many patients require doses every 4 to 8 
hours to maintain analgesic effects. The major clinical 
applications of methadone are in the prevention of opi-
oid withdrawal symptoms and in the treatment of chronic 
pain. Investigators showed that the same dose of intrave-
nous methadone (20 mg) that is effective for postopera-
tive pain is also suitable for the induction of anesthesia in 
combination with etomidate, and that methadone may 
have the potential for producing histamine release.433

OXYMORPHONE

Oxymorphone is a semisynthetic opioid agonist that is 
specific for the μ-opioid receptor and is approved to treat 
both acute and chronic pain. Because of its extensive liver 
metabolism, oral oxymorphone is contraindicated in 
patients with moderate to severe hepatic impairment.434 
Oxymorphone is structurally related to morphine and is 
almost 10 times as potent, but with a similar duration of 
action. In patients with acute moderate to severe post-
surgical pain, oral immediate-release oxymorphone (10, 
20, or 30 mg) provided significant dose-related pain relief 
compared with placebo, and this relief was maintained 
over several days, with a safety profile comparable to that 
of immediate-release oxycodone.435

PIRITRAMIDE

Piritramide, a synthetic opioid structurally related to 
meperidine, is devoid of emetic activity and is used for 
postoperative analgesia in several European countries.436 
Pharmacokinetic analysis showed that piritramide is 
distributed extensively and is eliminated slowly and 
recommended intermittent bolus administration.437 A 
randomized controlled trial showed that intravenous 
PCA with piritramide can produce pain management as 
satisfactory as that observed with oral oxycodone after 
cesarean section.438



TRAMADOL

Tramadol is a synthetic 4-phenyl-piperidine analogue 
of codeine with a dual mechanism of action. Tramadol 
stimulates the μ receptor and, to a lesser extent, the δ- and 
κ-opioid receptors. Like tricyclic antidepressants, trama-
dol also activates spinal inhibition of pain by decreasing 
the reuptake of norepinephrine and serotonin.439 Investi-
gators suggested that tramadol may have direct serotonin-
releasing action.440 Tramadol is one fifth to one tenth as 
potent as morphine. In rats, tramadol reduced the MAC 
of isoflurane in a naloxone-sensitive manner.441 Intrave-
nous tramadol was effective for postthoracotomy pain 
relief.442 Analgesic doses of tramadol may produce less 
respiratory depression, in part because of its nonopioid 
receptor–mediated actions, and may have minimal effects 
on gastrointestinal motor function.443 Seizures have been 
reported in patients taking the drug. Caution should be 
exercised when combining tramadol with MAOIs, neu-
roleptic agents, and other drugs that lower the seizure 
threshold. Investigators suggested that tramadol has local 
anesthetic properties on peripheral nerves when it is used 
alone.444

Tramadol used as a sole drug cannot be considered the 
drug of choice after moderately painful surgical proce-
dures. The doses needed to relieve pain in 80% of patients 
are much larger than the usual dose of 100 mg.445 Trama-
dol added to lidocaine for intravenous regional anesthesia 
provided a shorter onset time of sensory block.446 Trama-
dol added to 1.5% mepivacaine for brachial plexus block 
enhances the duration of analgesia in a dose-dependent 
manner with acceptable side effects.447 Intraarticular tra-
madol was also used for management and prevention of 
pain after arthroscopic knee surgery. The intraarticular 
admixture of tramadol 100 mg with 0.25% bupivacaine 
provides pronounced prolongation of analgesia than with 
either drug alone in patients undergoing arthroscopic 
knee surgery.448 Clinical studies to determine the analge-
sic efficacy of neuraxial tramadol added to epidural anes-
thesia in adults have yielded contradictory results.449,450

Tramadol has dose- and time-dependent bactericidal 
activity against Escherichia coli and Staphylococcus epider-
midis, as well as antibacterial activity against Staphylococ-
cus aureus and Pseudomonas aeruginosa. The antibacterial 
properties of tramadol may be useful for reduction of bac-
terial infection after regional anesthesia.451

MORPHINE-6-GLUCURONIDE

M6G is a potent metabolite of morphine. In contrast to 
morphine, M6G is not metabolized but is excreted by the 
kidneys and exhibits enterohepatic cycling because it is 
a substrate for multidrug resistant transporter proteins 
in the liver and intestines.452 M6G exhibits a delay in its 
analgesic effect (blood–effect-site equilibration t½ 4 to 8 
hours), which is partly related to slow passage through 
the blood-brain barrier and distribution within the brain 
compartment. In humans, M6G’s potency is just half 
that of morphine. Trials to use M6G as an analgesic have 
been reported. Osborne and co-workers reported that 0.5 
to 4 mg of intravenous M6G was effective for treatment 
of cancer pain for 2 to 24 hours without causing nausea 
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and vomiting.453 M6G (100 mg given intrathecally) pro-
vided excellent analgesia after total hip replacement, as 
did intrathecal morphine sulfate (500 mg).454 In a ran-
domized double-blind study, M6G had an analgesic effect 
similar to that of morphine over the first 24 hours postop-
eratively. However, the initial onset of M6G effect may be 
slower than that of morphine.455 M6G can paradoxically 
increase pain sensitivity in mice and humans. The prono-
ciceptive effect of M6G can be shown in knockout mice 
lacking μ-, κ- and δ-opioid receptors, and it may result 
from activation of the NMDA receptors.456

AGONIST-ANTAGONIST OPIOID 
COMPOUNDS

Nalorphine, the first agonist-antagonist opioid, was suc-
cessfully synthesized by Weijland and Erickson in 1942 
and was found to be strongly antagonistic to almost all 
the properties of morphine. Although nalorphine was 
found to possess strong analgesic actions, it was unsuit-
able for clinical use because of its psychotomimetic 
effects. Nalorphine was used in lower doses as an opioid 
antagonist.

Agonist-antagonist opioids are usually produced by 
alkylation of the piperidine nitrogen and the addition 
of a three-carbon side chain such as a propyl, allyl, or 
methyl allyl to morphine. Buprenorphine is a partial 
agonist at the μ receptor. The other compounds are 
μ-receptor antagonists and full or partial agonists at the κ 
receptors. Agonist-antagonist opioids are less prone (but 
not immune) to abuse because they cause less euphoria 
and are associated with less drug-seeking behavior and 
physical dependence.

Dosing data of these compounds are shown in Table 
31-8. The agonist-antagonist compounds depress respira-
tion in a manner similar to that of morphine, but ceil-
ing effects exist (Table 31-9). Effects on the cardiovascular 
system differ among these compounds (Table 31-10).

PENTAZOCINE

Analgesia produced by pentazocine is primarily related 
to κ-receptor stimulation. Pentazocine is one half to one 
fourth as potent as morphine. Ceilings to both analge-
sia and respiratory depression occur after administration 
of 30 to 70 mg of pentazocine. Although the potential 
for abuse is less than with morphine, prolonged use of 

TABLE 31-8 DOSING DATA FOR AGONIST-
ANTAGONIST OPIOIDS AND MORPHINE

Equianalgesic 
IM Dose (mg)

Duration of 
Analgesia (hr)

Oral-IM 
Efficacy 
Ratio

Morphine 10 4-5 1:6
Buprenorphine 0.3-0.4 >6 1:2*

Butorphanol 2 3-4 —
Nalbuphine 10 3-6 1:4-5
Pentazocine 40 3 1:3

IM, Intramuscular.
*Sublingual-intramuscular ratio.
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pentazocine can lead to physical dependence. Nalor-
phine-like dysphoric side effects are common, especially 
after high doses (>60 mg) of pentazocine in older patients. 
The dysphoric effects of pentazocine can be reversed with 
naloxone. Pentazocine depresses myocardial contractility 
and increases arterial blood pressure, heart rate, systemic 
vascular resistance, pulmonary artery pressure, and left 
ventricular work index. Pentazocine also increases blood 
catecholamine levels. Pentazocine inhibits gastric empty-
ing and gastrointestinal transit in rats, whereas U50488H, 
a pure κ-agonist, did not significantly inhibit either.457 
Therefore, one may speculate that pentazocine affects 
gastrointestinal function through a mechanism other 
than the opioid receptors.

Pentazocine has limited application because it is asso-
ciated with a high incidence of postoperative nausea and 
vomiting, it provides limited analgesia, it partially antag-
onizes other opioids, and it can produce undesirable car-
diovascular and psychotomimetic effects.

BUTORPHANOL

Butorphanol is an agonist at κ receptors. Its activity at 
μ receptors is either antagonistic or partially agonis-
tic. It is five to eight times as potent as morphine and 
is available only in parenteral form. After intramuscular 
injection, the onset of effect is rapid, and peak analgesia 
occurs within 1 hour. Whereas the duration of action of 
butorphanol is similar to that of morphine, its plasma t½ 
is only 2 to 3 hours. Although butorphanol (10 mg IM) 

TABLE 31-9 RESPIRATORY DEPRESSANT EFFECTS 
OF AGONIST-ANTAGONISTS COMPARED WITH 
MORPHINE* 

Drug
Correlation of Respiratory Depression  
With Dose

Morphine Increases proportionally with dose
Buprenorphine Ceiling effect at 0.15-1.2 mg in adults
Butorphanol Ceiling effect at 30-60 μg/kg
Nalbuphine Ceiling effect at 30 mg in adults
Pentazocine Ceiling effect suggested, but difficult to study 

because of psychotomimetic effects

From Zola EM, McLeod DC: Comparative effects of analgesic efficacy of the 
agonist-antagonist opioids, Drug Intell Clin Pharm 17:411, 1983.

*Low or moderate naloxone doses readily reverse the respiratory effects 
produced by therapeutic doses of all drugs listed, except buprenorphine.

TABLE 31-10 HEMODYNAMIC EFFECTS OF 
AGONIST-ANTAGONIST COMPOUNDS COMPARED 
WITH MORPHINE 

Drug
Cardiac 
Workload

Blood 
Pressure

Heart 
Rate

Pulmonary 
Artery 
Pressure

Morphine ↓ ↓ =↓ =↓
Buprenorphine ↓ ↓ ↓ ?
Butorphanol ↑ =↑ = ↑
Nalbuphine ↓ = =↓ =
Pentazocine ↑ ↑ ↑ ↑

From Zola EM, McLeod DC: Comparative effects of analgesic efficacy of the 
agonist-antagonist opioids, Drug Intell Clin Pharm 17:411, 1983.
causes as much respiratory depression as the same dose 
of morphine, higher doses reach a ceiling. Side effects 
after butorphanol include drowsiness, sweating, nausea, 
and CNS stimulation. In healthy volunteers, butorphanol 
(0.03 or 0.06 mg/kg IV) produces no or minimal cardio-
vascular changes. However, in patients with cardiac dis-
ease, butorphanol causes significant increases in cardiac 
index, left ventricular end-diastolic pressure, and pulmo-
nary artery pressure.

Because butorphanol decreases the MAC for enflurane 
by only a small fraction, it cannot serve like the fentanyl 
congeners as an anesthetic. Butorphanol is subject to less 
abuse and has less addictive potential than does mor-
phine or fentanyl. Acute biliary spasm can occur after 
butorphanol administration, but increases in biliary pres-
sure are lower than after equipotent doses of fentanyl or 
morphine.

Transnasal butorphanol is effective in relieving 
migraine and postoperative pain.458

BUPRENORPHINE

Buprenorphine is a thebaine derivative, μ-receptor par-
tial agonist, and it is similar in structure to morphine but 
approximately 33 times more potent. Whereas fentanyl 
dissociates rapidly from μ receptors (t½ of 6.8 minutes), 
buprenorphine has a higher affinity and takes much lon-
ger (t½ of 166 minutes). The onset of action of buprenor-
phine is slow, its peak effect may not occur until 3 hours, 
and the duration of effect is prolonged (<10 hours). The 
volume of distribution of buprenorphine is 2.8 L/kg, and 
its clearance is 20 mL/kg/minute. Plasma concentrations 
of the metabolites of buprenorphine (norbuprenorphine, 
buprenorphine-3-glucuronide, and norbuprenorphine-
3-glucuronide) may approximate or exceed those of the 
parent drug. Glucuronide metabolites are biologically 
active and may contribute to the overall pharmacology 
of buprenorphine.459

Subjective effects (e.g., euphoria) of buprenorphine 
are similar to those of morphine. Buprenorphine pro-
duces depression of minute ventilation that levels off 
at doses higher than 3.0 μg/kg to approximately 50% of 
baseline, in contrast to the case of fentanyl, in which 
dose-dependent respiratory depression results in apnea 
at doses higher than 2.9 μg/kg460 (Fig. 31-26). Buprenor-
phine has been successfully used for premedication (0.3 
mg IM), as the analgesic component in balanced anesthe-
sia (4.5 to 12 μg/kg), and for postoperative pain control 
(0.3 mg IM). Buprenorphine, like the other agonist-antag-
onist compounds, is not acceptable as a sole anesthetic, 
and its receptor kinetic profile restricts its usefulness if 
other μ-agonists are used. Opioid withdrawal symptoms 
develop slowly (5 to 10 days) after buprenorphine is dis-
continued following long-term use.

NALBUPHINE

Nalbuphine is an agonist-antagonist opioid that is 
structurally related to oxymorphone and naloxone. It 
binds to μ receptors as well as to κ and δ receptors. Nal-
buphine acts as an antagonist at the μ receptor and an 
agonist at the κ receptor. Activation of supraspinal and 
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Figure 31-26. Dose-response relationships for reduction of minute ventilation induced by fentanyl (A) and buprenorphine (B). The response is 
the peak ventilatory depression at each dose. The line through the data is the fit to the Hill equation. Placebo is 0 μg/kg. Data are mean ± standard 
deviation. (From Dahan A, Yassen A, Bijl H, et al: Comparison of the respiratory effects of intravenous buprenorphine and fentanyl in humans and rats, 
Br J Anaesth 94:825-834, 2005.)
spinal κ receptors results in limited analgesia, respira-
tory depression, and sedation. Nalbuphine, like other 
agonist-antagonist compounds, interferes with the anal-
gesia produced by pure μ-agonists. In rats, coadminis-
tration of nalbuphine with morphine dose dependently 
blocked the development of morphine tolerance and 
dependence, without attenuation of the antinociceptive 
effect of morphine.461 Nalbuphine is available only for 
parenteral use. The onset of effect is rapid (5 to 10 min-
utes), and its duration is long (3 to 6 hours) because of a 
long plasma elimination t½ (5 hours).

Nalbuphine has been administered as an analgesic 
supplement for conscious sedation or balanced anesthe-
sia and as an analgesic for postoperative and chronic pain 
problems. In patients undergoing myocardial revascular-
ization, continuous infusion of nalbuphine (0.05 to 0.1 
mg/kg/minute) and that of fentanyl (0.15 to 0.3 μg/kg/
minute) were compared.462 Nalbuphine lacked the ability 
to attenuate cardiovascular and hormonal responses to 
tracheal intubation and surgical procedures. The inves-
tigators concluded that continuous infusion of nalbu-
phine cannot be recommended for anesthesia in patients 
undergoing myocardial revascularization. For postopera-
tive epidural PCA, the combination of hydromorphone 
(0.075 mg/mL) and nalbuphine (0.04 mg/mL) resulted 
in a lower incidence of nausea and a decreased need for 
bladder catheterization compared with hydromorphone 
alone.463 A randomized double-blind controlled study 
in patients undergoing gynecologic surgical procedures 
demonstrated that the interaction between morphine 
and nalbuphine in an intravenous PCA admixture is addi-
tive, and the combination of the two drugs can decrease 
the incidence of pruritus.464

A prospective randomized double-blind study dem-
onstrated that nalbuphine (4 mg IV) was as effective as 
ondansetron (4 to 8 mg IV) for prevention of intrathe-
cal morphine-induced pruritus after cesarean delivery.465 
Whereas one study reported that nalbuphine provides a 
rapid and potent antishivering effect similar to that of 
meperidine,466 a quantitative systematic review of ran-
domized controlled trials did not support this conclusion.

DEZOCINE

Dezocine is slightly more potent and acts faster than 
morphine, with a similar duration, and it is a partial 
agonist of the μ receptors. Side effects are similar to 
those of morphine. Although dezocine was shown to be 
an effective alternative to fentanyl when administered 
during outpatient laparoscopy with propofol and N2O, 
dezocine was associated with a high incidence of post-
operative nausea and a delayed discharge time.467 In 
adult patients who underwent arthroscopic surgical pro-
cedures performed using general anesthesia, dezocine 
(5 mg IV) and morphine (5 mg IV) were similarly effec-
tive for postoperative analgesia and caused similar side 
effects.468 One report showed that intravenous dezocine 
(0.1 mg/kg) can effectively suppress cough induced by  
5 μg/kg fentanyl.469

MEPTAZINOL

Meptazinol has been reported to cause minimal respira-
tory depression because of its selectivity for μ1 receptors. 
In patients receiving meptazinol (2.5 mg/kg) with a bar-
biturate, no cardiovascular changes were observed during 
tracheal intubation, whereas blood pressure and heart 
rate were significantly increased in patients receiving fen-
tanyl (5 μg/kg).470 Side effects (nausea and vomiting) limit 
its use to the relief of severe pain.
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Figure 31-27. Reversal of buprenorphine-induced respiratory depression with naloxone depends on the correct naloxone dose window. Respi-
ratory depression induced by 0.2 mg buprenorphine was reversed by naloxone 2 mg (A) and 6 mg (B) given over 30 minutes in one subject. 
The blue field in the background is the result of the placebo group in which saline was infused instead of naloxone. Light blue dots and dark blue 
dots represent buprenorphine and naloxone infusion, respectively. C, Influence of 0 (placebo) and 0.5 to 7 mg naloxone on 0.2 mg intravenous 
buprenorphine-induced respiratory depression. Reversal was calculated from the naloxone-induced change in ventilation, and it ranges from 
0 (effect not different from placebo) to 1 (reversal to predrug baseline level). (From van Dorp E, Yassen A, Sarton E, et al: Naloxone reversal of 
buprenorphine-induced respiratory depression, Anesthesiology 105:51-57, 2006.)
OPIOID ANTAGONISTS

NALOXONE

Clinically, opioid antagonists are used to restore sponta-
neous ventilation in patients who breathe inadequately 
after opioid overdoses or opioid anesthesia. In addition, 
opioid antagonists can reduce or reverse opioid-induced 
nausea and vomiting, pruritus, urinary retention, rigid-
ity, and biliary spasm associated with numerous thera-
pies employing opioids, such as neuraxial analgesic 
techniques. The reported potency ratio of naloxone to 
nalbuphine for antagonism of pruritic effects of epidural 
morphine was approximately 40:1.471

In one report, morphine requirements were signifi-
cantly less in patients receiving naloxone, a finding sug-
gesting that naloxone enhanced analgesia.472 Proposed 
possible mechanisms for this apparent paradoxical effect 
of naloxone include enhanced release of endogenous opi-
oids and opioid receptor up-regulation.

Although naloxone is generally considered a pure 
opioid receptor antagonist, it delays gastric emptying of 
saline or milk, as does morphine in the rat.263 Further-
more, high-dose naloxone has partial agonistic activity 
on the μ- and κ-opioid receptors in cultured cells.473

Reversal of Respiratory Depression
In the early 1950s, nalorphine and levallorphan were 
evaluated as opioid antagonists. They were often found 
unacceptable because of a high incidence of side effects, 
as well as incomplete reversal of respiratory depression. 
Naloxone was introduced into clinical practice in the late 
1960s. Side effects (increases in heart rate and blood pres-
sure) and more serious complications (e.g., pulmonary 
edema) have been reported. The initial naloxone dose rec-
ommendations ranged from 0.4 to 0.8 mg. The onset of 
action of intravenous naloxone is rapid (1 to 2 minutes), 
and t½ and duration of effect are short, approximately 
30 to 60 minutes. If intravenous access is not available, 
naloxone, in doses similar to those given by the intra-
venous route, is effectively absorbed after intratracheal 
administration. Reversal with naloxone is limited by high 
affinity for and slow dissociation from the μ-opioid recep-
tor of buprenorphine, and it depends on the buprenor-
phine dose and the correct naloxone dose window474 (Fig. 
31-27). Because respiratory depression from buprenor-
phine may outlast the effects of naloxone boluses or short 
infusions, a continuous infusion of naloxone may be 
required to maintain reversal of respiratory depression.474

Several mechanisms produce increases in arterial 
blood pressure, heart rate, and other significant hemo-
dynamic alterations after naloxone reversal of opioids. 
These include pain, rapid awakening, and sympathetic 
activation not necessarily caused by pain. When patients 
receiving naloxone for opioid agonist reversal are hypo-
thermic secondary to intraoperative heat loss, O2 con-
sumption and minute ventilation can increase two- to 
threefold.475 Such metabolic demands also stress the car-
diovascular system and increase cardiac output. In addi-
tion, greater degrees of hypercapnia at the time of opioid 
antagonism result in greater degrees of cardiovascular 
stimulation because of associated sympathetic stimula-
tion. Opioid reversal may be particularly hazardous in 
patients with pheochromocytoma or chromaffin tissue 
tumors. However, investigators also reported that intra-
venous administration of 10 mg naloxone did not signifi-
cantly change plasma catecholamine concentration and 
blood pressure.476

Recurrence of respiratory depression after naloxone 
results from the short t½ of naloxone. “Renarcotiza-
tion” occurs more frequently after the use of naloxone to 
reverse longer-acting opioids such as morphine. Although 
naloxone is active at μ, δ, and κ receptors, the drug has 
the greatest affinity for μ receptors, which mediate most 
potent opioid effects, including respiratory depression 
and analgesia. Careful titration of naloxone often can 
restore adequate spontaneous ventilation without reversal 
of adequate analgesia.



Other Applications
Naloxone may ameliorate the neurologic deficit following 
an ischemic or traumatic neurologic insult in animals.477 
In humans, a randomized controlled trial demonstrated 
that naloxone (a bolus of 5.4 mg/kg, followed by infusion 
at 4.0 mg/kg/hour for 23 hours) does not improve neuro-
logic recovery after acute spinal cord injury.478 However, 
the combined use of cerebrospinal fluid drainage and nal-
oxone reduces the risk of paraplegia in thoracoabdominal 
aneurysm repair.479 Naloxone may also have a therapeutic 
role in heat stroke disorders,480 as well as in cholestasis-
induced pruritus.481 Although intravenous naloxone has 
been claimed to produce pain relief in opioid-resistant 
central poststroke pain, a double-blind trial concluded 
that intravenous naloxone was of no value in alleviating 
central poststroke pain.482

NALTREXONE

Naltrexone is a μ-, δ- and κ-opioid receptor antagonist. It 
is longer acting than naloxone (plasma t½ of 8 to 12 ver-
sus 0.5 to 1.5 hours), and it is active when taken orally. 
A double-blind placebo-controlled study for patients 
undergoing cesarean section indicated that naltrexone 
(6 mg) was an effective oral prophylactic against the 
pruritus and vomiting associated with intrathecal mor-
phine, but it was associated with a shorter duration of 
analgesia.483

NALMEFENE

Nalmefene has a greater preference for μ than δ or 
κ receptors. Nalmefene is equipotent to naloxone. 
Nalmefene is long acting after oral (0.5 to 3.0 mg/kg) 
and parenteral (0.2 to 2.0 mg/kg) administration. Bio-
availability after oral administration is 40% to 50%, 
and peak plasma concentrations are reached in 1 to 2 
hours. The mean terminal elimination t½ of nalmefene 
is 8.5 hours, compared with 1 hour for naloxone. Pro-
phylactic administration of nalmefene significantly 
decreased the need for antiemetics and antipruritic 
medications in patients receiving intravenous PCA 
with morphine.484

METHYLNALTREXONE

Methylnaltrexone is the first quaternary ammonium 
opioid receptor antagonist that does not cross the blood-
brain barrier.256 It can reverse the effects of opioid medi-
cations mediated by peripheral opioid receptors, whereas 
the opioid effects mediated by opioid receptors in the 
CNS, such as analgesia, are not affected. Delayed gastric 
emptying induced by 0.09 mg/kg morphine could be 
attenuated by 0.3 mg/kg methylnaltrexone in healthy 
volunteers.262 Investigators also reported that meth-
ylnaltrexone was effective for reversal of constipation 
resulting from long-term methadone use.485 Because 
methylnaltrexone does not cross the dura, it could have 
the potential to reverse peripherally mediated side effects 
of epidural opioids.486 Randomized double-blind pla-
cebo-controlled studies have shown the effectiveness of 
methylnaltrexone and alvimopan, another peripherally 
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acting opioid receptor antagonist, in the management of 
postoperative ileus.256

DRUG INTERACTONS WITH OPIOIDS

GENERAL PRINCIPLES

Opioids are frequently combined with other anesthetic 
drugs to produce optimal anesthetic conditions. In anes-
thesia, most drugs concomitantly administered interact. 
Although some of these interactions are intentionally 
sought, others are unwanted and adverse. The three gen-
eral types of mechanisms of drug interactions are phar-
maceutical, pharmacokinetic, and pharmacodynamic.487

Pharmaceutical interactions are chemical, as illustrated 
when an alkaline solution of thiopental and an acidic 
solution of succinylcholine precipitate when they are 
simultaneously administered by the intravenous route.

Pharmacokinetic interactions occur when the admin-
istration of one agent alters the pharmacokinetics or 
disposition of another. Hemodynamic changes induced 
by one agent can affect the pharmacokinetic behav-
ior of the other agent. Sufentanil, which has a greater 
hepatic extraction ratio than does alfentanil, is more 
likely to be affected by decreases in hepatic blood flow. 
Cimetidine can prolong opioid effects by decreasing 
hepatic blood flow or by diminishing hepatic metab-
olism. Opioid plasma levels also increase in the pres-
ence of propofol.488 Decreased opioid metabolism, by 
the CYP3A4 isoform of the cytochrome P450 enzyme 
responsible for the oxidative metabolism of more than 
50 drugs, may also underlie pharmacokinetic interac-
tions. A wide range of chemical compounds, including 
many drugs, can interact with the cytochrome P450 
system and cause either increased activity (enzyme 
induction) or enzyme inhibition (Box 31-5).487 Alfent-
anil, but not sufentanil, may have prolonged action as 
a result of impaired metabolism in patients receiving 
erythromycin.489,490

Pharmacodynamic interactions between opioids and 
inhaled anesthetic agents were assessed with classic MAC 
reduction evaluations in animals and humans. Although 
marked synergism between opioids and inhaled anes-
thetic agents occurs with analgesic doses of opioids, 
the MAC reduction by opioids has a ceiling effect. The 
pharmacodynamic synergism between opioids and sed-
ative-hypnotics such as propofol is profound. Choos-
ing an opioid with a short context-sensitive t½ allows 
greater doses of that opioid to be administered, along 
with reduced doses of propofol, without compromising 
the time for recovery from anesthesia. Thus, the optimal 
plasma level of propofol is estimated to be approximately 
30% less when it is combined with remifentanil instead 
of alfentanil.488

Drug dosing regimens and plasma concentrations 
of opioid and sedative-hypnotics that provide optimal 
hemodynamic control during a range of noxious stimuli 
are necessary. However, complicating our understand-
ing of drug interactions is the observation that the same 
degree of interaction does not apply across different types 
of stimuli.
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SEDATIVE-HYPNOTICS

See also Chapter 30.

Benzodiazepines
Alfentanil reduces the median effective dose (ED50) of 
midazolam for the induction of anesthesia in a dose-
dependent fashion. On the contrary, with regard to the 
antinociceptive effect, the interaction between these two 
types of drugs may be less than additive.491 Midazolam 
enhances opioid-induced antinociception at the spinal 
level but inhibits it at the supraspinal level.492 Many 
studies reveal that benzodiazepine-opioid interactions 
for many properties other than analgesia are synergis-
tic (supraadditive). Both the cardiovascular and respi-
ratory actions of opioids can be significantly altered by 
the concomitant administration of benzodiazepines.493 
In anesthetized rabbits, fentanyl and midazolam syner-
gistically caused depression of phrenic nerve activity.494 
Combinations of benzodiazepines and opioids, although 
occasionally preserving ventricular function, can cause 
significant and at times profound decreases in blood 
pressure, cardiac index, heart rate, and systemic vascu-
lar resistance. Fluid loading may attenuate circulatory 
depression that occurs when benzodiazepines and opi-
oids are combined.

Barbiturates
Barbiturates can potentiate or produce hypotension if 
a large dose is administered with opioids. Hypotension 

iNhibitOrS

Antibiotics
Macrolides
Troleandomycin
Erythromycin
Fluoroquinolones
Isoniazid

Azole antifungal drugs
Ketoconazole
Itraconazole

Calcium entry blockers
Diltiazem
Verapamil

Omeprazole
Cimetidine
Propofol
Grapefruit juice

iNducerS

Barbiturates
Antiepileptics

Carbamazepine
Phenytoin
Primidone

Rifampicin
Dichloralphenazone
Ethanol
Tobacco smoke

BOX 31-5 Drugs That Inhibit or Induce 
Cytochrome P450 Enzymes

From Bovill, JG: Adverse drug interactions in anesthesia, J Clin Anesth 
9(Suppl):3S, 1997.
after barbiturate-opioid combination results from veno-
dilatation, decreased cardiac filling, myocardial depres-
sion, and decreased sympathetic nervous system activity. 
Reducing induction doses of barbiturates administered 
concomitantly with opioids is recommended.

Propofol
Administration of propofol-opioid combinations pro-
vides unconsciousness and block responses to noxious 
stimuli. However, when given as an intravenous bolus 
for induction of anesthesia, propofol can create moderate 
to severe preintubation hypotension. Propofol-fentanyl 
and propofol-sufentanil anesthesia for coronary artery 
bypass surgery may provide acceptable conditions, but 
mean arterial pressure can decrease to levels that may 
jeopardize coronary perfusion, especially during induc-
tion of anesthesia. In healthy volunteers, the addition of 
alfentanil (effect-site concentration of 50 or 100 ng/mL) 
did not affect the changes in the BIS induced by propo-
fol, but it blocked the BIS increase induced by painful 
stimuli.495 In patients undergoing spine fusion, infusion 
of fentanyl (blood levels of 1.5 to 4.5 ng/mL) reduced the 
infusion rate of propofol necessary to maintain mean 
arterial pressure but delayed spontaneous eye opening 
and recovery of orientation.360 In patients undergoing 
ambulatory gynecologic laparoscopy, the administra-
tion of fentanyl (25 to 50 μg IV) at the time of induc-
tion of anesthesia reduced the maintenance propofol 
requirement but failed to provide effective postoperative 
analgesia and increased the need for postoperative use 
of antiemetics.496 Pharmacokinetic interaction, as well 
as pharmacodynamic interaction, between propofol and 
opioids has been reported. Target-controlled infusion 
of alfentanil (target concentration of 80 ng/mL) was 
shown to increase the blood propofol concentration by 
17% and decrease the elimination clearance, distribu-
tion clearance, and peripheral volume of distribution of 
propofol.497

Etomidate
Etomidate can be combined in low doses with opioids 
with little loss of cardiovascular stability. In patients 
scheduled for coronary artery bypass grafting, etomi-
date (0.25 mg/kg) combined with fentanyl (6 μg/kg) 
resulted in less hypotension after induction and intuba-
tion than did propofol (1 mg/kg) combined with fentanyl  
(6 μg/kg).498

Ketamine
A prospective randomized double-blind controlled study 
demonstrated that intraoperative and postoperative 
administration of ketamine for the first 48 hours postoper-
atively (2 μg/kg/minute after a 0.5 mg/kg bolus) improved 
postoperative analgesia with a significant decrease of 
morphine consumption.499 Furthermore, investigators 
reported that small doses of ketamine and memantine, 
a long-acting oral NMDA-receptor antagonist, were effec-
tive in managing intractable pain in an opioid-tolerant 
patient.500 Webb and co-workers reported that low-dose 
ketamine could be a useful addition to perioperative tra-
madol administration in patients undergoing abdominal 
surgical procedures.501



INHALED ANESTHETIC AGENTS

Volatile anesthetic agents are frequently combined with 
opioids to ensure amnesia and to promote immobility 
and hemodynamic stability (see Chapter 26). Clinical 
trials of opioids supplemented with volatile anesthetic 
agents for cardiac surgery demonstrated well-preserved 
cardiac output and minimal decreases in mean arterial 
blood pressure.502 Myocardial ischemia may not, how-
ever, always be ameliorated by approaches that combine 
opioids with potent inhaled anesthetic agents in spite 
of apparent “good” hemodynamic control. Some of the 
potent inhaled anesthetic drugs can increase sympathetic 
nervous system activity and may increase the risk of myo-
cardial ischemia in the patient with cardiac disease.503 
Prior administration of fentanyl, in doses as low as 1.5 
μg/kg, can markedly attenuate such responses. Alfentanil 
(10 μg/kg) is also effective in attenuating these effects.

MUSCLE RELAXANTS

Pancuronium bromide has been frequently used for mus-
cle relaxation during high-dose opioid anesthesia (see also 
Chapter 34). The vagolytic action of pancuronium can 
attenuate opioid-induced bradycardia and support blood 
pressure. In patients undergoing coronary artery bypass 
grafting who were administered sufentanil (3 to 8 μg/kg), 
pancuronium (120 μg/kg) caused significant increases in 
mean arterial pressure, heart rate, and cardiac output but 
did not induce myocardial ischemia.504

Combinations of vecuronium and high doses of opi-
oids may produce negative chronotropic and inotro-
pic effects that result in decreases in heart rate, cardiac 
output, and blood pressure and increases in the need 
for vasopressor support. In patients scheduled for coro-
nary artery surgery who received 40 μg/kg sufentanil in 
combination with vecuronium (0.1 mg/kg), heart rate, 
mean arterial pressure, and systemic vascular resistance 
decreased from baseline values after tracheal intubation, 
with no significant change in cardiac output or evidence 
of new myocardial ischemia.505

In patients anesthetized with fentanyl (50 μg/kg) and 
scheduled to undergo elective coronary artery bypass 
grafting, rocuronium (0.6 mg/kg; approximately equiv-
alent to 2 × ED95 doses) was associated with minimal 
changes in hemodynamic variables, including increases 
in stroke volume index (+15%) and cardiac index (+11%) 
and a decrease in pulmonary capillary wedge pressure 
(−25%).506 In patients undergoing coronary artery bypass 
surgery performed using fentanyl anesthesia, mivacu-
rium (0.15 or 0.2 mg/kg) produced decreases in mean 
arterial pressure and systemic vascular resistance index 
possibly mediated by histamine release, whereas atracu-
rium (0.5 mg/kg) produced no significant hemodynamic 
changes.507

MONOAMINE OXIDASE INHIBITORS

MAOIs can underlie the most serious and potentially 
fatal opioid-other drug interaction. The combination of 
meperidine and MAOIs can induce the serotonin syn-
drome, which is caused by excess serotonin availability 
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in the CNS at the serotonin type 1A (5-HT1A) receptor. 
The serotonin syndrome is characterized by confusion, 
fever, shivering, diaphoresis, ataxia, hyperreflexia, myoc-
lonus, or diarrhea. The phenylpiperidine series opioids, 
including meperidine, tramadol, and methadone, appear 
to be weak serotonin reuptake inhibitors and have 
all been involved in serotonin toxicity reactions with 
MAOIs, whereas morphine, codeine, oxycodone, and 
buprenorphine are known not to be serotonin reuptake 
inhibitors and do not precipitate serotonin toxicity with 
MAOIs.508 Alfentanil can be used with MAOIs without 
complications.509,510

CALCIUM CHANNEL BLOCKERS

Because opioids can inhibit voltage-dependent Ca2+ 
channel activity through the activation of G proteins, 
2opioid action may possibly be potentiated by Ca2+ chan-
nel blockers. Numerous animal studies and a few clini-
cal studies documented that opioid-induced analgesia is 
potentiated by L-type Ca2+ channel blockers. However, 
another report noted that L-type Ca2+ channel blockers 
do not potentiate morphine analgesia at clinically rel-
evant doses.511 N-type Ca+ channels are involved in the 
release of neurotransmitters from sensory neurons in the 
spinal cord. The intrathecal administration of a blocker 
of this channel, ω-conotoxin GVIA, produced antinoci-
ception and interacted synergistically with opioids at the 
spinal cord level.512

MAGNESIUM

Magnesium has antinociceptive effects, probably because 
of its antagonistic action on the NMDA receptor. Intra-
venous administration of magnesium sulfate (50 mg/kg 
preoperatively and 8 mg/kg/hour intraoperatively) signifi-
cantly reduced intraoperative and postoperative fentanyl 
requirement.513 However, passage of magnesium across the 
blood-brain barrier is limited. Intrathecal administration of 
fentanyl (25 μg) in combination with magnesium sulfate (50 
mg) provided significantly prolonged analgesia compared 
with fentanyl alone in patients requesting analgesia for 
labor.514 It is likely that magnesium can potentiate opioid 
analgesia by both central and peripheral mechanisms.515 
A randomized double-blind prospective study showed that 
a relatively high dose of remifentanil (0.2 μg/kg/minute) 
enhances periincisional hyperalgesia in patients undergo-
ing thyroidectomy, and intraoperative magnesium sulfate 
(30 mg/kg at induction, followed by 10 mg/kg/hour) can 
prevent remifentanil-induced hyperalgesia.516

NONSTEROIDAL ANTIINFLAMMATORY 
DRUGS

NSAIDs, such as ibuprofen, diclofenac, or ketorolac, have 
been perioperatively administered to reduce opioid require-
ment. Perioperative administration of diclofenac (75 mg 
twice daily) reduced morphine consumption and the inci-
dence of adverse effects such as sedation and nausea after 
total abdominal hysterectomy.517 In a randomized double-
blind trial, 0.1 mg/kg morphine was superior to 30 mg 
ketorolac in providing postoperative pain relief; however, 
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the addition of ketorolac to morphine reduced the postop-
erative opioid requirement and opioid-related side effects in 
the early postoperative period.518 NSAIDs are thought to pre-
vent opioid-induced hyperalgesia or acute opioid tolerance 
that could cause an increase in postoperative opioid require-
ment. A randomized double-blind placebo- controlled study 
showed that 8 mg of lornoxicam prevented an increase in 
postoperative morphine consumption induced by intraop-
erative fentanyl in female patients undergoing abdominal 
hysterectomy with spinal anesthesia.519

Acetaminophen has analgesic and antipyretic effects 
similar to those of NSAIDs, but it has a weak antiinflam-
matory effect. Acetaminophen has significant fentanyl- 
sparing  effects and reduces side effects when it is combined 
with fentanyl in intravenous parent- or nurse-controlled 
analgesia for postoperative pediatric pain management.520

GABAPENTIN

Gabapentin, a structural analogue of γ-aminobutyric acid, 
binds to the α2δ subunit of the spinal voltage-gated Ca2+ 
channel and has analgesic effects in neuropathic pain. 
Investigators suggested that both pharmacodynamic 
and pharmacokinetic interactions between morphine 
and gabapentin lead to increased analgesic effects.521 
Furthermore, intrathecal administration of gabapentin 
prevents the development of opioid tolerance induced 
by repeated intrathecal injections of morphine.522 Sys-
temic and intrathecal applications of gabapentin may 
possibly prevent the development of opioid-induced 
hyperalgesia.523

ANTIDEPRESSANTS

Tricyclic antidepressants may cause respiratory depres-
sion in patients with chronic obstructive pulmonary dis-
eases, and reduced CO2 sensitivity has also been reported 
in patients receiving tricyclic antidepressants. An animal 
study demonstrated that pretreatment with amitriptyline 
increases morphine-induced hypercarbia through phar-
macodynamic processes.524 This finding suggests that 
morphine doses should be reduced with careful titration 
if patients are receiving concomitant treatment with tri-
cyclic antidepressants.524 Perioperative administration of 
duloxetine, a potent selective serotonin and norepineph-
rine reuptake inhibitor, can reduce the requirement for 
morphine after knee replacement surgery.525

DIPHENHYDRAMINE

Diphenhydramine, a histamine H1-receptor antagonist, 
is used as a sedative, an antipruritic, and an antiemetic 
agent. When administered alone, this drug modestly 
stimulates ventilation by augmenting the interaction of 
hypoxic and hypercarbic ventilatory drives. Diphenhydr-
amine counteracts the alfentanil-induced decrease in the 
slope of the ventilatory response to CO2.526

LOCAL ANESTHETIC AGENTS

Systemic administration of local anesthetic agents can 
significantly reduce pain and allow more rapid discharge. 
Perioperative systemic lidocaine significantly reduced 
opioid requirements in the ambulatory setting.527
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Nonopioid Pain Medications
LUCY CHEN • JIANREN MAO

K e y  P o i n t s

 •  With a better understanding of pain pathways and mechanisms, it has been 
recognized that ion channels play an important role in the transduction, 
transmission, and modulation of nociceptive signals. This opens a new avenue of 
developing novel therapeutic agents for the treatment of chronic pain, particularly 
neuropathic pain.

 •  Although the exact mechanism of action remains unclear for many drugs listed in 
this chapter, they often are a component of a multidrug treatment strategy that 
has been increasingly used for the management of chronic pain conditions.
INTRODUCTION

Recent advances in our understanding of pain mecha-
nisms allow treatment of chronic pain conditions by a 
variety of nonopioid pain medications. Besides acetamin-
ophen and nonsteroidal antiinflammatory drugs, several 
new categories of nonopioid pain medications can be 
used for the management of chronic pain, particularly 
neuropathic pain. Examples of nonopioid pain medica-
tions include drugs that block voltage-sensitive sodium 
channels and voltage-sensitive calcium channels, facili-
tate opening of chloride channels, increase function of 
the endogenous γ-aminobutyric acid (GABA) system, and 
modulate the N-methyl-D-aspartate (NMDA) receptor 
activity. In particular, ion channel blockers possess the 
antihyperalgesic effect by targeting specific mechanisms 
of pathologic pain, although most analgesics in this cat-
egory do not necessarily produce the typical analgesic 
effect (i.e., raising the pain threshold above the normal 
baseline).1

This chapter focuses on describing several ion chan-
nel blockers that are commonly used in the treatment of 
chronic pain conditions, as listed in Box 32-1. They are 
grouped into two categories: calcium channel blockers 
and sodium channel blockers.

CALCIUM CHANNEL BLOCKERS

Opening of calcium channels is an important step of 
synaptic transmission because it facilitates release of 
neurotransmitters and neuromodulators from presynap-
tic sites. Changes in intracellular calcium concentration 
also modulate cell membrane excitability and initiate a 
cascade of intracellular responses. Therefore, blocking 
calcium channels can play a significant role in modu-
lating both nociceptive and antinociceptive processes. 
Drugs that reduce calcium influx into the intracellular 
915

compartment of neuronal or glial cells may be used as 
adjunctive or alternative medications for the treatment of 
various pain conditions, particularly chronic neuropathic 
pain conditions. Gabapentin, pregabalin, zonisamide, 
ziconotide, and levetiracetam are examples of drugs that 
block calcium channels as a part of their mechanisms of 
action.

GABAPETIN

Gabapentin was initially approved by the U.S. Food and 
Drug Administration (FDA) as an anticonvulsant and 
later for the treatment of neuropathic pain conditions. 
Although gabapentin’s mechanism of action is unclear, 
it does block voltage-gated calcium channels by binding 
to the α2-δ subunit,2 producing a reduced calcium influx. 
The blocking calcium influx reduces the release of gluta-
mate and substance P from primary nociceptive afferents, 
thereby modulating nociceptive transmission. Gabapen-
tin can treat painful diabetic neuropathy, postherpetic 
neuralgia, trigeminal neuralgia, complex regional pain 
syndrome, and painful peripheral neuropathies caused 
by human immunodeficiency virus (HIV), cancer, mul-
tiple sclerosis, and spinal cord injury (see also Chapters 
31 and 64).

Painful diabetic neuropathy is a debilitating condition 
commonly seen in patients with diabetes mellitus (see also 
Chapter 39). Up to 25% of patients with diabetes may suf-
fer from spontaneous pain, allodynia, hyperalgesia, pares-
thesias, and other pain symptoms.3 Postherpetic neuralgia 
is another common neuropathic pain condition (see also 
Chapter 64). The incidence of postherpetic neuralgia is esti-
mated to be 9% to 34%, which increases significantly with 
age (see also Chapter 80). Multiple classes of drugs have 
been tried to treat pain associated with painful diabetic 
neuralgia and postherpetic neuralgia, including tricyclic 
antidepressants (TCAs) such as amitriptyline, nortriptyline, 
imipramine, and desipramine. Because of the significant 
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side effects of TCAs, gabapentin has been increasingly used 
in these pain conditions.

Gabapentin is effective in reducing several salient 
symptoms of neuropathic pain such as burning and 
shooting pain, allodynia, and hyperalgesia.4,5 The num-
ber needed to achieve at least 50% pain relief with anti-
depressants and gabapentin are 3.4 and 2.7, respectively.6 
Although both antidepressants and gabapentin may pro-
vide moderate pain relief, antidepressants have major 
side effects.

The recommended gabapentin dose range is 1800 to 
3600 mg/day, starting at 100 to 300 mg/day and increas-
ing 100 to 300 mg every 1 to 3 days. Adverse effects are 
usually mild to moderate and typically subside within 7 
to 10 days after the treatment is started. In general, a slow 
titration process can significantly reduce some otherwise 
intolerable side effects, such as dizziness. In addition to its 
use as a monotherapy, gabapentin has been extensively 
used in multidrug therapy in conjunction with TCAs and 
other anticonvulsants.1 Multidrug therapy provides bet-
ter pain control, requiring a smaller dose range for each 
drug included in the regimen. Gabapentin also can treat 
complex regional pain syndrome, phantom pain, trigemi-
nal neuralgia, cancer-related neuropathic pain, multiple 
sclerosis, spinal cord injury, HIV-associated painful sen-
sory neuropathy, and glossopharyngeal neuralgia (see 
also Chapter 64). The role of gabapentin in postoperative 
pain management remains unclear (see also Chapter 98).

PREGABALIN

Pregabalin is an anticonvulsant that has a high affinity 
to the α2-δ subunit of voltage-sensitive calcium chan-
nels. The mechanism of action of pregabalin is similar to 
that of gabapentin. Pregabalin decreases calcium influx, 

CalCium Channel BloCkers

Gabapentin: Starting dose 100-300 mg/day; titrating up to 
1800-3600 mg/day

Pregabalin: Starting dose: 75-150 mg/day; titrating up to  
450-600 mg/day

Zonisamide: Starting dose: 50-100 mg/day; titrating up to  
450 mg/day

Ziconotide: Starting dose: 0.1 mcg/hr; titrating up to 0.4 mcg/hr
Levetiracetam: Starting dose: 250-500 mg/day; titrating up to 

2000 mg/day

sodium Channel BloCkers

Lidocaine: Used in a lidocaine test: 1 mg/kg via slow intravenous 
push or drip

Mexiletine: Starting dose: 150-300 mg/day; titrating up to  
600 mg/day

Carbamazepine: Starting dose: 100 mg/day; titrating up to  
600 mg/day

Oxcarbazepine: Starting dose: 150 mg/day; titrating up to  
900 mg/day

Lamotrigine: Starting dose: 25-50 mg/day; titrating up to  
250-500 mg/day

Topiramate: Starting dose: 50-100 mg/day; titrating up to  
300-400 mg/day

BOX 32-1 Ion Channel Blockers as Pain 
Medications (Recommended Dosing)
thereby reducing the release of excitatory neurotransmit-
ters, including glutamate, substance P, and calcitonin 
gene-related peptide. Pregabalin has no activity on GABA 
or benzodiazepine receptors; therefore, it has no signifi-
cant drug-drug interactions with such agents.

Pregabalin has been used to treat painful diabetic 
neuropathy and postherpetic neuralgia with a signifi-
cant therapeutic effect.7,8 It has a quick onset, and, in 
some cases, pain reduction can be expected on the first 
day of treatment with pregabalin (300 mg/day). Sustain-
able sleep improvement is also observed 1 week after the 
therapy is initiated. Common side effects are dizziness, 
somnolence, and mild to moderate peripheral edema.9 
Moreover, pregabalin (at an average dose of 450 mg/day) 
is effective with patients with fibromyalgia, who often 
have clinical presentations including diffuse musculo-
skeletal pain, sleep disturbance, and fatigue.

ZONISAMIDE

Zonisamide blocks both voltage-sensitive sodium chan-
nels and N-type calcium channels. Recent studies suggest 
that zonisamide may be used to treat mania, Parkin-
son disease, and central poststroke pain or to provide 
migraine prophylaxis.10,11 Its possible mechanisms of 
action include modulation of monoamine neurotrans-
mitter release and free radical scavenging. Zonisamide is 
effective for the treatment of painful diabetic neuropathy 
(540 mg/day). The tolerability of zonisamide is difficult to 
assess because it is often used in multidrug therapy. Thus, 
the effectiveness and side effects of zonisamide remain 
limited.

ZICONOTIDE

Ziconotide is a synthetic peptide analogue of omega 
conotoxin derived from a marine snail, Conus magus. 
Ziconotide potently and selectively blocks N-type volt-
age-sensitive calcium channels. This drug is approved by 
the FDA only for intrathecal use in patients with severe 
pain who are refractory to other treatment options, 
including intrathecal morphine. In early clinical trials, 
ziconotide exhibited severe central nervous system and 
psychiatric adverse effects with an initial intrathecal infu-
sion rate of 0.4 mcg/hr and frequent dosing titration.12 
More recently, ziconotide has been shown to be effec-
tive for chronic pain conditions resulting from cancer, 
acquired immunodeficiency syndrome, and trigeminal 
neuralgia.13,14 The role of ziconotide in postoperative 
pain management is less clear. Given ziconotide’s signifi-
cant side effects and restrictive delivery route, its routine 
use in acute postoperative pain management is not well 
justified (see also Chapter 98).

The initial infusion rate of ziconotide should start at 
0.1 mcg/hr, with a slow titration of no more than 2 to 3 
times the initial dose per week. An implanted intrathecal 
infusion system is required for the long-term use of this 
therapy if the initial ziconotide trial is effective.15 Patients 
with severe psychiatric disorders may not be proper 
candidates for this therapy. Ziconotide may be advanta-
geous over intrathecal morphine because patients do not 
develop tolerance after a prolonged use of ziconotide. 



However, adverse neurologic effects associated with 
ziconotide therapy will require careful patient selection 
and monitoring. Using a smaller dose increment will help 
avoid systemic toxicity.

LEVETIRACETAM

Levetiracetam is an anticonvulsant that has recently 
received approval from the FDA for epilepsy treatment.16 
Its mechanisms of action are less clear because it may 
have effects on several neurotransmitter systems, includ-
ing dopaminergic, glutamatergic, and GABAergic sys-
tems. But at least one of its mechanisms of action is due to 
inhibition of N-type voltage-sensitive calcium channels. 
Levetiracetam improves neoplastic plexopathies, painful 
peripheral neuropathy, and postherpetic neuralgia. Leve-
tiracetam also has been used in migraine headache pro-
phylaxis. The dose range is 500 to 2000 mg/day. At this 
dose range, levetiracetam is well tolerated in clinical tri-
als. Common adverse effects are dry eyes and dizziness.19

SODIUM CHANNEL BLOCKERS

Sodium channels are primarily involved in nerve con-
duction. Sodium channels can be divided into two gen-
eral categories based on their sensitivity to tetrodotoxin 
(TTX): TTX-sensitive (TTX-S) and TTX-resistant (TTX-R) 
sodium channels. TTX-S sodium channels are expressed 
mainly in large and medium dorsal root ganglion neu-
rons, whereas TTX-R sodium channels are expressed 
mainly in small-diameter dorsal root ganglion neurons, 
including C-afferent neurons. Expression of both TTX-S 
and TTX-R sodium channels is likely to be altered when 
peripheral nerves are injured or severed (axotomy),  
producing aberrant high-frequency spontaneous ectopic 
discharges. Sodium channel blockers at a proper dose 
range are believed to suppress ectopic discharges without 
blocking normal nerve conduction. Several representa-
tive sodium channel blockers include lidocaine, mexi-
letine, carbamazepine, oxcarbazepine, lamotrigine, and 
topiramate.20

LIDOCAINE

Lidocaine is a local anesthetic and cardiac antiarrhythmic 
(see also Chapters 36 and 38). Since the 1980s, intravenous 
administration of lidocaine has been used as a diagnostic 
tool and, in some cases, a therapeutic tool for intractable 
neuropathic pain20 (see also Chapter 64). This treatment 
modality has been shown to improve chronic pain con-
ditions induced by neurologic diseases, including stroke, 
neurogenic facial pain, and myofascial pain.21,22 Up to 
78% of cases are associated with a positive outcome when 
intravenous lidocaine is used.23 A major pitfall of intra-
venous lidocaine treatment is its short duration, which 
requires rather frequent treatment sessions.

Topical 5% lidocaine patch provides a local analge-
sic effect with a minimum systemic effect. Lidocaine 
patch has been used in patients with neuropathic pain 
conditions such as painful diabetic neuropathy, posther-
petic neuralgia, and peripheral neuropathies. It reduces 
Chapter 32: Nonopioid Pain Medications 917

allodynia and hyperalgesia associated with such condi-
tions.24 Although the evidence remains weak and unclear, 
lidocaine patch has been used to treat chronic lower back 
pain. In some cases, lidocaine patch has become a part 
of multidrug therapy, such as a combination of topical 
lidocaine patch and gabapentin.1

MEXILETINE

Mexiletine is an oral lidocaine congener. It may be used 
to overcome the shortcoming of transient pain relief with 
intravenous lidocaine. In many cases, intravenous lido-
caine is used as a test to determine whether the intended 
lidocaine treatment is effective. When a positive response 
is achieved, oral mexiletine is administered to maintain 
the therapeutic effect.17,18 This treatment regimen reduces 
pain related to painful diabetic neuropathy refractory to 
other therapies.25 Mexiletine alone has been used to treat 
phantom pain and pain after spinal cord injury.25

Fibromyalgia and myofascial pain are other clinical 
conditions that may be responsive to a lidocaine and mex-
iletine treatment regimen. In addition, anecdotal reports 
suggest that oral mexiletine may be used to treat primary 
erythromelalgia, metastasis bone pain, and headaches.

CARBAMAZEPINE

A primary mechanism of action of carbamazepine 
is sodium channel blockade, which is considered to 
decrease spontaneous firing of Aδ-fibers and C-fibers. Car-
bamazepine was approved by the FDA to treat trigeminal 
neuralgia, a neuropathic pain condition characterized by 
episodic lightning, lancinating, or shooting pain along 
the trigeminal nerve distribution.26 Carbamazepine has 
been used for over 4 decades and was superior to placebo 
in a number of clinical trials. It was once considered a gold 
standard and remains a treatment of choice for trigemi-
nal neuralgia, with a response rate of 89% within 5 to 14 
days after the treatment is initiated. However, carbamaze-
pine has significant drug-drug interactions and includes a 
long list of adverse effects, such as central nervous system 
side effects. The FDA has issued black box warnings about 
this drug, including aplastic anemia and agranulocytosis. 
Therefore, its clinical utility is rather limited considering 
newer anticonvulsants are available with fewer and less 
severe side effects.

OXCARBAZEPINE

Oxcarbazepine is an analogue of carbamazepine, which 
acts as a sodium channel blocker and stabilizes neuronal 
membrane. In contrast to carbamazepine, oxcarbazepine 
has fewer drug-drug interactions and side effects, par-
ticularly severe blood dyscrasias. The most common side 
effects of oxcarbazepine are dizziness, drowsiness, hypo-
tension, nausea, and asymptomatic mild hyponatremia. 
Oxcarbazepine has been used to treat intractable trigemi-
nal neuralgia refractory to other anticonvulsants.27 With 
a median dose of 750 mg/day, this new drug appears to 
have the same efficacy as carbamazepine in the treatment 
of trigeminal neuralgia but a much lower incidence of 
side effects.
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Oxcarbazepine also reduces pain associated with pain-
ful diabetic neuropathy and complex regional pain syn-
drome. For patients with postherpetic neuralgia that is 
unresponsive to carbamazepine and gabapentin, oxcar-
bazepine, starting at 150 mg/day and titrating up to a 
maintenance dose of 900 mg/day, may be a promising 
drug because it significantly reduces allodynia related to 
postherpetic neuralgia. Oxcarbazepine appears to be well 
tolerated and may serve as a reasonable alternative to 
other sodium channel blockers.

LAMOTRIGINE

Lamotrigine has multiple mechanisms of action although 
it also blocks both sodium and calcium channels.28 
Lamotrigine is effective in the treatment of trigeminal 
neuralgia, neuralgia after nerve section, and pain related 
to HIV neuropathy. With a daily dose of lamotrigine 75 
to 300 mg, the intensity of burning and shooting pain 
is relieved by 33% to 100%, and the frequency of shoot-
ing pain attack is reduced by 80% to 100%. In patients 
with spinal cord injury, lamotrigine decreases overall 
pain sensation below the level of injury in patients with 
incomplete spinal cord injury but has little effect on 
spontaneous and evoked pain in patients with complete 
spinal cord injury.

A typical starting dose for lamotrigine is 25 to 50 mg/
day, which can be slowly titrated up over 2 to 3 weeks to 
250 to 500 mg/day in divided doses. Tolerability is usually 
low at high doses (>300 mg/day). Up to 10% of patients 
may have rashes after taking this medication, with a 3 
in 1000 incidence of Stevens-Johnson syndrome. Other 
side effects are mild dizziness, somnolence, nausea, and 
constipation.

TOPIRAMATE

Topiramate is another drug that has multiple mechanisms 
of action. However, at least one of its actions is to block 
voltage-sensitive sodium channels. It also may potentiate 
GABA inhibitory action, block voltage-sensitive calcium 
channels, and inhibit subtypes of glutamate receptors 
(non-NMDA receptors). Topiramate can cause significant 
weight loss (up to 7%), a side effect that could be benefi-
cial for certain patient populations. Topiramate, at a daily 
dose of 400 mg or above, attenuates neuropathic pain, 
improves sleep quality, and reduces body weight.27 When 
used to treat chronic lumbar radicular pain, the effect of 
topiramate is inconclusive because of a high dropout 
rate and frequent side effects. However, topiramate 30 
to 80 mg/day is superior to placebo for the treatment of 
chronic tension, migraine, and cluster headaches with a 
substantial tolerability.29
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Intravenous Drug Delivery Systems
MICHEL M.R.F. STRUYS • ANTHONY R. ABSALOM • STEVEN L. SHAFER

K e y  P o i n t s

 •  The pharmacokinetics of anesthetic drugs is described by multicompartment models. 
Accurate intravenous drug delivery requires adjusting the maintenance infusion rates to 
take into account the accumulation of the drug in the peripheral tissues.

 •  Biophase is the site of action of a drug. Initiation, maintenance, and titration of 
intravenous anesthetics must account for the delay in equilibration between 
plasma and the site of drug effect.

 •  Some drug effects directly reflect the concentration of the drug in the biophase 
(direct effect models). Other drug effects reflect the alteration of feedback systems 
by anesthetics (indirect effect models). The influence of opioids on ventilation 
reflects the dynamic influence of opioids on the feedback between ventilation and 
carbon dioxide and is thus an example of an indirect drug effect.

 •  The target concentration in the effect site is the same as the target concentration in 
plasma at steady state. Effect-site requirements are influenced by patient physiologic 
characteristics, surgical stimulation, and concurrent drug administration. Ideally, 
target concentrations should be set for the hypnotic (volatile anesthetic or propofol) 
and the analgesic (opioid) that properly accounts for the synergy between them.

 •  To achieve an effective target concentration, the conventional teaching of 
administering an initial dose as calculated by the product of target concentration 
and volume of distribution, followed by a maintenance rate as calculated as the 
product of target concentration and clearance, is inaccurate. The initial dose may 
be calculated as the product of target concentration and volume of distribution at 
peak effect. Maintenance rates must initially account for the distribution of drug in 
peripheral tissues and should only be reduced to the product of target concentration 
and clearance after equilibration of plasma and peripheral tissue concentrations.

 •  The terminal half-life does not reflect the clinical time course of drug plasma 
concentration. The context-sensitive decrement time is the time for a given 
decrement in drug concentration, as a function of the duration of infusion that 
maintains a steady plasma concentration. Context-sensitive decrement times 
properly incorporate the multicompartment behavior of intravenous anesthetics. 
The context-sensitive half-time is the time for a 50% decrement in concentration.

 •  Alfentanil, fentanyl, sufentanil, remifentanil, propofol, thiopental, methohexital, 
etomidate, ketamine, midazolam, and dexmedetomidine can all be administered 
as a continuous intravenous infusion. Specific caveats, infusion rates, and titration 
guidelines are presented in this text.

 •  Target-controlled infusions (TCIs) use pharmacokinetic models to titrate intravenous 
anesthetic administration to achieve specified plasma or effect-site drug concentrations. 
Various plasma and effect-site targeting TCI systems are commercially available 
worldwide (except within the United States) to administer hypnotics and opioids.

 •  Closed-loop drug delivery systems have used the median electroencephalographic 
frequency, bispectral index (BIS), or auditory-evoked potentials to control 
intravenous anesthetic delivery. Although these systems have generally performed 
well clinically, they remain under investigation.

Acknowledgment: The editors and publisher would like to thank Drs. Peter S.A. Glass and J.G. Reeves for contributing 
a chapter on this topic to the prior edition of this work. It has served as the foundation for the current chapter.



PART III: Anesthetic Pharmacology920

INTRODUCTION

Drugs must reach their site of action to be effective. In 
1628, William Harvey proved in Exercitatio Anatomica de 
Motu Cordis et Sanguinis in Animalibus that venous blood 
was transported to the arterial circulation and thus to 
body organs by the heart. That drugs injected into veins 
could be rapidly carried to the entire body was rapidly rec-
ognized. Consequently, for intravenous drug delivery to 
be successful, predictable intravenous access is essential.

The development of intravenous methods of anes-
thetic drug delivery has been made possible by tech-
nologic advances. In the middle of the seventeenth 
century, Christopher Wren and his Oxford contempo-
raries applied a feather quill and animal bladder to inject 
drugs into dogs and humans and rendered them uncon-
scious. The hollow hypodermic needle and a functional 
syringe were developed by Frances Rynd (1801-1861) and 
Charles Pravaz (1791-1853), respectively. Contemporary 
needles, catheters, and syringes are descendants of these 
early devices. In the twentieth century, equipment began 
to be made of plastics, first polyvinyl chloride, then Tef-
lon, and later, polyurethane. In 1950, Massa invented the 
Rochester needle (Fig. 33-1),1 which led to the revolution-
ary concept of the “over-the-needle” catheter, which is 
still the gold standard for intravenous access for nearly all 
intravenous drug delivery today.2

Although fundamental principles of intravenously 
administering drugs were known in the eighteenth cen-
tury, intravenous induction of anesthesia became com-
mon only in the 1930s after the discovery of barbiturates. 
Maintenance of anesthesia by intravenously administered 
anesthetics has become practical, safe, and popular in the 
past 2 decades. Intravenous drugs such as methohexitone 
and thiopental, although suitable for intravenous induc-
tion of anesthesia, are not suitable for use by infusion for 
the maintenance of anesthesia. In the case of thiopental, 
accumulation can lead to cardiovascular instability and 
delayed recovery, whereas methohexitone is associated 
with the excitatory phenomenon and epileptiform elec-
troencephalographic (EEG) changes. Although the next 
generation of intravenous drugs, such as ketamine, althe-
sin, and etomidate, possessed desirable pharmacokinetic 
characteristics, their use has been limited as a result of 
other side effects, including hallucinations, anaphylaxis, 
and adrenal suppression, respectively. The discovery of 
propofol in 1977 provided the anesthetic practice an 
intravenous drug suitable for both induction and main-
tenance of anesthesia; currently, propofol is one of the 
most frequently used drugs for this purpose.3 Other drugs 
suitable for continuous infusion used today are some of 
the opioids such as alfentanil and sufentanil and certainly 
the short-acting opioid remifentanil (also see Chapter 
30). In addition, some of the nondepolarizing muscle 
relaxants are used as continuous infusions in specific situ-
ations (also see Chapter 34).

Drugs are still predominantly injected as a bolus or 
continuous infusion using standard dosing guidelines, 
thereby ignoring the large interindividual variability in 
the dose-response relationship.4 In contrast to inhaled 
anesthetics, for which the inspired and end-tidal con-
centrations can be continuously measured in real time 
(“online”), the actual plasma or effect organ concen-
tration of an intravenously administered drug is not 
immediately measurable in clinical practice. Therefore 
manually adjusting the intravenous drug injection regi-
mens to maintain an online measured plasma concen-
tration is impossible. It becomes even more complex if 
a specific effect-site concentration is the target. Optimal 
patient-individual dosing may be achieved by the appli-
cation of pharmacokinetic-pharmacodynamic principles. 
Additionally, recent findings suggest that the pharmaco-
kinetic and pharmacodynamic interactions during intra-
venous administration of various drugs are important 
and, as such, should be taken into account when optimiz-
ing drug administration.5,6 Computer technology can be 
used to assist the clinician in titrating intravenous drug 
administration by using the therapeutic end point as the 
feedback signal for dosing (Fig. 33-2).

The development of the first mechanical syringe 
pumps in the 1950s improved the quality of intravenous 
drug administration. A more recent technologic devel-
opment in intravenous anesthesia is the introduction of 
computerized pharmacokinetic model–driven continu-
ous-infusion devices, enabling the attainment of desired 
plasma levels of an intravenous anesthetic drug by using 
a computer-controlled infusion pump operated in accor-
dance with the published pharmacokinetics of the drug.7 
These efforts have resulted in the release of the first com-
mercial target-controlled infusion (TCI) device in Europe, 
developed by Zeneca specifically for the administration 
of propofol. Since that time, several countries (with the 
exception of the United States) have approved the use of 
TCI devices for the delivery of anesthetic drugs.

The ultimate development in anesthetic delivery sys-
tems will be devices for closed-loop administration of 
intravenous drugs during anesthesia. Systems have been 
developed for closed-loop administration of various drugs 
such as muscle relaxants, hypnotics, and opioids. The 
control variables for these systems have included various 
pharmacodynamic measures derived from techniques 
such as acceleromyography, automated blood pressure 
measurement, and electroencephalography.

The dose-response relationship can be divided into 
three parts (see Fig. 33-2): (1) the time course of the rela-
tionship between the given dose and the plasma concen-
tration is defined as pharmacokinetics, (2) the relationship 
between the plasma concentration and/or effect-organ 
concentration and the clinical effect is defined as phar-
macodynamics, and (3) the coupling between pharmaco-
kinetics and pharmacodynamics is required when the 
blood is not the site of drug effect.

Figure 33-1. Details of the assembly of the Massa plastic needle, 
sold by Rochester Products Company, Rochester, Minnesota. (From 
Massa DJ: A plastic needle, Anesthesiology 12:772-773, 1951. Used 
with permission.)



Chapter 33: Intravenous Drug Delivery Systems 921

Effect-site
concentration

Clinical effect
measure

Hypnotics Analgesics

PK drug
interaction

PD drug
interaction

Pharmacokinetics (PK)

Pharmacodynamics (PD)

Computer

Dose

Distribution

Metabolism

Excretion

Blood
concentration

Feedback control

Effect-site
concentration

Clinical effect
measure

Pharmacokinetics (PK)

Pharmacodynamics (PD)

Dose

Distribution

Metabolism

Excretion

Blood
concentration

Feedback control

Figure 33-2. Schematic representation of the dose-response relationship for both hypnotics and opioids. The pharmacokinetic (PK) (green area) 
and the pharmacodynamic (PD) (yellow area) parts of this relationship are shown. Closed-loop control of drug administration using the clinical 
measure is indicated as feed-back control. Pharmacokinetic and pharmacodynamic drug interactions are indicated. (From Sahinovic MM, Absalom 
AR, Struys MM: Administration and monitoring of intravenous anesthetics, Curr Opin Anaesthesiol 23:734-734, 2010. Used with permission.)
Before reviewing delivery techniques and devices for 
intravenous anesthesia, this chapter presents some phar-
macokinetic and pharmacodynamic principles as back-
ground for understanding how to administer intravenous 
drugs to their best advantage. Further discussion of the 
principles of pharmacokinetics and pharmacodynamics 
can be found in Chapter 30.

PHARMACOKINETIC CONSIDERATIONS

The aim of optimal intravenous drug dosing is to reach 
and maintain a desired time course of therapeutic drug 
effect as accurately as possible, thereby preventing dose-
related adverse drug effects. To be useful in anesthesia, 
this time course should include a rapid onset of clinical 
effects, smooth maintenance, and fast recovery after the 
termination of drug administration. The pharmacokinet-
ics of many intravenous drugs can be described using 
mammillary multicompartment pharmacokinetic mod-
els. These models assume that the drug is directly given 
and mixed in the plasma, resulting in an immediate peak 
in its plasma concentration.

The easiest clinical technique is to administer a single 
dose, calculated to keep the plasma concentration above 
the therapeutic target concentration for the required time 
(Fig. 33-3). A constant concentration cannot be main-
tained, but it should not decrease to less than the thera-
peutic concentration. Unfortunately, when one single 
bolus is used, the initial dose must be large enough to 
maintain a concentration above the lowest therapeutic 
concentration even at the end of surgery. However, this 
sometimes very large dose of drug may cause numerous 
side effects attributable to the initially high concentra-
tions in the body. It might be less harmful to keep the 
drug concentration above the lowest therapeutic level 
without very high initial concentrations by repeatedly 
injecting smaller doses; even with this technique, how-
ever, maintaining a stable plasma concentration is still 
impossible.

To produce a time course of drug effect that follows 
the time course of anesthetic requirement, a continuous 
infusion titrated to the perceived anesthetic requirement 
should be used. Typically, just enough amount of drug 
is given to achieve the therapeutic blood or plasma drug 
concentration. Drug administration thereafter should be 
continuously titrated throughout surgery. Although such 
a regimen does not overshoot the required concentration 
(and therefore avoids the risk of concentration-related 
side effects), yet another difficulty exists. Whereas, the 
large bolus approach produces an effective concentration 
(EC) from the onset, albeit with an excessive overshoot, a 
continuous infusion takes a long time to become effective 
because of the slow increase in concentration. Reaching 
steady state (see Fig. 33-3) takes a very long time during 
which the increase in concentration is rapid at first but 
then slows down as equilibrium is approached. For exam-
ple, it will take longer than 1 hour for the propofol infu-
sion to generate a plasma concentration that is at least 
95% of the steady-state concentration. Consequently, 
although simple infusions are obviously very effective for 
maintaining constant blood concentrations once steady 
state is reached and for avoiding overshoot, infusions 
do not offer a clinically realistic approach. Therefore a 
combination of an initial bolus followed by a stepwise 
decreasing continuous infusion is more useful.8,9
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Pharmacokinetic models can be used to calculate the 
required drug-dosing regimen to reach and maintain a 
therapeutic drug concentration as fast as possible without 
overshooting or accumulation. In this chapter, an expla-
nation of how pharmacokinetic models can be used to 
calculate accurate dosing schemes for use with intrave-
nous drug delivery systems is offered.

Pharmacokinetic models are mathematical descriptions 
of how the body disposes of drugs. The parameters describ-
ing this process are estimated by administering a known 
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Figure 33-3. Predicted propofol plasma concentration (Cp) and 
effect-site concentration (Ce) for a repeated bolus dose (1 mg/kg 
given at time 0 and after 5 and 10 minutes) (A), continuous infusion 
(10 mg/kg/hr) (B), and a bolus (2 mg/kg) followed by a continuous 
infusion (10 mg/kg/hr). C, Simulated patient is a man, 45 years of age, 
80 kg, 175 cm; Schnider model).
dose of the drug and measuring the resulting plasma con-
centrations. A mathematical model then relates the input 
over time, I(t), with the concentrations over time, C(t). 
These models can take many forms. Figure 33-4 shows 
concentrations in plasma and effect site over time after 
a single intravenous bolus of drug at time 0. Drug con-
centrations continuously decrease after the bolus, and 
the rate of decrease is approximately proportional to the 
amount of drug in plasma. Typically, this behavior can be 
described with the use of exponential models. The curve 
might have a single exponent, in which case the plasma 
concentrations over time might be described by the func-
tion C(t) = Ae-kt, where A is the concentration at time 0 
and k is a constant that describes the rate of decrease in 
concentration. The relationship appears to be a straight 
line when graphed as the log of concentration versus time. 
The pharmacokinetics of intravenous anesthetic drugs is 
more complex because after the bolus, a period of rapid 
decline is observed before the terminal log-linear portion 
(i.e., the part that is a straight line when described as log 
concentration versus time). This process can be modeled 
by taking several monoexponential curves and adding 
them together. The result is a polyexponential curve. For 
example, the concentrations after an intravenous bolus 
might be described by an equation with two exponents, 
C(t) = Ae-αt + Be-βt, or an equation with three exponents, 
C(t) = Ae-αt + Be-βt + Ce-γt.

The aforementioned is applied to single bolus dosing, 
which is, of course, only one way of administering intra-
venous anesthetic drugs. A more general way to think 
of pharmacokinetics is to decompose the input into a 
series of small bits (boluses) and consider each bit of drug 
separately. The general pharmacokinetic model of drug 
disposition commonly used in anesthesia independently 
considers each bit of drug and analyzes its contribution 
by means of polyexponential decay over time. The formal 
mathematic description of each bit of drug in terms of 
polyexponential decay over time is the relationship.

 C (t) = I (t) *
n∑

i = 1

Aie
− λit (1)

where C(t) is the plasma concentration at time t and I(t) is 
drug input (i.e., a bolus or infusion). The summation after 
the asterisk (described later in this chapter) is the function 
describing how each bit of drug is disposed (hence the 
name, disposition function). Note that this is again a sum 
of n exponentials, as described in the previous paragraph.

Pharmacokinetic modeling is the process of estimat-
ing the parameters within this function. The integer n is 
the number of exponentials (i.e., compartments) and is 
usually two or three. Each exponential term is associated 
with a coefficient Ai and an exponent λi. The λ values are 
inversely proportional to the half-lives (half-life = ln 2/λ 
= 0.693/λ), with the smallest λ representing the longest 
(terminal) half-life. The A values are the relative contribu-
tion of each half-life to overall drug disposition. If a drug 
has a very long terminal half-life but a coefficient that is 
significantly smaller than the other coefficients, then the 
long half-life is likely to be clinically meaningless. Con-
versely, if a drug has a very long half-life with a relatively 
large coefficient, then the drug will be long lasting even 
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Figure 33-4. Steps involved in pharmacokinetic model–driven infusion. Typically, pharmacokinetic models are derived from experiments in 
which plasma drug concentrations are measured at intervals after bolus administration of the drug. Nonlinear regression is used to fit a mono-
exponential, biexponential, or triexponential curve to the resulting concentration-versus-time data. An algebraic relationship exists between the 
exponential decay curves and a one-, two-, or three-compartment pharmacokinetic model. The bolus-elimination-transfer (BET) infusion scheme 
is developed and consists of a bolus, a continuous infusion to replace drug eliminated from the body, and an exponentially declining infusion to 
replace drug transferred out of plasma to other body compartments. BET infusion results in the maintenance of a constant specified plasma drug 
concentration. Practical implementation of the BET scheme with real infusion pumps and infusion rates that change only at discrete intervals of 
time results in a plasma drug concentration profile that approximates that resulting from a BET infusion.
after brief administration. The asterisk (*) operator is the 
mathematic process called convolution, which is simply 
the process of breaking the infusion into bits of drug and 
then adding up the results to observe the overall concen-
trations resulting from the disposition of the different 
bits up to a time point t.

The pharmacokinetic model shown has some useful 
characteristics that account for its enduring popularity 
in pharmacokinetic analysis. Most important, the model 
describes observations from studies reasonably well, the 
sine qua non for models. Second, these models have the 
useful characteristic of linearity. Simply stated, if the dose, 
I, is doubled (e.g., administering a bolus twice as large or 
an infusion twice as fast), then the resulting concentra-
tions should be doubled.

More generally, linearity implies that the system (i.e., 
the body acting to produce a plasma drug concentration 
output from a drug dosage input) behaves in accordance 
with the principle of superposition. The superposition 
principle states that the response of a linear system with 
multiple inputs can be computed by determining the 
response to each individual input and then summing 
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Figure 33-5. Three-compartment 
model (including the biophase) 
illustrating the basic pharmaco-
kinetic processes that occur after 
intravenous drug administration. 
I, Dosing scheme as a function of 
time; k10, rate constant reflecting 
all processes acting to remove drug 
irreversibly from the central com-
partment; k, intercompartment rate 
constants; V1, central compartment 
volume, usually expressed in liters 
or liters per kilogram.
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the individual responses. In other words, when the body 
treats each bit of drug by polyexponential decay over 
time, the disposing of each bit of drug does not influence 
the disposing of other bits of drug.

The third reason for the continuing popularity of 
these models is that they can be mathematically trans-
formed from the admittedly nonintuitive exponential 
form shown earlier to a more intuitive compartment 
form (Fig. 33-5). The fundamental parameters of the 
compartment model are the volumes of distribution 
(central, rapidly equilibrating, and slowly equilibrat-
ing peripheral volumes) and clearances (systemic, rapid, 
and slow intercompartment). The central compartment 
(V1) represents a distribution volume and includes the 
rapidly mixing portion of the blood and first-pass pul-
monary uptake. The peripheral compartments are made 
up of tissues and organs that show a time course and 
extent of drug accumulation (or dissipation) different 
from that of the central compartment. In the three-
compartment model, the two peripheral compartments 
may roughly correspond to splanchnic and muscle tis-
sues (rapidly equilibrating) and fat stores (slowly equili-
brating). The sum of the compartment volumes is the 
apparent volume of distribution at steady state (Vdss) 
and is the proportionality constant relating the plasma 
drug concentration at steady state to the total amount 
of drug in the body. The intercompartment rate con-
stants (k12, k21, and so on) describe the movement of 
drug between the central and peripheral compartments. 
The elimination rate constant (k10) encompasses pro-
cesses acting through biotransformation or elimina-
tion that irreversibly removes drug from the central 
compartment.

Despite their physiologic flavor, compartment models 
are simply mathematic transformations of the polyexpo-
nential disposition functions computed from observed 
plasma concentrations. Thus physiologic interpretation 
of volumes and clearances (with the possible exception 
of systemic clearance and Vdss [the algebraic sum of the 
volumes]) is entirely speculative.
The last reason behind the popularity of these models 
is that they can be used to design infusion regimens. If 
the disposition function

 
n∑

i = 1

Aie
− λit (2)

is abbreviated as simply D(t), then the relationship among 
concentration, dose, and the pharmacokinetic model D(t) 
can be rewritten as

 C(t) = I(t)*D(t) (3)

where * is the convolution operator, as noted earlier. 
In the usual pharmacokinetic study, I(t) is known, the 
dose that is given the patient, and C(t) is measured, the 
concentrations over time. The goal is to find D(t), the 
pharmacokinetic disposition function. Pharmacokinetic 
analysis can be thought of as a simple rearrangement of 
Equation 3 to solve for D(t)

  (4)

where the symbol  means deconvolution, the inverse 
operation of convolution. Deconvolution is similar to 
division, but of functions rather than simple numbers. 
When dosing regimens are designed from known phar-
macokinetic models and a desired course for the plasma 
concentration over time, the known values are D(t) (the 
pharmacokinetics) and CT(t) (the desired target concen-
trations), and the drug dosing scheme is

  (5)

Thus the necessary infusion rates, I(t), can be calcu-
lated, given the desired target concentrations, CT(t), and 
the pharmacokinetics, D(t), by applying the same tools 
used to calculate the original pharmacokinetics. Unfor-
tunately, such a solution might require some negative 
infusion rates, which are obviously impossible. Because 
drug cannot be retracted from the body (i.e., give inverse 
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Figure 33-6. Scheme of the final two-compartment pharmacokinetic model with a LAG time and six TRANSIT compartments (Ctr n). The 
equilibration rate constants between the central and peripheral compartments were calculated using the following equations: k12 = Cl2 ÷ V1,  
k21 = Cl2 ÷ V2. The elimination rate constant was calculated using the following equation: k10 = Cl1 ÷ V1. Cl1, Clearance of central compartment; 
Cl2, clearance of peripheral compartment; V1, distribution volume of central compartment; V2, distribution volume of peripheral compartment. 
LAG time represents the time shift of dosing as if the drug was, in fact, administered to the pharmacokinetic model at a later time. TRANSIT com-
partments depict a multiple-step process represented by a chain of presystemic compartments. (From Masui K, Kira M, Kazama T, et al: Early phase 
pharmacokinetics but not pharmacodynamics are influenced by propofol infusion rate, Anesthesiology 111:805-817, 2009. Used with permission.)
infusions), clinicians must restrict themselves to plasma 
concentrations over time that can be achieved with non-
inverse infusion rates.

The standard pharmacokinetic model has one glaring 
shortcoming. It assumes that after a bolus injection there 
is complete mixing within the central compartment such 
that the peak concentration occurs precisely at time 0. 
It actually takes approximately 30 to 45 seconds for the 
drug to make its transit from the venous injection site to 
the arterial circulation. This model misspecification over 
the first minute or so may not seem significant, but it 
can cause problems in attempts to relate the drug effect 
after a bolus to drug concentrations in the body,10 which 
becomes even more important when using effect-site 
TCI.11 The standard polyexponential pharmacokinetic 
models are being modified to provide more accurate mod-
els of plasma drug concentration in the first minute after 
bolus injection, also taking into account infusion rate. 
Recently, Masui and associates12 found that a pharma-
cokinetic model consisting of a two-compartment model 
with a LAG (the time shift of dosing as if the drug were, 
in fact, administered to the pharmacokinetic model at a 
later time) and presystemic compartments model accu-
rately described the early pharmacologic phase of propo-
fol during infusion rates between 10 and 160 mg/kg/h. 
The infusion rate has an influence on kinetics. Age was a 
covariate for LAG time (Fig. 33-6). Besides compartment 
models, various physiologically based models have been 
developed to model the pharmacokinetic behavior of 
anesthetics.13 So far, these models are not superior at pre-
dicting the time course of drug concentration.12 None of 
these models have been used to control intravenous drug 
delivery devices.

PHARMACODYNAMIC CONSIDERATIONS

THE BIOPHASE

The goal of drug titration during anesthesia is to reach 
and maintain a stable therapeutic drug concentration 
at the site of drug effect, also defined as the effect site or 
biophase. For most drugs used in anesthesia, the plasma 
is not the biophase and thus, even after the drug has 
reached the arterial circulation, a further delay occurs 
before a therapeutic effect is observed. The reason is 
that additional time is required for the drug to be trans-
ported to the target organ, penetrate the tissue, bind 
to a receptor, and induce intercellular processes that 
ultimately lead to the onset of drug effect. This delay 
between peak plasma concentration and peak concen-
tration at the effect site is called hysteresis. Figure 33-7 
illustrates an example of hysteresis revealed during an 
experiment published by Soehle and co-workers.14 Two 
periods of continuous propofol infusions were given. 
The time course of the plasma concentration and effect-
site concentration are simulated using pharmacokinet-
ics and pharmacodynamics models. The cerebral drug 
effect was measured using the EEG-derived bispectral 
index (BIS). A clear delay between the time course of 
the plasma concentration and that of the BIS can be 
observed. The plasma concentration versus effect curve 
forms a counterclockwise hysteresis loop. This loop 
represents the plasma concentration but is not the site 
of drug effect. Using nonlinear mixed effect model-
ing, the hysteresis is minimized to reveal the effect-site 
concentration versus clinical effect relationship. The 
typical sigmoidal population model is also depicted in 
Figure 33-7.

The concentration of drug in the biophase cannot be 
measured because it is usually inaccessible, at least in 
human subjects. The time course of drug effect can be cal-
culated by using rapid measures of drug effect. Knowing 
the time course of drug effect, the rate of drug flow in and 
out of the biophase (or effect site) can be calculated with 
the use of mathematic models. As such, the time course of 
the plasma concentration and the measured effect can be 
linked using the concept of the effect compartment, devel-
oped by Hull15 and Sheiner.16 The effect-site concentra-
tion is not a real measurable concentration but rather a 
virtual concentration in a theoretic compartment with-
out a volume and, as such, also without any significant 
amount of drug present. For any concentration in this 
virtual compartment, a corresponding assumed effect is 
observed. This relationship between the effect-site con-
centration and effect is usually nonlinear and static (i.e., 
does not explicitly depend on time). If the plasma con-
centration is maintained at a constant level, then the 
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Figure 33-7. A, Time course of an experiment showing the hysteresis 
between plasma concentration (Cp) and hypnotic effect as measured by 
the electroencephalographic (EEG)-derived bispectral index (BIS). Propo-
fol was given at a constant rate during the shaded periods, resulting in 
Cp (orange line) and effect-site concentration (Ce) (blue line). The corre-
sponding BIS values are shown as a solid blue line. B, Relation between Cp 
and BIS using data from the experiment reveals a hysteresis loop. C, After 
modeling, this hysteresis is minimized as shown in the relation between 
the effect-site concentration and BIS. (A, Adapted from Soehle M, Kuech M, 
Grube M, et al: Patient state index vs bispectral index as measures of the elec-
troencephalographic effects of propofol, Br J Anaesth 105:172-178, 2010. 
Used with permission; B and C, Courtesy of M. Soehle, Bonn, Germany).
model assumes that, at equilibrium, the effect-compart-
ment concentration equals the plasma concentration. 
The delay between the plasma and the effect compart-
ment is mathematically described by a single parameter, 
defined as ke0, the effect-site equilibration rate constant17 
(see Fig. 33-5).

Measures of drug effect used to characterize the time 
course of drug between plasma and the biophase vary 
with the drug being evaluated. For some drugs, a direct 
measure of drug effect can be applied. For neuromuscu-
lar blocking drugs, the response from peripheral nerve 
stimulation (i.e., the twitch) is an ideal measure of effect. 
Various authors have used the T1% (percentage change 
of the T1 response compared with baseline T1 response 
during supramaximal stimulus) derived from electromyo-
gram to measure the drug effect of newer drugs such as 
rocuronium18 and cisatracurium.19 For other categories 
of drugs such as opioids and hypnotics, the real clinical 
effects (e.g., unconsciousness, amnesia, memory loss, anti-
nociception) are not measurable. For these reasons, sur-
rogate measures are used to quantify the time course of 
clinical effects. These surrogate measures can be categori-
cal or continuous. For example, the Observer’s Assessment 
of Alertness/Sedation (OAA/S) scale was used to measure 
quantal changes in hypnotic drug effects during propofol 
administration.20 Egan and colleagues21 applied a noxious 
pain stimulus and used an algometer to measure the bal-
ance between nociception and antinociception during 
remifentanil infusion. Various spontaneous and evoked 
EEG-derived and processed measures were used to measure 
cerebral drug effects for opioids and hypnotics.14,22-26 Lud-
brook and associates measured propofol concentrations in 
the carotid artery and jugular bulb to establish movement 
of propofol into and equilibration with the brain. They 
simultaneously measured the BIS and found a close cor-
relation between brain concentration (calculated by mass 
balance) and changes in the BIS (also see Chapter 50).27

DIRECT-EFFECT MODELS

As with plasma pharmacokinetics, the biophase concen-
tration is the convolution of an input function (in this 
case, the plasma drug concentration over time) and the 
disposition function of the biophase. This relationship 
can be expressed as

 Cbiophase(t) = Cplasma(t)*Dbiophase(t) (6)

The disposition function of the biophase is typically mod-
eled as a single exponential decay

 Dbiophase(t) = Ke0e − KeOt  (7)

The monoexponential disposition function implies that 
the effect site is simply an additional compartment in the 
standard compartment model that is connected to the 
plasma compartment (see Fig. 33-5). The effect site is the 
hypothetical compartment that relates the time course 
of plasma drug concentration to the time course of drug 
effect, and ke0 is the rate constant of elimination of drug 
from the effect site. By convention, the effect compart-
ment is assumed to receive such small amounts of drug 
from the central compartment that it has no influence on 
plasma pharmacokinetics.



Neither Cbiophase(t) nor Dbiophase(t) can be directly mea-
sured, but the drug effect can be measured. Knowing that 
the observed drug effect is a function of the drug concen-
tration in the biophase, the drug effect can be predicted as

 Effect = fPD

[
Cplasma(t)*Dbiophase(t) , PPD , Ke0

]
 (8)

where fPD is a pharmacodynamic model (typically sigmoi-
dal in shape), PPD represents the parameters of the phar-
macodynamic model, and ke0 is the rate constant for 
equilibration between plasma and the biophase. Nonlinear 
regression programs are used to find values of PPD and ke0 
that best predict the time course of drug effect. This method 
is called loop-collapsing (see Fig. 33-7). Knowledge of these 
parameters can then be incorporated into dosing regimens 
that produce the desired time course of drug effect.28,29

If a constant plasma concentration is maintained, 
then the time required for the biophase concentration 
to reach 50% of the plasma concentration (t1/2ke0) can 
be calculated as 0.693/ke0. After a bolus dose, the time to 
peak biophase concentration is a function of both plasma 
pharmacokinetics and ke0. For drugs with a very rapid 
decline in plasma concentration after a bolus (e.g., ade-
nosine with a half-life of several seconds), the effect-site 
concentration peaks within several seconds of the bolus, 
regardless of ke0. For drugs with a rapid ke0 and a slow 
decrease in concentration after a bolus injection (e.g., 
pancuronium), the peak effect-site concentration is deter-
mined more by ke0 than by plasma pharmacokinetics.

An accurate estimation of ke0 demands an integrated 
pharmacokinetic-dynamic study combining rapid blood 
sampling with frequent measurements of drug effect, 
yielding an overall model for the dose-response behavior 
of the drug. Historically, the time constants of pharmaco-
kinetic models and the ke0 of pharmacodynamic studies 
were sometimes naively merged, possibly leading to inac-
curate predictions of the clinical drug effect. Coppens and 
colleagues proved that pharmacodynamic models of BIS 
in children developed by using estimates of plasma pro-
pofol concentrations from published pharmacokinetic 
models and estimating the pharmacodynamic model do 
not ensure good pharmacokinetic accuracy or provide 
informative estimates for pharmacodynamic parame-
ters.30 If no integrated pharmacokinetic-dynamic model 
exists, then the time to peak effect (tpeak) after a bolus 
injection can be used to recalculate ke0 using the phar-
macokinetic model of interest to yield the correct time 
to peak effect. Under these circumstances, this alterna-
tive approach might lead to a more accurate prediction of 
the dose-response time course.31,32 However, the correct 
covariates for tpeak should be estimated in a specific popu-
lation.33 A second caveat is that the time course of drug 
effect is specific for a given effect (e.g., cerebral drug effect 
as measured by a specific processed EEG). The time course 
of other side effects (e.g., hemodynamic effect for hyp-
notics) most frequently follows a different trajectory.34,35 
The time to peak effect and the t1/2 ke0 for several intrave-
nous anesthetics are listed in Table 33-1.

All methods explained so far incorporate ke0 values cal-
culated on the assumption that hysteresis between plasma 
concentration and clinical effect is explained by a delay 
in drug transfer between plasma and biophase and thus 
that anesthesia is a smooth, path- and state-independent, 
Chapter 33: Intravenous Drug Delivery Systems 927

symmetric process. Although still commonly used, this 
assumption might be suboptimal. Data from animal 
experiments suggest that neural processes and path-
ways involved in anesthesia induction and recovery are 
different.36,37 In an animal study, measured brain drug 
concentrations at loss of consciousness and at return of 
consciousness were significantly different.38 If these data 
are confirmed, then a more complex model (e.g., one 
incorporating a second, serial effect-site model) might be 
required to depict the time course of drug effect.

INDIRECT-EFFECT MODELS

Thus far, clinical effects that are an instantaneous function 
of drug concentration at the site of drug effect have been 
discussed, as implied by Equation 8. For example, once 
a hypnotic drug reaches the brain or a neuromuscular-
blocking drug reaches the muscles, drug action is almost 
immediately observed. On the other hand, some effects 
are significantly more complex. For example, consider the 
effect of opioids on ventilation. Initially, opioids depress 
ventilation, and carbon dioxide (CO2) gradually accumu-
lates. Yet, the accumulation of CO2 at normal conditions 
is a strong stimulant for ventilation, thereby partly coun-
teracting the ventilatory depressant effects of opioids. 
Ventilatory depression is an example in which direct and 
indirect drug effects are incorporated. The direct effect of 
the opioid is to depress ventilation, and the indirect effect 
is to increase arterial tension of CO2. Modeling the time 
course of opioid-induced ventilatory depression requires 
consideration of both components. Bouillon and col-
leagues developed a model of ventilatory depression that 
incorporates both direct and indirect effects.19,20 As is gen-
erally the case with indirect-effect models, characterizing 
drug-induced ventilatory depression requires a consider-
ation of the entire time course of drug therapy, which is 
embodied by the following differential equation:

 

d
dtPaCO2 = kel .

[
1 −

Cp(t)γ
C50γ+Cp(t)γ

]
.

[
PbiophaseCO

2
(t)

PbiophaseCO
2
(0)

]F

. PaCO2(t)  (9)

TABLE 33-1 TIME TO PEAK EFFECT AND t1/2ke0 
AFTER A BOLUS DOSE*

Drug
Time to Peak Drug 
Effect (min) t1/2 ke0 (min)

Morphine 19 264
Fentanyl 3.6 4.7
Alfentanil 1.4 0.9
Sufentanil 5.6 3.0
Remifentanil 1.8 1.3
Ketamine — 3.5
Propofol 1.6 1.7
Thiopental 1.6 1.5
Midazolam 2.8 4.0
Etomidate 2.0 1.5

t1/2 ke0 = 0.693/ke0, Rate constant for transfer of drug from the site of 
drug effect to the environment.

*Measured by electroencephalography.
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where partial pressure of arterial carbon dioxide (Paco2) 
is arterial CO2, Pbiophaseco2 is CO2 in the biophase (i.e., 
brainstem respiratory control circuits), kel is the rate con-
stant for the elimination of CO2, C50 is the effect-site 
opioid concentration associated with a 50% reduction 
in ventilatory drive, and F is the steepness or gain of the 
effect of CO2 on ventilatory drive.

DOSE IMPLICATIONS OF THE BIOPHASE

The delay in onset of clinical effects has important clini-
cal implications. After a bolus, the plasma concentration 
peaks nearly instantly and then steadily declines. The 
effect-site concentration starts at zero and increases over 
time until it equals the descending plasma concentration. 
The plasma concentration continues to decline. After the 
moment of identical concentrations, the gradient between 
plasma and the biophase favors removal of drug from the 
biophase, and the effect-site concentration decreases. The 
rate at which the effect-site concentration rises toward 
the peak after a bolus dictates how much drug must be 
injected into plasma to produce a given effect. For alfen-
tanil, its rapid plasma effect-site equilibration (large ke0) 
causes the effect-site concentration to rise rapidly, with a 
peak produced in approximately 90 seconds. At the time 
of the peak, approximately 60% of the alfentanil bolus 
has been distributed into peripheral tissues or eliminated 
from the body. For fentanyl, the effect-site concentration 
rises significantly more slowly and peaks 3 to 4 minutes 
after the bolus.39 At the time of the peak, more than 80% 
of the initial bolus of fentanyl has been distributed into 
tissues or eliminated. As a result of slower equilibration 
with the biophase, relatively more fentanyl than alfent-
anil must be injected into plasma, which makes the rate 
of offset of drug effect after a fentanyl bolus slower than 
after an alfentanil bolus.

This difference in pharmacokinetics indicates that ke0 
must be incorporated into dosing strategies on which 
rational drug selection is dependent. For rapid onset of 
effect, a drug with a large ke0 (short t1/2 ke0) should be 
chosen. For example, for rapid-sequence induction of 
anesthesia, alfentanil or remifentanil may be the optimal 
opioid because its peak effect-site concentration coin-
cides with the likely time of endotracheal intubation. 
However, for a slower induction of anesthesia in which 
a nondepolarizing neuromuscular blocking drug is used, 
an opioid with a slower onset of drug effect should be 
selected to coincide with the peak effect of the neuro-
muscular blocking drug. In this case, a bolus of fentanyl 
or sufentanil at the time of induction may be more 
appropriate. The time to peak effect for the commonly 
used opioids is shown in Figure 33-8. Knowing ke0 (or 
time to peak effect) also improves titration of the drug by 
identifying the time at which the clinician should make 
an assessment of drug effect. For example, midazolam 
has a slow time to peak effect, and repeat bolus doses 
should be spaced at least 3 to 5 minutes apart to avoid 
inadvertent overdosing.

An accurate ke0 is also crucial during TCI titrating to 
a specific effect-site concentration because the initial 
bolus given to reach the targeted effect-site concentration 
depends on both the pharmacokinetics and the ke0.40
DRUG POTENCY

Single Drugs
Knowledge about adequate therapeutic drug concen-
tration is crucial to achieve the aim of providing opti-
mal anesthetic conditions. Therefore information on 
drug potency is essential. Analagous to the concept of 
minimum alveolar concentration (MAC), the concentra-
tion associated with a 50% likelihood of movement in 
response to skin incision for inhaled anesthetics,41 is the 
C50, which is the concentration that produces 50% of the 
maximum possible drug effect. Defining the C50, simi-
lar to the MAC, provides a measure of relative potency 
between intravenous anesthetics.

There are many ways to look upon C50, taking into 
consideration whether the clinical effect is a binary or 
continuous effect. When considering binary effects, 
the C50 might be the drug concentration that prevents 
response (e.g., movement, hypertension, release of cat-
echolamines) to a particular stimulus (e.g., surgical inci-
sion, endotracheal intubation, spreading of the sternum) 
in 50% of patients. In this case, each combination of 
stimulus and response may have a unique C50. When 
C50 is defined as the drug concentration that produces 
a given response in 50% of patients, a 50% probability 
of response is also likely in a given patient. Defining C50 
as the concentration that produces a given drug effect 
in 50% of individuals implicitly assumes that the effect 
can be achieved in all individuals. Some drugs exhibit 
a ceiling effect. For example, a ceiling effect may exist 
on the ability of opioids to suppress response to noxious 
stimulation. When a ceiling in drug effect exists, some 
patients may not exhibit the drug effect even at infinitely 
large doses. In this case, C50 is not the concentration that 
causes the drug effect in 50% of patients but is the con-
centration associated with the drug effect in one half of 
whatever fraction of patients is able to respond.

Several studies have been performed to establish 
appropriate concentrations of intravenous anesthetics 

0

20

40

60

80

100

0 2 4 6 8 10

Sufentanil

Fentanyl

Alfentanil

Remifentanil

P
er

ce
nt

 o
f p

ea
k 

ef
fe

ct
-s

ite
 o

pi
oi

d 
co

nc
en

tr
at

io
n

Minutes since bolus injection

Figure 33-8. Simulated onset and time to peak effect of commonly 
used opioids based on their ke0 and pharmacokinetic parameters. ke0, 
Rate constant for the transfer of drug from the site of drug effect to 
the environment.



Chapter 33: Intravenous Drug Delivery Systems 929

TABLE 33-2 STEADY-STATE CONCENTRATIONS FOR PREDEFINED EFFECTS*

Drug
C50 for EEG 
Depression†

C50 for Incision 
or Painful 
Stimulus‡

C50 for Loss of 
Consciousness§

C50 for 
Spontaneous 
Ventilationǁ

C50 for  
Isoflurane  
MAC Reduction MEAC

Alfentanil (ng/mL) 500-600 200-300 — 170-230 50 10-30
Fentanyl (ng/mL) 6-10 4-6 — 2-3 1.7 0.5-1
Sufentanil (ng/mL) 0.5-0.75 (0.3-0.4) — (0.15-0.2) 0.15 0.025-0.05
Remifentanil (ng/mL) 10-15 4-6 — 2-3 1.2 0.5-1
Propofol (μg/mL) 3-4 4-8 2-3 1.33 __ —
Thiopental (μg/mL) 15-20 35-40 8-16 — — —
Etomidate (μg/mL) 0.53 — 0.55 __ __ —
Midazolam (ng/mL) 250-350 — 125-250 — — —

EEG, Electroencephalography; MAC, minimum alveolar concentration; MEAC, minimum effective plasma concentration providing postoperative analgesia.
*Values in parentheses are estimated by scaling to the alfentanil C50 (see text for details).
†C50 for depression of the EEG is the steady-state serum concentration that causes a 50% slowing of the maximal EEG, except for midazolam, in which 

the C50 is associated with 50% activation of the EEG.
‡C50 for skin incision is the steady-state plasma concentration that prevents a somatic or autonomic response in 50% of patients.
§C50 for loss of consciousness is the steady-state plasma concentration for absence of a response to a verbal command in 50% of patients.
ǁC50 for spontaneous ventilation is the steady-state plasma concentration associated with adequate spontaneous ventilation in 50% of patients.
and opioids for various clinical endpoints and the effect 
of drug interactions (Table 33-2).42-49.

Another interpretation of C50 is the concentration 
that produces 50% of the maximum possible physiologic 
response. For example, the C50 for an EEG response is the 
drug concentration that provides 50% depression of the 
maximal EEG effect. The C50 for EEG response has been 
measured for the opioids alfentanil,50 fentanyl,50 sufent-
anil,51 and remifentanil.52-54 It has also been determined 
for thiopental,44,55,56 etomidate,48 propofol,26 and ben-
zodiazepines57 (see Table 33-2). Other measures such as 
pupillary dilation in response to a noxious stimulus58 and 
pressure algometry21 were used to measure opioid potency 
and revealed slightly different values for C50, which indi-
cates that observation of drug potency also depends on 
the applied measure of drug effect.

As mentioned, C50 can be used to compare potency 
among drugs. For example, Glass and colleagues59 deter-
mined the potency of remifentanil compared with alfent-
anil using ventilatory depression as the measure of opioid 
effect. In their study, the C50 for depression of minute 
ventilation was 1.17 ng/mL and 49.4 ng/mL for remifen-
tanil and alfentanil, respectively. Using this difference in 
C50, they concluded that remifentanil is approximately 
40 times more potent than alfentanil.

To be entirely independent of dosing history, C50 
must be determined at steady state, which is rarely pos-
sible because most anesthetic drugs do not reach steady 
state during a continuous infusion until many hours have 
passed. However, if the drug exhibits rapid equilibration 
between plasma and the effect site and the investiga-
tor waits long enough after starting the infusion, then 
this choice can be reasonably satisfactory. For example, 
Ausems and colleagues60,61 used a continuous infusion 
of alfentanil in their experiments, which quickly equili-
brated. They also recorded their measurements after the 
effect-site concentration had equilibrated with plasma.

A second alternative to performing a true steady-
state experiment is to use mathematic modeling to cal-
culate the effect-site concentrations of drug at the time 
of measurement, as proposed by Hull and colleagues15 
and Sheiner and colleagues.16 The relationship between 
effect-site and plasma concentrations is graphically rep-
resented in Figure 33-5 and mathematically in Equation 
6. Calculating effect-site concentrations is the same as 
attempting to determine the steady-state plasma concen-
trations that produce the observed drug effect. When the 
C50 reflects effect-site concentrations, it is represented as 
Ce50 to distinguish it from values of C50 that are based 
on plasma concentrations, which are then termed Cp50. 
However, the distinction is artificial. In both cases, C50 is 
intended to represent the steady-state plasma drug con-
centration associated with a given drug effect.

A third alternative to performing a steady-state experi-
ment is to establish a pseudo–steady state with the use 
of computer-controlled drug delivery. This method has 
become the state-of-the-art for determining the C50 for 
anesthetic drugs, and many of the C50 values referenced 
earlier were determined at pseudo–steady state with the 
use of computer-controlled drug delivery. Typically, 
maintaining a constant plasma steady-state concentra-
tion for four to five plasma effect-site equilibration half-
lives (e.g., 10 to 15 minutes for fentanyl) is required. Such 
a long delay is not necessarily needed when computer-
controlled drug delivery is used. Effect-compartment TCIs 
can be used to target the concentration at the effect site 
rather than the plasma concentration and thereby rap-
idly establishing plasma–effect site equilibration.28,62 For 
example, Kodaka and associates reported predicted values 
of propofol effect-site concentration C50 between 3.1 μg/
mL and 4.3 μg/mL for insertion of various laryngeal air-
way masks, depending on the type of laryngeal mask.63 
Cortinez and associates used TCI to determine the C50 of 
remifentanil and fentanyl for accurate pain relief during 
extracorporeal shock wave lithotripsy in relation with 
possible side effects and found that remifentanil and fen-
tanyl C50 were 2.8 ng/mL and 2.9 ng/mL, respectively.64 
At C50, the probability of having a respiratory rate less 
than 10 breaths per minute was 4% for remifentanil and 
56% for fentanyl. Thus several ways can establish C50 
in terms of steady-state concentrations. C50 can be esti-
mated through mathematic effect-site modeling or can 
be experimentally measured with the use of computer-
controlled drug delivery to establish a pseudo–steady 
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state quickly. Either way, when performing studies to 
define the concentration-effect relationship, equilibrium 
must exist or be modeled between the biophase (the site 
of effect) and plasma or blood (where the concentration 
is actually measured).

When C50 is defined in terms of the concentration 
associated with a response in one half of a population, 
that same C50 is the concentration associated with a 50% 
probability of response in a typical individual. However, 
individual patients are not typical individuals but rather 
will have their own value for C50. Expressed in clinical 
terms, different patients have different anesthetic require-
ments for the same stimulus. For example, the minimal 
effective analgesic concentration of fentanyl is 0.6 ng/
mL, but it varies among patients from 0.2 to 2.0 ng/mL.65 
The minimal effective analgesic concentrations of alfen-
tanil66 and sufentanil67 similarly vary among patients by 
a factor of 5 to 10. This range encompasses both variabil-
ity in the intensity of the stimulus and variability of the 
individual patient. However, this wide range reflects the 
clinical reality that must be accounted for when dosing 
regimens are designed. Because of this variability, intra-
venous anesthetics should be titrated to each patient’s 
unique anesthetic requirement for the given stimulus.

Pharmacodynamic Drug Interactions
Drug interactions cause the C50 of one drug to shift in 
response to the administration of a second drug. This 
drug interaction can be additive, supra-additive (syner-
gistic) or infra-additive (antagonistic). As observed in the 
isobologram (Fig. 33-9), for additive drugs with equal 
potency, the cumulative effect resulting from doses a and 
b for substances A and B, respectively, equals the effect 
obtained with the injection of either drug A or B solely in 
a dose a + b. If the drugs interact synergistically, then the 
combination of A and B will generate a more pronounced 
effect than additive. For antagonistic drug interaction, 
the combination of A and B will result in a less pro-
nounced effect than additive. In general, additive drug 
interactions occur when combining drugs acting by the 
same mechanism and synergistic or antagonistic interac-
tion when combining drugs acting by a different mecha-
nism.68 Hendrickx and co-workers (Fig. 33-10) reviewed 
the available literature and summarized the available data 
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Figure 33-9. Pharmacodynamic drug interactions.
on drug interactions in humans and animals for hypnosis 
and immobility.68

Investigating one isobole of the interaction spectrum 
(at the 50% probability level of a specific drug response) 
provides a rudimentary insight on the interaction char-
acteristics but reveals only limited information about 
other levels of drug effect (e.g., at the clinically more 
important level of 95% probability of drug response). As 
drug interactions may vary among drug effect levels (e.g., 
additive at the 50% level but synergistic at the 95% level), 
the ultimate aim is to characterize the response surface 
describing all levels of effect. Pharmacodynamic response 
surface models generate figures that are three- (or even 
higher) dimensional structures that have been developed 
to describe the relationship quantitatively between two 
or more drug concentrations and their combined clinical 
effect (Fig. 33-11). Response surface models are power-
ful representations of drug interactions as they combine 
information about the full range of isoboles resulting from 
the concentration response curves of all combinations of 
the drugs involved.69,70 Using the mathematically defined 
response surface, the corresponding drug effect for any 
two or more drug concentrations of the interacting drugs 
can be predicted.69,71 Various methodologic approaches to 
response surface models are found in the literature.72

Intravenous opioids are frequently combined with 
volatile anesthetics during anesthesia. The reduction of 
the MAC for a given volatile by a given opioid dose can 
be applied to investigate the potency and efficacy of opi-
oids.73-75 These MAC reduction studies reveal a general 
pattern, irrespectively of which opioid or volatile anes-
thetic has been used. Low concentrations of an opioid 
result in a substantial reduction of MAC (Fig. 33-12). With 
increasing concentrations of the opioid, MAC continues 
to decrease until a plateau is reached and, consequently, 
a further increase of the opioid dose is futile.76

The previously mentioned MAC reduction studies 
show the effect of a single opioid dose on a single point 
of a dose-response curve but, nonetheless, form the basis 
for more detailed surface interaction studies.77 To char-
acterize the interaction between sevoflurane and remi-
fentanil in blunting responses to verbal (OAA/S scale) 
and painful stimuli (pressure algometry, electrical tetanic 
stimulus, and thermal stimulation), Manyam and co-
workers constructed a response surface for each pharma-
codynamic response using a Logit model approach and 
found synergy between sevoflurane and remifentanil for 
all responses. More specifically, a remifentanil effect-site 
concentration of 1.25 ng/mL was able to more than halve 
the sevoflurane requirements for preventing movement 
to pain.78 Because this study suffered from nonsteady-
state conditions at the moment of measurements, the 
authors improved their data using calculated effect-site 
sevoflurane concentrations and a Greco model instead of 
a Logit approach.79 Accounting for the time lag between 
sevoflurane effect-site concentration and end-tidal con-
centration improved the predictions of responsiveness 
during anesthesia but had no effect on the accuracy of 
prediction of a response to a noxious stimulus in recov-
ery. They concluded that models may be useful in predict-
ing events of clinical interest, but large-scale evaluations 
with numerous patients are needed to better characterize 
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Figure 33-10. Interaction grid summarizing the available data on drug interactions in humans and animals for hypnosis and immobility. Drugs 
are organized by pharmacologic class: gamma-aminobutyric acid (GABA)–acting drugs (propofol, thiopental, methohexital, and etomidate); 
GABA agents acting at the benzodiazepine (GABABDZ)-binding site (midazolam, diazepam); N-methyl-d-aspartate (NMDA)-receptor antagonist 
(ketamine); adrenergic agonists (α2) (dexmedetomidine, clonidine); opioid-acting drugs at opioid receptor (morphine, alfentanil, fentanyl, suf-
entanil, and remifentanil); dopamine at dopamine antagonists (droperidol, metoclopramide); sodium (Na+) channel blockers (lidocaine, bupiva-
caine); and anesthetic gases. The right upper half of the grid (above the thick diagonal) summarizes the interactions for the endpoint of immobility; 
the left lower half (below the thick diagonal) summarizes the interactions for the endpoint of hypnosis. Synergy is coded as green, additivity as 
yellow, and infra-additivity as dark orange. The number refers to the number of studies attesting to a particular interaction; if one study documents 
two interactions (e.g., isoflurane with both fentanyl and alfentanil), then they are counted separately. Animal data carry the suffix a after the 
number of studies, human data have no suffix.
*Reanalysis: propofol-ketamine interaction in humans is infra-additive for immobility.
**Reanalysis: thiopental-midazolam interaction in humans is additive for hypnosis.
¶Reanalysis: ketamine-midazolam interaction in humans is infra-additive for hypnosis and additive for immobility.
§Infra-additivity between desflurane and nitrous oxide (N2O) has been suggested in a small subgroup of 18- to 30-year-old patients. 
(From Hendrickx JF, Eger EI 2nd, Sonner JM, et al: Is synergy the rule? A review of anesthetic interactions producing hypnosis and immobility, Anesth Analg 
107:494-506, 2008. Used with permission.)
model performance. Heyse and colleagues (Fig. 33-13) 
found that the pharmacodynamic interaction between 
sevoflurane and remifentanil for tolerance to shaking and 
shouting (TOSS), tetanic stimulation (TTET), laryngeal 
mask airway insertion (TLMA), and laryngoscopy (TLAR) 
using the Fixed C50(O) Hierarchical model was strongly 
synergistic for both the hypnotic and the analgesic com-
ponents of anesthesia and showed the importance of 
exploring various surface model approaches when study-
ing drug interactions.72
For total intravenous anesthesia, interactions associated 
with various drug combinations and concentrations have 
been described. The concept of balanced anesthesia is based 
on the assumption that drug combinations will be synergis-
tic in anesthetic effect (however defined) but not in toxic-
ity. Such synergism has been demonstrated for a variety of 
drug combinations but not for others68,80 (see Fig. 33-10). 
Zanderigo and colleagues81 developed the well-being model, 
a new interaction model to describe both positive and neg-
ative effects of drug combinations (Fig. 33-14).
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More profound synergy for specific endpoints related 
to analgesia and hypnosis has also been demonstrated 
for the interaction between propofol and opioids. Thus 
when anesthetic regimens are designed that rely on syn-
ergy to produce the anesthetic state, distinguishing the 
desired endpoint—loss of consciousness or ablation of 
response to noxious stimulation―is important. Different 
combinations of drugs may be required to achieve each 
endpoint. Vuyk and colleagues characterized the inter-
action between propofol and alfentanil for several end-
points: loss of response to endotracheal intubation, loss 
of response to incision and retraction of the peritoneum, 
and emergence from anesthesia (Fig. 33-15).82 The most 
profound stimulation was tracheal intubation, and the 
abolition of that stimulus required a propofol concentra-
tion equal to or more than 2 μg/mL. More details for opti-
mal drug combinations based on the findings from Vuyk 
and co-workers82 are provided in Table 33-3.

Minto and colleagues published response surfaces for 
combinations of midazolam-alfentanil, propofol-alfen-
tanil, and midazolam-propofol associated with the loss 
of response to verbal command (Fig. 33-16).83 They also 
extended response surface methodology to describe the 
simultaneous interaction of three drugs. Rendering the 
full interaction surface for three drugs would require 
drawing the graph in four dimensions. If the graph is lim-
ited to the interaction at 50% drug effect, then it can be 
rendered in three dimensions (Fig. 33-17).
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In addition to the quantal responses, various studies 
investigated the interaction between hypnotics and opi-
oids as measured with continuous measures. The effect 
of combined drug administration on spontaneous and 
evoked EEG–derived indices was found to be important 
and existing but often in studies that did not provide 
sufficient data for full response surface model develop-
ment.26,84,85 Fortunately, more accurate designed stud-
ies71 using surface modeling techniques revealed the 
interaction between hypnotics and opioids. Bouillon and 
colleagues found synergy between propofol and remi-
fentanil regarding hypnosis as measured by the BIS and 
EEG approximate entropy. They also found that both 
indices were more sensitive to propofol than remifent-
anil.86 Others found conflicting results for the effect of 
opioids on the BIS.87 More recently, Gambus and col-
leagues modeled the effect of propofol and remifentanil 
combinations for sedation-analgesia in endoscopic pro-
cedures using an adaptive neurofuzzy inference system. 
Both spontaneous and evoked EEG–derived indices (e.g., 
BIS or autoregressive auditory-evoked potential index 
[AAI/2] and index of consciousness [IoC]) were used. 
They found, based on these models, that the propofol 
and remifentanil effect-site concentration pairs provide 
a Ramsay Sedation Score of 4 ranging from (1.8 μg/mL-1, 
1.5 ng/mL-1) to (2.7 μg/mL-1, 0 ng/mL-1), associated with 
a BIS of 71 to 75, AAI/2 values of 25 to 30, and IoC of 72 
to 76, respectively. The presence of noxious stimulation 
increases the requirements of propofol and remifentanil 
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to achieve the same degree of sedative effects.88 Other 
effects of drug combinations were studied. Bouillon and 
associates and Nieuwenhuijs and associates investigated 
the effects of hypnotic-opioid combinations on cardio-
respiratory control.87,89 These data show dose-dependent 
effects on respiration at relatively low concentrations of 
propofol and remifentanil. When combined, their effect 
on respiration is strikingly synergistic, resulting in severe 
respiratory depression.

Surface models were also used to optimize drug 
administration in challenging situations such as short-
duration procedures in spontaneous breathing patients. 
LaPierre and co-workers90 explored remifentanil-propo-
fol combinations that led to a loss of response to esopha-
geal instrumentation, a loss of responsiveness, and/or an 
onset of ventilatory depression requiring intervention. 
They found that the combinations that allowed esopha-
geal instrumentation and avoided intolerable ventila-
tory depression and/or loss of responsiveness primarily 
clustered around remifentanil-propofol effect-site con-
centrations ranging from 0.8 to 1.6 ng/mL and 1.5 to 2.7 
μg/mL, respectively. However, blocking the response to 
esophageal instrumentation and avoiding both intolera-
ble ventilatory depression and/or a loss of responsiveness 
is difficult. It may be necessary to accept some discom-
fort and blunt, rather than block, the response to esoph-
ageal instrumentation to consistently avoid intolerable 
ventilatory depression and/or loss of responsiveness.

The interactions between hypnotics such as propofol 
and sevoflurane should be understood, because these 
drugs are frequently used sequentially. Schumacher and 
colleagues91 used response surface methodology to exam-
ine the influence of this interaction on the probability of 
TOSS and three noxious stimuli (TTET, TLMA, and TLAR). 
They found that for both EEG suppression and tolerance 
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 to stimulation, the interaction of propofol and sevoflu-

rane were additive. Others found similar results on the 
C50 level.92 Hammer and colleagues93 determined the 
pharmacodynamic interaction of propofol and dexme-
detomidine during pediatric esophagogastroduodenos-
copy and concluded that the concentration of propofol at 
which 50% of patients are adequately anesthetized (EC50) 
in children was unaffected by a concomitant intravenous 
infusion of dexmedetomidine 1 μg/kg body weight given 
over 10 minutes.

DESIGNING DOSING REGIMENS

BOLUS DOSE CALCULATIONS

The definition of concentration is drug mass per unit 
of volume. The definition of concentration can be rear-
ranged to find the amount of drug required to produce 
any desired concentration for a known volume.

 Amount = CT . Volume (10)

where CT is the desired or target concentration. This for-
mula is often used to calculate the initial (loading) bolus 
dose required to achieve a given concentration. The prob-
lem with applying this concept to anesthetic drugs is that 
there are several volumes of distribution: V1 (central com-
partment), V2 and V3 (the peripheral compartments), and 
Vdss (the sum of the individual volumes). V1 is usually 
significantly smaller than Vdss, and thus saying that the 
loading dose should be something between CT × V1 and 
CT × Vdss is tempting.

Consideration should be given to the dose of fentanyl 
required to attenuate the hemodynamic response to endo-
tracheal intubation when combined with thiopental. The 
C50 for fentanyl, combined with thiopental for intuba-
tion, is approximately 3 ng/mL. The V1 and Vdss for fen-
tanyl are 13 L and 360 L, respectively. The aforementioned 
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TABLE 33-3 PROPOFOL/OPIOID COMBINATIONS ASSOCIATED WITH THE FASTEST RECOVERY  
FROM ANESTHESIA 

Infusion  
Duration (min)

Propofol/Alfentanil  
(μg/mL; ng/mL)

Propofol/Sufentanil  
(μg/mL; ng/mL)

Propofol/Remifentanil  
(μg/mL; ng/mL)

15 Coptimal

Cawakening

Time to awakening (min)

3.25/99.3
1.69/65.0
8.2

3.57/0.17
1.70/0.10
9.4

2.57/4.70
1.83/1.93
5.1

60 Coptimal

Cawakening

Time to awakening (min)

3.38/89.7
1.70/64.9
12.2

3.34/0.14
1.70/0.10
11.9

2.51/4.78
1.83/1.93
6.1

300 Coptimal

Cawakening

Time to awakening (min)

3.40/88.9
1.70/64.9
16.0

3.37/0.14
1.70/0.10
15.6

2.51/4.78
1.86/1.88
6.7

Coptimal represents combinations associated with a 50% probability of a response to surgical stimuli; Cawakening concentrations represent the estimated con-
centrations at which consciousness will be regained; and Time to awakening represents the estimated time from termination of the infusion to return of 
consciousness in 50% of patients.

(From Vuyk J, Mertens MJ, Olofsen E, et al: Propofol anesthesia and rational opioid selection: determination of optimal EC50-EC95 propofol-opioid concentrations 
that assure adequate anesthesia and a rapid return of consciousness, Anesthesiology 87:1549-1562, 1997; and modified from Absalom A, Struys MMRF: An 
overview of TCI and TIVA, ed 2, 2007. Gent, Belgium, Academia Press. Used with permission.)
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equations can thus be interpreted as suggesting that an 
appropriate dose of fentanyl to attenuate the hemo-
dynamic response is between 39 μg (3 ng/mL × 13 L)  
and 1080 μg (3 ng/mL × 360 L). A fentanyl bolus of 39 
μg achieves the desired concentration in plasma for an 
initial instant, but plasma levels almost instantly decrease 
below the desired target. Levels at the effect site will never 
be close to the desired target concentration of 3 ng/mL. 
A fentanyl bolus of 1080 μg, not surprisingly, produces 
a significant overshoot in plasma levels that persists for 
hours (Fig. 33-18). Additionally, using equations to cal-
culate the fentanyl dose if the resulting recommendation 
is to “use a fentanyl dose between 39 and 1080 μg” is 
absurd.

The usual dosing guidelines for a bolus dose, presented 
earlier, are designed to produce a specific plasma con-
centration. Because plasma is not the site of drug effect, 
calculating the initial bolus on the basis of a desired 
plasma concentration is irrational. By knowing the ke0 
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92:1603-1616, 2000.)



PART III: Anesthetic Pharmacology936

of an intravenous anesthetic, a dosing regimen can be 
designed that yields the desired concentration at the site 
of drug effect. To avoid an overdose for the patient, a 
bolus should be selected that produces the desired peak 
concentration at the effect site.

The decline in plasma concentration between the 
initial concentration after the bolus (amount/V1) and 
the concentration at the time of peak effect can be 
thought of as dilution of the bolus into a larger ana-
tomic volume than the volume of the central compart-
ment. This introduces the concept of Vdpe, the apparent 
volume of distribution at the time of peak effect,28,94 
or pseudoequilibration between plasma and the site 
of drug effect.95 The size of this volume can be read-
ily calculated from the observation that the plasma and 
effect-site concentrations are the same at the time of 
peak effect.

 Vdpe = Bolus amount

Cpe
 (11)

where Cpe is the plasma concentration at the time of peak 
effect.

If the clinical goal is to select the dose required to 
achieve a certain drug effect without producing an over-
dose, then Equation 11 can be rearranged by substituting 
CT, the target concentration (which is the same in plasma 
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Figure 33-18. Pharmacokinetic simulation demonstrating the limita-
tions of infusion regimens based on simple pharmacokinetic param-
eters with fentanyl used as an example. These infusion schemes were 
designed to achieve a fentanyl plasma concentration (Cp) of 3 ng/mL. 
The upper blue curve shows that a regimen using a loading dose based 
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tions. If the same maintenance infusion is given but the loading dose 
is based on the volume of the central compartment, then the distribu-
tion of drug to the peripheral compartments causes the plasma con-
centration to fall below the desired level until the compartments reach 
steady-state concentrations as shown in the lower gold curve.
and the effect site at the moment of peak effect), for Cpe 
to calculate the size of the initial bolus

 Loading dose = CT . Vdpe  (12)

The Vdpe for fentanyl is 75 L. To achieve a peak fentanyl 
effect-site concentration of 3.0 ng/mL requires 225 μg,  
which produces a peak effect in 3.6 minutes. This dosing 
guideline is more reasonable, compared with the previ-
ous recommendation of a dose between 39 and 1080 μg. 
Table 33-4 lists V1 and Vdpe for fentanyl, alfentanil, sufen-
tanil, remifentanil, propofol, thiopental, and midazolam. 
Table 33-1 lists the time to peak effect and the t1/2 ke0 of 
the commonly used intravenous anesthetics.

MAINTENANCE INFUSION RATES

By definition, the rate at which active drug exits the body 
is systemic clearance (ClS) times the plasma concentra-
tion. To maintain a given target concentration (CT) drug 
must be delivered at the same rate that it is exiting the 
body. Thus

 Maintenance infusion rate = CT . Cls  (13)

For drugs with multicompartment pharmacokinetics, 
which includes all of the intravenous drugs used in 
anesthetic practice, drug is distributed into the periph-
eral tissues, as well as cleared from the body. The rate 
of distribution into tissues changes over time as the 
tissues equilibrate with plasma. Equation 13 is cor-
rect only after the peripheral tissues have fully equili-
brated with plasma, which requires many hours. At all 
other times, this maintenance infusion rate underesti-
mates the infusion rate necessary to maintain a target 
concentration.

Yet, in some situations, this simple maintenance rate 
calculation may be acceptable. For example, if an infu-
sion at this rate is used along with a bolus dose based 
on Vdpe and the drug has a long delay between the 
bolus and peak effect, then most of the distribution of 
drug into tissues may have occurred by the time that 
the effect-site concentration reaches the target con-
centration. In this case, the maintenance infusion rate 
calculated as clearance times target concentration may 
be accurate because Vdpe is sufficiently higher than V1 
to account for the distribution of drug into peripheral 
tissues. Unfortunately, most drugs used in anesthesia 
achieve sufficiently rapid equilibration between plasma 

TABLE 33-4 VOLUME OF DISTRIBUTION  
AT THE TIME OF PEAK EFFECT

Drug V1 (L) Vdpe (L)

Fentanyl 12.7 75
Alfentanil 2.19 5.9
Sufentanil 17.8 89
Remifentanil 5.0 17
Propofol 6.7 37
Thiopental 5.6 14.6
Midazolam 3.4 31

V1, Volume of the central compartment; Vdpe, apparent volume of distri-
bution at the time of peak effect.
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Figure 33-19. Nomogram for calculating maintenance infusion rates to maintain a stable concentration of fentanyl, alfentanil, sufentanil, or 
propofol. The y axis is the desired concentration. The x axis is the time relative to the initial bolus. The diagonal lines show the infusion rates at 
different times required to maintain the desired concentration selected on the y axis.
and the effect site that Vdpe does not adequately encom-
pass the distribution process, thus making this approach 
unsuitable.

As such, approaches need to be used that are math-
ematically and clinically sound. Because the net flow 
of drug into peripheral tissues decreases over time, the 
infusion rate required to maintain any desired concentra-
tion must also decrease over time. If the initial bolus has 
been based on Vdpe, no infusion needs be administered 
until the effect-site concentration peaks. After the peak in 
effect-site concentration, the (nearly) correct equation to 
maintain the desired concentration is

 

Maintenance infusion rate =
CT . V1 .

(
k10 + k12e − k21t + k13e − k31t

)
  (14)

This equation indicates that a rapid infusion rate is ini-
tially required to maintain CT. Over time, the infusion 
rate gradually decreases (see Fig. 33-14). At equilibrium (t 
= ∞), the infusion rate decreases to CT × V1 × k10, which 
is the same as CT × ClS. Few clinicians would choose to 
solve such an equation during the administration of an 
anesthetic. Fortunately, simple techniques can be used in 
place of solving such a complex expression.

Figure 33-19 is a nomogram in which Equation 14 has 
been solved; the infusion rates at different times neces-
sary to maintain any desired concentration of fentanyl, 
alfentanil, sufentanil, and propofol are shown. Because 
this nomogram is complex, the following review is 
provided:

The y axis represents the target concentration CT. The 
x axis is the time since the beginning of the anesthetic 
(i.e., since the initial bolus). The suggested initial target 
concentrations (shown in gold) are based on the work 
of Vuyk and colleagues82 with propofol and alfentanil 
(see Fig. 33-15) and are scaled to fentanyl and sufentanil 
according to their relative potencies.94 The intersections 
of the target concentration line and the diagonal lines 
indicate the infusion rate appropriate at each point in 
time. For example, to maintain a fentanyl concentration 
of 1.5 ng/mL, the appropriate rates are 4.5 μg/kg/hr at 
15 minutes, 3.6 μg/kg/hr at 30 minutes, 2.7 μg/kg/hr at 
60 minutes, 2.1 μg/kg/hr at 120 minutes, and 1.5 μg/kg/
hr at 180 minutes. Of course, selecting target concentra-
tions and different times of rate adjustment is possible, 
depending on the clinical circumstances and an assess-
ment of how accurately the intravenous drug needs to be 
titrated.

RECOVERY FROM ANESTHESIA

Recovery from anesthesia is determined by the pharma-
cokinetic principles that govern the rate of decrease in 
drug from the effect compartment once drug administra-
tion is terminated, as well as by the pharmacodynamics 
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of the drug. Although the terminal elimination half-life 
is often interpreted as a measure of how short- or long-
lasting a drug is, the rate at which drug plasma concen-
tration decreases is dependent on both elimination and 
redistribution of the drug from the central compart-
ment. The contribution of redistribution and elimination 
toward the rate of decrease in drug concentration varies 
according to the duration for which the drug has been 
administered94,96 and also the time since the infusion 
has stopped, because these processes have different rate 
constants.

In 1985, Schwilden97 developed a mathematic model 
to relate the time course of offset of action of inhaled 
anesthetics to the duration of anesthetic drug delivery. 
Similarly, Fisher and Rosen98 demonstrated how the 
accumulation of muscle relaxants in peripheral volumes 
of distribution results in slowed recovery with increasing 
duration of administration. They introduced two mea-
sures of the time course of recovery, the time for twitch 
tension to recover from 5% to 25% and the time for 
twitch tension to recover from 25% to 75%.

Since then, the time for the plasma concentration to 
decrease by 50% from an infusion that maintains a con-
stant concentration (e.g., infusion given by Equation 
14) has been termed the context-sensitive half-time96 (Fig. 
33-20), with the context being the duration of the infu-
sion. The 50% decrease was chosen both for tradition 
(e.g., half-lives are the time for a 50% decrease with a one-
compartment model) and because, very roughly, a 50% 
reduction in drug concentration appears to be necessary 
for recovery after the administration of most intravenous 
hypnotics at the termination of surgery. Depending on 
circumstances, decreases other than 50% may be clini-
cally relevant. Additionally, sometimes it is the plasma 
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in multicompartment pharmacokinetic models for intravenous anesthetic 
drugs, Anesthesiology 76:334-341, 1992.)
concentration that is of interest, and sometimes it is the 
effect-site concentration that is of interest. A more general 
term is the context-sensitive decrement time,99 in which 
the decrement in concentration is specifically noted, as is 
the compartment where the decrease is modeled (plasma 
or effect site). For example, the relationship between infu-
sion duration and the time required for a 70% decrease 
in fentanyl effect-site concentration is the context-sensitive 
70% effect-site decrement time.

Context-sensitive effect-site decrement times for vary-
ing percent decreases in alfentanil, fentanyl, sufentanil, 
and remifentanil concentration are illustrated in Figure 
33-21. To determine when an infusion should be termi-
nated (to enable awakening of the patient at the end of sur-
gery), the clinician needs to bear in mind the decrease in 
concentration necessary for recovery, the duration of the 
infusion (the context), and the context-sensitive, effect-
site decrement time required for the necessary decrease.

Context-sensitive decrement times are fundamentally 
different from the elimination half-life. With monoex-
ponential decay, each 50% decrease in concentration 
requires the same amount of time, and this time is inde-
pendent of how the drug is given. This is not true for the 
context-sensitive half-time. First, as the name is intended 
to imply, the time needed for a 50% decrease is absolutely 
dependent on how long the drug was given, with infu-
sion duration being the context to which the name refers. 
In addition, small changes in percent decrement can 
result in surprisingly large increases in the time required. 
The time required for a 60% decrease in drug concentra-
tion can be more than twice the time required for a 50% 
decrease in some situations (see Fig. 33-21).

Context-sensitive decrement times are based on the 
assumption that plasma or the effect site is maintained at 
a constant concentration. Such is rarely the case clinically, 
but the maintenance of constant concentrations is a nec-
essary assumption to provide a unique mathematic solu-
tion to the time required for a given percent decrement 
in plasma or effect-site concentration. Because plasma 
and effect-site concentrations are rarely kept constant, it 
is important that context-sensitive decrement times are 
used as general guidelines for interpreting the pharmaco-
kinetics of intravenous drugs and not as absolute predic-
tions for any given case or infusion regimen. Automated 
drug delivery systems can provide more precise predic-
tions of the time required for the plasma or effect-site 
concentration to decrease to any desired concentration, 
based on the actual drug dosing in the individual patient, 
which provides the clinician with guidance for the most 
appropriate time to terminate the infusion.

Context-sensitive decrement times focus on the role of 
pharmacokinetics in recovery from anesthesia. Pharma-
codynamics plays an important role in recovery as well. 
Bailey100 used integrated pharmacokinetic-pharmacody-
namic models to define the mean effect time as the average 
time to responsiveness after maintenance of anesthesia 
at the 90% probability of unresponsiveness. The mean 
effect time demonstrates that when drugs have a very 
shallow concentration-versus-response relationship, con-
centrations must decrease by a significant fraction to pro-
vide adequate emergence, which delays recovery from 
anesthesia. In contrast, recovery is hastened by a steep 
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concentration-versus-response relationship, in which 
emergence from anesthesia occurs after a relatively small 
fractional decrease in concentration. Most intravenous 
hypnotics have a moderately steep concentration-versus-
response relationship.

Pharmacodynamic drug interactions also play a role 
in recovery from anesthesia. Interaction relationships 
predict that the same anesthetic state can be achieved 
by different ratios of two drugs. One way of selecting the 
best ratio might be the combination that offers the most 
rapid recovery. For example, when an opioid is com-
bined with a hypnotic, the rate of recovery from anesthe-
sia depends on the opioid and hypnotic concentrations, 
the rate of decrease in both drug concentrations, and 
the relative synergy between them for loss of response 
to noxious stimulation (i.e., the state maintained during 
anesthesia) versus the relative synergy for loss of con-
sciousness. Although the time course of decreases in opi-
oid and hypnotic concentrations can be approximately 
described by their respective context-sensitive decre-
ment times for both drugs (Fig. 33-22; see Fig. 33-15]), 
the influence of relative synergy for different endpoints 
must be captured by separate models of the interaction 
of the drugs for adequate anesthesia and emergence from 
anesthesia.

Vuyk and co-workers43 modeled the predicted time 
to awakening from adequate anesthesia when propo-
fol is combined with fentanyl, sufentanil, alfentanil, or 
[H] = Hypnotic concentration
[O] = Opioid concentration

[O]

† Cp50 for loss of consciousness

* Analgesic concentration causing clinically
  significant respiratory depression

∗

[H]

†

Cp95 Intraoperative adequate anesthesia
Cp95 Return of consciousness

igure 33-22. Interaction between hypnotics and opioids for the 
revention of movement after a noxious stimulus and for awaken-
g and adequate spontaneous ventilation at the end of a surgical 
rocedure. The time to recover at the end of a procedure is depen-
ent on the concentration of both drugs used during surgery and  
he time for both to decrease below that required for consciousness 
nd adequate spontaneous ventilation (i.e., their context-sensitive 
ecrement times).
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Figure 33-23. Simulation of the interaction of propofol and fentanyl in preventing a somatic response at skin incision and time to recovery. On 
the x axis is the fentanyl concentration, and on the y axis is the propofol concentration. The blue curve in the lower plane shows the propofol-
fentanyl interaction required to provide adequate anesthesia. When the infusion is turned off, the concentrations of each drug decrease, as 
shown on the z axis. The blue curve drawn on the recovery surface shows the time to emergence from anesthesia for combinations of fentanyl 
and propofol after an anesthetic of 15 minutes’ (A), 60 minutes’ (B), 180 minutes’ (C), and 600 minutes’ (D) duration. The optimal combina-
tion for the most rapid recovery is a propofol concentration of 3.0 to 3.5 μg/mL, combined with 1.5 ng/mL fentanyl. As the concentration of 
propofol or fentanyl increases, the time for recovery increases. In addition, the longer the duration of drug infusion, the longer recovery takes, 
especially if the optimal combination is not used. (Modified from Vuyk J, Mertens MJ, Olofsen E, et al: Propofol anesthesia and rational opioid selec-
tion: determination of optimal EC50-EC95 propofol-opioid concentrations that assure adequate anesthesia and a rapid return of consciousness, Anes-
thesiology 87:1549-1562, 1997.)
remifentanil. Their calculations took into account the 
interaction between propofol and these opioids to pro-
vide adequate anesthesia and the interaction between 
propofol and opioids on consciousness levels on emer-
gence from anesthesia (Figs. 33-23 and 33-24). Recovery 
times vary with the choice of opioid and the relative 
balance of opioid and propofol during maintenance of 
anesthesia. For example, the upper left of Figure 33-23 
simulates the emergence from a propofol-fentanyl anes-
thetic of 15-minute duration. The simulations assume a 
steady concentration of fentanyl and propofol through-
out the anesthesia, similar to the underlying assumption 
of context-sensitive decrement times. The blue curve in 
the lower plane is the interaction curve between fentanyl 
and propofol; it ranges from no fentanyl and 12 μg/mL of 
propofol on the left to 6 ng/mL of fentanyl and 1.8 μg/
mL of propofol on the right. In theory, any point along 
this curve would ensure maintenance of equivalent depth 
of anesthesia. When the infusion is turned off after 15 
minutes of anesthesia, the concentrations of both drugs 
decrease. The decreasing concentrations of propofol and 
fentanyl when the infusion is turned off can be found 
by the upward lines drawn from different points on the 
interaction curve, with the distance away from the lower 
plane representing time. Taken together, these upward 
lines represent a recovery surface. The blue line drawn on 
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Figure 33-24. Simulation of the interaction of propofol and remifentanil in preventing a somatic response at skin incision and time to recovery. 
The remifentanil concentration is on the x-axis, and the propofol concentration is on the y-axis. The blue curve in the lower plane shows the propofol-
remifentanil interaction required to provide adequate anesthesia. When the infusion is turned off, the concentrations of each drug decrease, as 
shown on the z-axis. The blue line drawn on the recovery surface shows the time to emergence from anesthesia for combinations of remifentanil 
and propofol after an anesthetic of 15 minutes’ (A), 60 minutes’ (B), 180 minutes’ (C), and 600 minutes’ (D) duration. With remifentanil, the 
optimal combination is a propofol concentration of 2.5 μg/mL and, with remifentanil, 5 to 7 ng/mL. In addition, increasing the duration of the 
infusion has minimal impact on recovery time if the optimal dose of remifentanil is not used. However, if the propofol dose is increased, then 
recovery is prolonged. (Modified from Vuyk J, Mertens MJ, Olofsen E, et al: Propofol anesthesia and rational opioid selection: determination of optimal 
EC50-EC95 propofol-opioid concentrations that assure adequate anesthesia and a rapid return of consciousness, Anesthesiology 87:1549-1562, 1997.)
the recovery surface shows the points at which the fen-
tanyl-propofol interaction model predicts emergence.

After 15 minutes of maintaining 1.8 μg/mL of propofol 
and 6 ng/mL of fentanyl (right margin of the interaction 
curve), approximately 12 minutes is needed for the con-
centrations of both drugs to decrease sufficiently to per-
mit emergence (see Fig. 33-23). However, if one maintains 
concentrations of 3.5 μg/mL of propofol and 1.5 ng/mL 
of fentanyl (toward the middle of the interaction curve), 
then emergence can be expected only 8 minutes after the 
infusions are turned off. Examination of the curves for 60, 
300, and 600 minutes of propofol-fentanyl anesthesia sug-
gests that the fentanyl target concentration that provides 
the most rapid emergence is approximately 1.0 to 1.5 ng/
mL, which requires a propofol concentration of approxi-
mately 3.0 to 3.5 μg/mL to maintain adequate anesthesia. 
In similar simulations, Vuyk and colleagues demonstrated 
that maintaining alfentanil and sufentanil concentrations 
in excess of the analgesic range (i.e., approximately 80 ng/
mL for alfentanil and 0.15 ng/mL for sufentanil) is of little 
clinical benefit and can be expected to delay recovery from 
anesthesia. A second conclusion from these simulations 
is that if the patient demonstrates inadequate anesthesia, 
increasing the hypnotic concentration rather than increas-
ing the opioid concentration beyond the analgesic range is 
preferable, so as to prevent prolongation of recovery.

The situation is different for remifentanil because of its 
unusual pharmacokinetic properties (see Fig. 33-24). When 
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a remifentanil infusion is terminated, the extraordinarily 
fast clearance of remifentanil results in a very rapid offset of 
opioid drug effect. The lower plane again shows equivalent 
anesthetic states during maintenance with remifentanil and 
propofol (see Fig. 33-24). High doses of remifentanil permit 
a modest reduction in the dose of propofol needed for ade-
quate anesthesia.101 However, the recovery surfaces show 
that high doses of remifentanil, with a modest reduction 
in the propofol dose, permit considerably faster emergence 
from anesthesia. For example, it takes approximately 12 min-
utes to awaken from 600 minutes of anesthesia maintained 
with 3 μg/mL of propofol and 2.5 ng/mL of remifentanil 
(see Fig. 33-24, D). On the other hand, if the remifentanil 
concentration is increased to 5 ng/mL, then the propofol 
concentration can be reduced to between 2 and 2.5 μg/mL, 
and emergence can be anticipated within 6 minutes of dis-
continuation of the infusions. One might be concerned that 
such a technique places patients at increased risk for aware-
ness because a propofol concentration of 2 μg/mL is below 
the C50 value for wakefulness.102 Therefore combining such 
a technique with intraoperative EEG monitoring to assess 
anesthetic adequacy is reasonable.20,102

DISPLAYING PHARMACOLOGIC 
INFORMATION

Integrating all sources of pharmacologic information includ-
ing drug interaction together with measurements of patient 
response to a specific drug dose might offer a powerful advi-
sory tool to depict the complete dose-response relationship 
of multiple drugs, thereby optimizing drug administration 
and improving patient care.103,104 For example, Figure 33-25 
shows a drug interaction advisory display. Schumacher and 
colleagues proposed an advisory system for clinical use that 
offers real-time information about predicted drug concen-
trations, predicted combined effect, and predicted wake-up 
time resulting from these actions, as well as displaying the 
optimal drug concentration ratio for a given effect in this 
typical patient.105 Others have described similar systems.104

INTRAVENOUS INFUSION DEVICES  
AND TECHNOLOGIES

MANUAL INTRAVENOUS INFUSION

When an infusion of an intravenous anesthetic is admin-
istered, the infusion regimen can be controlled by a vari-
ety of mechanisms varying from the simple Cair clamp 
or Dial-a-Flo (Abbott Laboratories) to complex computer-
controlled infusion pumps. Simplicity of mechanical 
design, however, is not necessarily correlated with ease of 
use, which has prompted ongoing advances in infusion 
device technology over the past decades.

Infusion devices can be classified as either controllers 
or positive displacement pumps. Explicit in their title, 
controllers contain mechanisms that control the rate of 
flow produced by gravity, whereas positive displacement 
pumps contain active pumping mechanisms.

The most commonly used pumps for administration of 
intravenous anesthetics are positive displacement syringe 
pumps that use a variety of mechanisms. These pumps 
have acceptable accuracy and have several features that 
make them particularly suitable for anesthetic delivery. 
An important advance has been the introduction of a cal-
culator feature within the pump so that the clinician can 
input the weight of the patient, the drug concentration, 
and the infusion rate in dose/unit weight/unit time and 
the pump will then calculate the infusion in volume/unit 
time. These pumps also permit simple application of a 
staged infusion scheme by allowing an initial dose and 
a maintenance infusion rate to be programmed into the 
pump. Numerous syringe pumps also include automated 
recognition of syringe size. Further enhancements are 
drug libraries by class of drug, suggested dosing schemes, 
and maximal dosing alerts. These modest advances in 
pump technology and design enable intravenous anes-
thetics to be conveniently and safely delivered.

In addition to the pumps, the complete intravenous 
delivery systems’ hardware must perform perfectly,5 
which means that the correct amount of drug should be 
delivered to the venous circulation in each unit of time. 
When the drug administration set has too large a dead-
space, the actual delivery rate can be altered, depending 
on the flow rate of co-administered fluid.106 The use of an 
antireflux valve is certainly advisable to prevent flow of 
the medication backward into the intravenous fluid bag 
rather than into the patient. Other factors include exces-
sive compliance within the administration system (in the 
syringe plunger or in the administration lines) and the 
use of syringes with suboptimal lubrication, causing the 
plunger to advance in small jumps when infusion rates 
are slow; that is, with small patients, low target concen-
trations, concentrated drug solutions, or large syringes.5

Manual intravenous drug delivery consists of a com-
bination of a bolus dosage and a continuous infusion, as 
explained earlier when discussing the pharmacokinetic 
considerations. Table 33-5 offers recommendations for 
delivering intravenous anesthetics via conventional infu-
sion pumps based on integrated pharmacokinetic-phar-
macodynamic models. Ultimately, the adequate rate of 
drug administration is based on observation and exami-
nation. Individual patients vary significantly in their 
response to a given drug dose or concentration; therefore 
titrating to an adequate drug level for each individual 
patient is essential. Drug concentrations required to pro-
vide adequate anesthesia also vary according to the type 
of surgery (e.g., surface surgery versus upper abdominal 
surgery). Drug concentration requirements are often 
smaller during the end phase of surgery; therefore titra-
tion often involves judicious reduction of the infusion 
rate toward the end of surgery to facilitate rapid recovery.

If the infusion rate is insufficient to maintain adequate 
anesthesia, then both an additional loading (bolus) dose 
and an increase in infusion are required to increase the 
plasma (biophase) drug concentration rapidly. Various 
interventions also require larger drug concentrations, 
usually for brief periods (e.g., laryngoscopy, endotracheal 
intubation, skin incision). Therefore the infusion scheme 
should be tailored to provide peak concentrations during 
these brief periods of intense stimulation. An adequate 
drug level for endotracheal intubation is often achieved 
with the initial loading dose; however, for procedures 
such as skin incision, an additional bolus dose may be 
necessary.



Chapter 33: Intravenous Drug Delivery Systems 943

Figure 33-25. On-line advisory displays including characteristics of drug behavior and interaction. The SmartPilot (Dräger, Lübeck, Germany) 
(upper display) is a two-dimensional display that shows the effect-site concentrations of combined drugs (opioids and intravenous or inhalation 
hypnotics), based on pharmacokinetic models and the resulting anesthetic effect and on pharmacodynamic models. Grey shaded areas indicate 
different levels of anesthesia. The orange point indicates the current combination of effect-site concentrations; the white line shows the retrospective 
concentrations; and a 10- and 15-minute prediction is marked by a black point and arrow―already calculated during presetting of delivery. Event 
markers may be set to show specific states of the patient related to the level of anesthesia: the time-based real-time curves, trends, and prediction 
of effect-site concentrations of individual drugs; resulting anesthetic effect (noxious stimulus response index [NSRI]) and correlated bispectral index 
(BIS), vital signs, and event markers as reference for interpretation. The Medvis display (Medvis, Salt Lake City, Utah) (lower display) shows a real-
time visualization of anesthetic using pharmacokinetic and pharmacodynamic models to predict drug effect-site concentrations and drug effects in 
the past, current time, and 10 minutes into the future. Drug doses as boluses and infusions are administered via a separate data interface or user 
interface. Drugs are categorized according to sedation (top plot), analgesia (middle plot), and muscle relaxation (bottom plot). Effects are depicted 
as a population-based probability of unconsciousness (top plot), no response to tracheal intubation (middle plot), and no twitch response to a train 
of four stimulus (bottom plot). In addition, a second pharmacodynamic endpoint, POST-OP ANALG, represents a guideline therapeutic window for 
postoperative pain. Synergistic interactions of sedative-hypnotics and analgesics are shown by the white curves in the plot. For example, the top 
plot shows that with only propofol, the probability of unconsciousness is between 50% and 95% (yellow curve), but because propofol interacts 
with the opioids, the probability of unconsciousness is greater than 95% (white curve). Similarly, propofol potentiates the effect of the opioids in 
the middle plot.
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TABLE 33-5 MANUAL INFUSION SCHEMES*

Anesthesia Sedation or Analgesia

Drug Loading Dose (μg/kg)
Maintenance Infusion  
(μg/kg/min) Loading Dose (μg/kg)

Maintenance Infusion 
(μg/kg/min)

Alfentanil 50-150 0.5-3 10-25 0.25-1
Fentanyl 5-15 0.03-0.1 1-3 0.01-0.03
Sufentanil 0.5-5 0.01-0.05 0.1-0.5 0.005-0.01
Remifentanil 0.5-1.0 0.1-0.4 † 0.025-0.1
Ketamine 1500-2500 25-75 500-1000 10-20
Propofol 1000-2000 50-150 250-1000 10-50
Midazolam 50-150 0.25-1.5 25-100 0.25-1
Methohexital 1500-2500 50-150 250-1000 10-50
Dexmedetomidine 0.5-1 over 10 min 0.2-0.7

*After the loading dose, an initially high infusion rate to account for redistribution should be used and then titrated to the lowest infusion rate that will 
maintain adequate anesthesia or sedation. When using opiates as part of a nitrous-narcotic technique or for cardiac anesthesia, the dosing scheme 
listed under anesthesia is used. When the opiate is combined as part of balanced anesthesia, dosing listed for analgesia is needed.

†For analgesia or during sedation, an initial loading dose of remifentanil should not be given because its very rapid onset may result in apnea or muscle 
rigidity.
Infusion schemes (see Table 33-5) do not approach the 
convenience and precision of use associated with the deliv-
ery of an inhaled anesthetic via a calibrated vaporizer. This 
level of precision can be achieved by using TCI devices, 
such as the commercially available TCI pumps. These 
devices range from simple calculator pumps to pumps 
with automated drug delivery (see “Target-Controlled 
Infusion”).

A particular method of intravenous drug administra-
tion is patient-controlled analgesia (PCA ; also see Chapter 
98), mostly used for the postoperative administration of 
analgesics or for patient-controlled sedation (PCS) during 
therapeutic procedures. Although PCA can be considered 
as a method of computer-controlled or even closed-loop 
drug administration, most of these pumps do not include 
pharmacokinetic or pharmacodynamic algorithms. In 
some cases, the pump is set to deliver a low, constant or 
background flow of medication. Additional doses of medi-
cation can be self-administered by the patient pressing a 
button as needed. Most commonly, no background infu-
sion is provided, and the patient controls when he or she 
receives an analgesic bolus. To avoid overdosing, these 
pumps have built-in safety mechanisms such as lock-out 
times and limitations of the total amount of drug deliv-
ered per time unit. PCA is a common technique for deliv-
ery of postoperative pain medication such as morphine, 
piritramide, fentanyl, tramadol, and other agents.107-111 
In a systematic review, Walder and colleagues showed 
that the literature presented some evidence that in the 
postoperative pain setting, PCA with opioids, compared 
with conventional opioid treatment, improved analge-
sia and decreased the risk of pulmonary complications; 
in general, the patients preferred the technique.112 Strict 
hospital guidelines may help avoid side effects such as 
oversedation and respiratory depression.113 When epi-
dural analgesia is contraindicated during labor, remifent-
anil PCA has been suggested as an alternative. Pilot trials 
have suggested that this alternative is safe under strict 
observation.114-119

Studies on the quality and outcomes after PCS have 
shown that it reduces discomfort and fear by inducing 
sedation and amnesia during uncomfortable therapeutic 
procedures such as colonoscopy. Additionally, PCS facili-
tates the procedure by increasing the patient’s tolerance. 
Although propofol offers no analgesic effect, several stud-
ies of patient control of propofol administration (bolus or 
short infusions) during procedures were performed and 
showed that it provided reasonably safe, light sedation, 
and that patients expressed a preference for being in con-
trol.120-122 As this manual infusion regimen might pro-
duce fluctuating levels of sedation, Kenny and colleagues 
combined PCS with TCI of propofol to overcome this 
problem. Using this system, the patient can set a specific 
propofol target concentration. A lock-out time is set by 
the clinician (commonly with the default being approxi-
mately the equilibration time between plasma and effect-
site concentrations). When the patient stops pushing the 
delivery button, the target concentration automatically 
decreases (see also “Target-Controlled Infusion” later in 
this chapter). In various applications requiring sedation, 
their experimental system was shown to be feasible; how-
ever, even when using an effect-site controlled TCI sys-
tem, some volunteers rendered themselves unconscious. 
It is possible that safety can be improved further, particu-
larly if a test or measure of responsiveness to a stimulus 
is added and if the control algorithm is incorporated to 
allow the facility to stop the infusion should the response 
become inadequate.123-126 Doufas and colleagues tested 
an automatic response test to optimize propofol adminis-
tration for conscious sedation.127,128 Although volunteers 
were required to push a delivery button in response to 
auditory and tactile stimuli, a TCI-like algorithm guided 
the propofol administration. The study showed that fail-
ure to respond to automated responsiveness monitoring 
precedes potentially serious adverse effects of sedation 
such as loss of responsiveness, and that the monitor was 
not susceptible to false-positive responses.129 
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Figure 33-26. Schematic representation of the pharmacokinetic and pharmacodynamic processes determining the relationship between admin-
istered doses and resulting effect intensity of a drug (yellow). Pharmacokinetic factors such as distribution, metabolism, and/or excretion deter-
mine the relationship between drug dose and drug concentration in the biophase. In the biophase, the drug interacts with the receptor, and 
the pharmacologic effect is accomplished via effectuation processes. Target-controlled infusion (TCI) will use a model to estimate the plasma or 
biophase drug concentration (red), and will calculate the dose needed to approach a target concentration in plasma (A) or biophase/effect-site 
(B). Computer-controlled, closed-loop feedback measures the error between the effect and the target effect to control the dose administration 
(blue). Better closed-loop performance can result if, rather than using the dose as a direct actuator, the simulated variable of a TCI system is used as 
actuated variable (A/A’, B/B’). The TCI system then compensates for part of the complexity of the dose-interaction relationship. Advanced control 
algorithms may take into account a continuously updated model of the interaction (light green) (Modified from Struys M, de Smet T: Principles of 
drug actions: target-controlled infusions and closed-loop administration. In Evers AS, Maze M, Kharasch ED, editors: Anesthetic pharmacology: basic 
principles and clinical practice. Cambridge, 2011, Cambridge University Press, pp, 103-122. Used with permission.)
COMPUTER-CONTROLLED DRUG DELIVERY

As discussed in the introduction of this chapter, opti-
mal patient-individual dosing may be achieved by the 
application of pharmacokinetic and pharmacodynamic 
principles. Using the dose-response relationship, drug 
titration should be performed as close as possible to the 
drug effect. Titrating to a specific effect or, if not possi-
ble, a specific effect-site concentration offers advantages. 
Because the effect-site or plasma concentrations are not 
continuously measurable online for most intravenous 
anesthetics (in contrast to inhaled anesthetics), a drug 
model using a computer that continuously updates the 
anesthetic administration rate to maintain an estimated 
drug effect or drug concentration is required (Fig. 33-26).

If a specific plasma or effect-site concentration is 
titrated, then this technique is called TCI. TCI is a closed-
loop control system. However, in this system the clinician 
serves as the human controller in the loop and, as a conse-
quence, the control actions are intermittent and irregular 
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in time.132 Control theory is increasingly being applied 
in the development of computer-controlled drug delivery 
systems, among others in anesthetic closed-loop control 
applications. The aim of computer-controlled closed-loop 
systems is to formalize this process of observation and 
intervention to provide finer and more accurate control. 
Such systems use a near continuous signal of drug effect, 
calculate the error between the observed value and the set 
point value (selected by the user), and use this error figure 
in an algorithm to make frequent and regular adjustments 
to drug administration rates. Some computer-controlled 
drug delivery systems try to predict the future drug effect 
to make appropriate adjustments well in advance.132

TARGET-CONTROLLED INFUSION

Devices
The development of microprocessor-controlled syringe 
pumps and a better understanding of the dose-response 
relationship have enabled the development of TCI sys-
tems. TCI is an infusion controlled system that achieves 
a user-defined estimated drug concentration in a body 
compartment or tissue. A clinician using a TCI system to 
administer an anesthetic drug is thus able to set and adjust 
a desired drug concentration, usually referred to as the 
target concentration, based on clinical observation of the 
patient or measurement of drug effect. Multicompartment 
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pharmacokinetic-dynamic models are used by TCI sys-
tems to calculate the infusion rates required to achieve 
the target concentration (see Fig. 33-4). A computer or 
microprocessor is required to perform the complex cal-
culations and to control the infusion pump. Typically, 
plasma or effect-site concentrations are targeted.3,133

TCI originates from the theoretic approach to achieve 
and maintain a steady-state blood concentration of a drug 
whose pharmacokinetic trajectory is a multicompartment 
model as described by Kruger-Thiemer134 and first clinically 
implemented by Schwilden and colleagues.7 The applied 
infusion schemes, better known as bolus-elimination-transfer 
(BET) schemes (see Fig. 33-4), were initially designed for 
two-compartment models. Briefly, the infusion starts with 
an initial bolus of drug required to achieve the initial tar-
get concentration. Second, an infusion is administered to 
replace drug lost by elimination. Since the elimination rate 
constant is fixed, the amount of drug eliminated in each 
unit of time is proportional to the plasma concentration; 
thus at steady-state plasma concentrations, drug removal 
by elimination can be compensated for by a constant rate 
infusion. Third, a second infusion is administered to replace 
drug distributed or transferred to peripheral tissues. The 
amount redistributed exponentially declines over time as 
the gradient between the central compartment and the 
peripheral compartment decreases. Replacing distributed 
drug requires an infusion at an exponentially declining rate 
to replace drug lost from the central compartment by distri-
bution until steady state.4

BET schemes have some disadvantages such as the 
requirement of a no-drug status before infusion, which 
disables a change in the target concentration. In addi-
tion, more recent research concluded that the pharma-
cokinetics of most anesthetics is better described using 
a three- instead of a two-compartment model. Lastly, as 
previously discussed in this chapter, the plasma is not 
the site of drug effect. Therefore effect compartment–
controlled TCI algorithms were developed.28 During 
the 1990s, various computer-based TCI prototypes were 
developed by researchers at Stanford (STANPUMP, Cali-
fornia), Stellenbosch (STELPUMP, South Africa), Duke 
(computer-assisted continuous infusion [CACI], North 
Carolina), and Ghent (RUGLOOP, Belgium) universi-
ties. Groups in Erlangen, Germany, and Leiden, The 
Netherlands, produced software able to simulate phar-
macokinetic trajectories (IVA-SIM and TIVA Trainer, 
respectively). Finally, the Diprifusor (AstraZeneca, Lon-
don) became the first commercially available TCI pump. 
It was based on a prototype from the Kenny group135 
and was able to control a set plasma target concentra-
tion using specific prefilled syringes from AstraZeneca. 
Although the technology never became available in 
the United States,136 this TCI pump was the first break-
through in an attempt to optimize drug administra-
tion in daily clinical practice in many countries. More 
recently, various companies have commercialized more 
flexible open TCI pumps capable of administering mul-
tiple drugs in both plasma and effect compartment–con-
trol mode (Fig. 33-27).

Effect compartment–control requires a rate constant 
that accurately describes the rate of equilibration between 
plasma (Fig. 33-28, A) and effect-site concentrations 
(Fig. 33-28, B). The benefits of effect compartment- 
controlled TCI were demonstrated for propofol by Wakel-
ing and associates137 and Struys and associates.62 This 
mode is commonly used throughout Europe.

Evaluation of Target-Controlled Infusion 
Delivery
Acceptance of target-controlled drug delivery of intra-
venous anesthetics requires evaluation of accuracy 
(defined as the difference between predicted and mea-
sured concentrations) and outcomes among patients 
in whom automated drug delivery has been used. The 
inaccuracies associated with pharmacokinetic model–
driven devices are attributed to both the software and 
hardware, as well as to pharmacokinetic variability 
(Fig. 33-29).

Inaccuracy in the software results from incorrect 
mathematic implementation of the pharmacokinetic 
model. Computer simulations can be used to test the 
infusion rates as calculated by a software program, and 
thus software errors are fairly simple to identify and cor-
rect.138 Inaccurate drug delivery from the infusion pump 

A

B

C
Figure 33-27. Target-controlled infusion (TCI) pumps. A, Injectomat 
TIVA Agilia from Fresenius Kabi (Bad Homburg, Germany). B, Alaris 
PK Syringe pump from Carefusion (Basingstoke, UK). C, Syramed 
μSP6000 from Arcomed (Regensdorf, Switzerland).



infrequently occurs with present syringe-pump technol-
ogy and contributes little to the overall inaccuracy of 
these devices.139 The major cause of inaccuracy is biologic 
variability, of which there are two sources: (1) the phar-
macokinetic model is always wrong,140 and (2) the phar-
macokinetics of the patient is not as programmed into 
the model. The pharmacokinetic model is always wrong 
because individuals are far more complex than implied by 
simple compartment models, and no model can precisely 
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Figure 33-28. Simulation of propofol plasma (A) versus effect com-
partment–controlled (B) target-controlled infusion (TCI). 
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predict the concentrations, even if the pharmacokinetic 
parameters in the individual were known with absolute 
precision. However, even if the pharmacokinetic model 
truly reflected the underlying biologic variables, the 
parameters of the model would be average parameters 
for the population and not the exact parameters of the 
patient. Even if the parameters were modified to reflect 
the influence of demographic factors such as age, gen-
der, hypovolemia, and co-administration of other drugs, 
the parameters would still deviate from the true phar-
macokinetic parameters in the individual. Thus biologic 
variability fundamentally precludes the possibility of pre-
cisely achieving the desired target concentration when 
automated drug delivery devices are used. Realizing that 
biologic variability always exists, no matter how drugs are 
given, and that this same biologic variability affects all 
methods of drug delivery is important. Nonetheless, the  
variability with TCI devices will always be less than the 
variability observed after a single bolus injection.141  
The performance of computer-controlled drug adminis-
tration must be interpreted in terms of the therapeutic 
expectations of the clinician. Possible goals include accu-
rately producing a desired concentration in plasma, pre-
cisely titrating the plasma drug concentration, achieving 
the desired drug effect, and producing the desired time 
course of drug effect. Over the past decade, investiga-
tors have addressed each of these goals and have refined 
the performance of automated drug delivery devices 
accordingly.

The ability of an automated drug delivery system 
to rapidly achieve and then maintain a selected target 
concentration is a logical measure of the performance 
of such a device. The difference between the measured 
and target concentrations can be expressed in several 
ways. Classic graphic representations are X-Y plots 
depicting predicted versus measured blood (plasma) 
drug concentrations (Fig. 33-30) or the relationship of 
the measured and predicted drug concentration versus 
time of administration (Fig. 33-31). Numerically, the 
primary concern is how far the measured concentra-
tion is from the predicted one; this relationship is now 
most frequently described in terms of performance 
error, which is the difference between the measured 
Pharmacokinetic
modeling

Infusion
algorithm

Software

Host computer

Power failure
Hardware failure
Software “bug”

Algorithmic error
Communication error

Infusate

Incorrect concentration

Infusion device

Inaccurate delivery
Malfunction

Communication error

Patient

IV line disconnection
Acute pharmacokinetic changes

Pharmacokinetic variability
Sampling error/assay error

Figure 33-29. Major sources of potential error in pharmacokinetic model–driven drug delivery. In a commercial device, the computer functions 
are incorporated into the infusion device. IV, Intravenous.
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Figure 33-30. Predicted versus measured propofol plasma concentration for the four pharmacokinetic models. Each point represents a single 
sample. Thin black line represents the line of identity. For target-controlled infusion (TCI) and long infusion conditions, the bold red line shows the 
regression line and the bold dashed green line indicates the 95% confidence interval for the regression line. The formula represents the equation 
from the linear regression. (From Masui K, Upton RN, Doufas AG, et al: The performance of compartmental and physiologically based recirculatory 
pharmacokinetic models for propofol: a comparison using bolus, continuous, and target-controlled infusion data, Anesth Analg 111:368-379, 2010. 
Used with permission.)
and the target concentrations as a percentage of the 
desired target―for example, [(measured − target) ÷ 
(target × 100%)].142 The median value of the perfor-
mance error for a patient or population is referred to as 
the median performance error (MDPE) and represents 
the average overshoot or undershoot of the system. 
The median absolute performance error (MDAPE) is the 
median of the absolute values of all performance errors. 
The MDAPE is commonly used as a measure of the 
inaccuracy of an automated drug delivery device. An 
MDAPE of zero is perfect performance, and an MDAPE 
of 20% means that one half the plasma concentrations 
will be within 20% of the target and one half will be 
outside that range. A further assessment of accuracy is 
whether the system maintains a stable target concen-
tration, which is best measured by the wobble of the 
system. Varvel and colleagues142 asked a group of clini-
cians to evaluate the performance of automated drug 
delivery devices and demonstrated that the MDAPE 
best predicted the adequacy of performance of the 
automated delivery device, as judged by experienced 
clinicians.

As observed earlier, expecting all performance errors 
to be zero is not reasonable. However, it would be desir-
able if positive and negative errors offset each other so 
that the MDPE of an automated drug delivery device 
were 0%. The MDPE does not indicate the range of 
performance errors (because positive and negative per-
formance errors offset each other), but it does indi-
cate whether the plasma concentrations achieved with 
the device tend to overshoot (+MDPE) or undershoot  
(−MDPE) the desired target.

Many groups have evaluated the accuracy of many 
different pharmacokinetic sets for virtually all the 
intravenous hypnotics and analgesics.12,30,61,143-155 
Based on many of these studies, the expected perfor-
mance of such devices, at best, tends to be around 20% 
to 30% MDAPE.
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Figure 33-31. Time course of the measured/predicted concentration relationship versus time of drug administration. The dotted lines indicate 
an acceptable range of measured/predicted plasma drug concentration (Cp). The red line indicates the Friedman Super Smoother curve for the 
population data. (From Masui K, Upton RN, Doufas AG, et al: The performance of compartmental and physiologically based recirculatory pharmaco-
kinetic models for propofol: a comparison using bolus, continuous, and target-controlled infusion data, Anesth Analg 111:368-379, 2010. Used with 
permission.)
Model Selection for Target-Controlled 
Infusion
For most intravenous drugs, various multicompartment 
pharmacokinetic-dynamic models have been published. 
The pharmacokinetics of propofol have been the most 
frequently tested (see Fig. 33-6). Coetzee and co-workers 
compared the accuracy of some of the models published 
before 1995 and found that propofol TCI using the model 
published by Marsh and co-workers resulted in acceptable 
performance (MDPE −7%; MDAPE 18%).148

The Marsh model was incorporated in the first com-
mercially available TCI system (Diprifusor). Clinical stud-
ies using this plasma-controlled TCI system showed that 
the technique and model were clinically useful in vari-
ous clinical situations.156-160 The major drawback of the 
Marsh model is the lack of effect compartment informa-
tion and the fact that weight is the only covariate. More 
recently, Schnider and co-workers54,161 evaluated age, 
height, weight, and lean body mass as covariates in a new 
combined pharmacokinetic-dynamic three-compartment 
model. The large variability of the study population (18 
to 81 years of age and weighing 44 to 123 kg) provides a 
wide applicability of the model. Several validation studies 
rated this model accurate under various conditions. For 
example, Masui and colleagues12 studied the measured 
propofol plasma concentrations versus predicted by the 
four published models and revealed bias in all three com-
partment models during the bolus and short infusion 
regimens (see Figs. 33-30 and 33-31).

In the long infusion, a worse measured/predicted pro-
pofol plasma concentration at higher concentration was 
observed for the Marsh and Schüttler162 models than for 
the two other models. Less biased measured/predicted 
propofol plasma concentration was found for all models 
during TCI. In the bolus group, after 1 minute, a clear 
overprediction was observed for all three-compartment 
models for the entire 5-minute period; however, this 
initial error resolved after 4 minutes in the Schnider 
model. During the bolus and short infusion conditions, 
the Marsh model demonstrated worse MDPE and MDAPE 
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when compared with the other models. During short 
infusion, MDAPE for the Schnider and Schüttler models 
was better. All models showed similar MDPE and MDAPE 
during TCI simulations. During long infusion, the Marsh 
and the Schüttler models underestimated the higher 
plasma concentrations. Interestingly, the physiologically 
based recirculatory model developed by Upton and co-
workers13 did not reveal a better description of the phar-
macokinetic time course. The Schüttler model has a major 
practical drawback; it defined the infusion characteristics, 
being bolus or infusion, as a significant covariate, thereby 
discouraging TCI applicability.

When comparing the Schnider and Marsh model dur-
ing effect compartment–controlled TCI, Coppens and 
co-workers163 found a significant difference in behavior. 
When targeting the effect-site concentration detected 
at the moment of loss of consciousness, patients in the 
Marsh model group woke up and those in the Schnider 
model group showed a further deepening of anesthesia as 
measured by the BIS. They concluded that targeting the 
effect-site concentration at which patients lose conscious-
ness with effect-site controlled TCI does not translate 
into an immediate constant effect. Others have observed 
contradictory findings.164 As a result, more fundamental 
research is required to better understand the mechanisms 
of anesthetic-induced loss of consciousness and to subse-
quently fine tune the pharmacometric principles govern-
ing effect-site modeling.132

An additional drawback of the Schnider model is 
the use of lean body mass as calculated using the equa-
tion developed by James.165 The quadratic behavior 
of the lean body mass function makes it invalid (nega-
tive values!) when used in patients who are very obese. 
Therefore as changing population demographics such as 
obesity might influence the pharmacokinetics of propo-
fol, models should ideally be applicable to a broad range 
of population demographics before being used in clini-
cal practice. Recently, Cortinez and co-workers166 derived 
a population pharmacokinetics model using obese and 
nonobese data to describe the pharmacokinetics of pro-
pofol over a wide range of body weights. A model using 
allometric scaling of total body weight as the size descrip-
tor of volumes and clearances was superior to other size 
descriptors to characterize propofol pharmacokinetics 
in patients who are obese. When using allometric scal-
ing, growth and development can be studied using clas-
sic covariates (e.g., weight, age, sex). Size is the primary 
covariate and can be referenced to a 70-kg person with 
allometric scaling using a coefficient of 0.75 for clearance 
and 1 for volume. Anderson and Holford167 promote this 
approach because the use of these coefficients is sup-
ported by fractal geometric concepts and observations 
from biologically diverse areas.168

Two pharmacokinetic models for propofol in chil-
dren are available in clinical TCI systems. Kataria and 
colleagues described the time course of propofol plasma 
concentration in a population of children between ages 
of 3 and 11 years using a three-compartment model with 
weight as the sole significant covariate. Weight-adjusting 
the volumes and clearances significantly improved the 
accuracy of the pharmacokinetics. Adjusting the pharma-
cokinetics for inclusion of additional patient covariates 
or using a mixed-effects model did not further improve 
the ability of the pharmacokinetic parameters to describe 
the observations.169 An alternative propofol TCI model 
called Paedfusor, developed by the Glasgow research 
group, incorporated a preliminary model published by 
Schüttler and co-workers162 and was recently found to 
be more accurate than the Kataria model. In this recent 
study, Coppens and associates30 were the first to publish 
a combined pharmacokinetic-pharmacodynamic model 
for propofol in children, revealing a ke0 of 0.79 min-1 and 
a Ce50 of 3.85 μg/mL as measured using the BIS (Table 
33-6).

Table 33-7 shows the clinically used pharmacokinetic-
pharmacodynamic models for remifentanil, fentanyl, suf-
entanil, and alfentanil. For sufentanil, the covariate model 
developed by Gepts and colleagues170 is accurate with 
MDPE between −2.3% and 22.3% and MDAPE between 
18.5% and 29%, even in patients who are obese150-152 (also 
see Chapter 71). Multiple pharmacokinetic models were 
developed for alfentanil. A combined analysis of these 
early study results using a true population analysis was 
used to develop a new alfentanil model.171 A compari-
son showed a better performance for the Maitre alfentanil 
model (MDPE, 35%; MDAPE 36%) than the Scott model 
(MDPE, 12%; MDAPE, 28%).154 Other studies found con-
tradictory results.145

A compartment fentanyl model without covariates 
specifically aiming for TCI was developed147 and tested 
in both lean and obese patients.172 A simulated plasma 
concentration required a specific correction in patients 
who were obese.172 Various three-compartment combined 
pharmacokinetic-pharmacodynamic models for remifent-
anil were developed from studies with both volunteers and 
patients; however, only the model published by Minto 
and colleagues is applied in TCI.54,173 Evaluation of this 
model showed an acceptable performance, with an MDPE 
of −15% and an MDAPE of 20%.155 Because combined 
pharmacokinetic-pharmacodynamic models are lacking 
for some of the opioids, the times to peak effect after a 
bolus administration of alfentanil (1.4 min), fentanyl (3.6 
min), and sufentanil (5.6 min) can be applied to calculate 
the effect-site concentration using the tpeak algorithm.31

Preliminary remifentanil models in children have been 
developed (also see Chapter 93). For example, Rigby-
Jones and colleagues174 applied allometric scaling dur-
ing a study of remifentanil pharmacokinetics in children 
and reported a single fixed allometric function scaled to a 
body mass of 10.5 kg that performed well across a broad 
range of patient weights. In addition to propofol and 
the opioids, compartment models have been published 
describing the time course of the plasma concentration 
and clinical effect of benzodiazepines, neuromuscu-
lar-blocking drugs, ketamine, and dexmedetomidine, 
although these drugs have not yet been included in the 
commercially available TCI pumps.

Rational Target Concentration Selection
No single regimen, concentration, or drug combination 
applies to all patients. Most of the previously mentioned 
pharmacokinetic-pharmacodynamic models have been 
derived from population pharmacologic studies. Interpa-
tient variability limits the accuracy of the estimated drug 
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TABLE 33-6 COMMO OLLED INFUSION SYSTEMS  
FOR HYPNOTICS

Drug/Model
K21  
(min-1)

K31  
(min-1)

Ke0 
(min-1)

TPPE  
(min)

Propofol/Marsh149 0.055 0.0033 0.26 a NA
Propofol/Schnider226,227 (1.29 – 0.024  

× [age − 53] ÷  
(18.9 − 0.391  
× [age − 53])

0.0035 0.456 1.69

Propofol/Paedfusor228 0.041 0.0019 NA NA
Propofol/Kataria229 0.059 0.0032 NA NA
Ketamine/Domino230 0.2470 0.0146 NA NA

aKe0 derived independently 
LBM, Lean body mass; TPPE,
NLY APPLIED PHARMACOKINETIC-PHARMACODYNAMIC MODELS FOR TARGET-CONTR

V1 V2 V3 K10 (min-1)
K12  
(min-1)

K13  
(min-1)

0.228 L/kg 0.363 L/kg 2.893 L/kg 0.119 0.112 0.042
4.27 L 18.9 – 0.391  

(age 53) L
238 L 0.443 + 0.0107  

× (weight – 77) – 0.0159 
× (LBM – 59) + 0.0062 
× (height – 177)

0.302 – 
0.0056  
(age 53)

0.196

0.458 L/kg 1.34 L/kg 8.20 L/kg 70 × weight-0.3 ÷ 458.3 0.12 0.034
0.52 L/kg 1.0 L/kg 8.2 L/kg 0.066 0.113 0.051
0.063 L/kg 0.207 L/kg 1.51 L/kg 0.4381 0.5921 0.59

from the PK model by Schüttler and colleagues.231

 time to peak effect.
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TABLE 33-7 COMMONLY APPLIED PHARMACOKINETIC-PHARMACODYNAMIC MODELS FOR  
TARGET-CONTROLLED INFUSION SYSTEMS FOR ANALGESICS

Drug Remifentanil Sufentanil Fentanyl Alfentanil

Model Minto54,173 Gepts170 Shafer147 Maitre171

V1 (5.1 − 0.0201 [age − 40]) + 0.072  
× (LBM − 55) L

14.3 L 6.09 L ♂ = 0.111 L/kg
♀ = 1.15 × 0.111 L/kg

V2 (9.82 − 0.0811 [age − 40]) + 0.108 (LBM − 55) L 63.4 L 28.1 L 12.0 L
V3 5.42 L 251.9 L 228 L 10.5 L
K10 (min-1) (2.6 − 0.0162 [age − 40]) + 0.0191 (LBM − 55)  

÷ V1
0.0645 0.083 <40 year = 0.356/V1

>40 year = 0.356 − (0.00269 [age − 40]) ÷ 
V1

K12 (min-1) (2.05 − 0.0301 [age − 40])/V1 0.1086 0.4713 0.104
K13 (min-1) (0.076 − 0.00113 [age − 40])/V1 0.0229 0.22496 0.017
K21 (min-1) K12 × V1 ÷ V2 0.0245 0.1021 0.067
K31 (min-1) K13 × V1 ÷ V2 0.0013 0.00601 < 40 year = 0.0126

> 40 year = 0.0126-0.000113 (age − 40)
Ke0 (min-1) 0.595 − 0.007(age-40) NA 0.147a 0.77a

aKe0 is derived independently from the PK model by Scott and colleagues.39

LBM, Lean body mass.
concentration for the individual but can be counteracted 
if the model is built while exploring a wide variety of pos-
sible covariates using parametric modeling, optionally 
nonlinear mixed-effects modeling. Consequently, cau-
tion is needed when applying these models to patients 
who are obese, older, very young, diabetic, alcoholic, or 
unwell if similar participants were not part of the study 
population. The current commercial implementations of 
TCI therefore do not function with patients with char-
acteristics beyond the range of the model’s develop-
ment study population. As illustrated by Absalom and 
co- workers, the use of specific TCI algorithms outside the 
original studied population might result in dangerous 
drug infusion profiles.11 These investigators compared 
two currently used methods for calculating the effect-site 
concentration for propofol in patients who were obese, 
one using a fixed ke0 and the other using a fixed tpeak (see 
also “Direct Effect Models” earlier in this chapter).

Other obvious sources of reduced single-drug model 
accuracy are errors such as drug spills, excessive blood loss 
causing shock, or pharmacokinetic drug interaction.175-177

Growing evidence suggests that gender, ethnic, and 
racial differences may be important sources of popula-
tion pharmacokinetic-pharmacodynamic variability and 
should be considered when designing dosage regimens.178 
Xu and co-workers47 evaluated the C50 for propofol-remi-
fentanil TCI and the BIS at loss of consciousness and the 
response to noxious stimulus in patients of Chinese eth-
nicity and revealed that the predicted blood and effect-
site concentrations at loss of consciousness were lower 
than those in previous publications involving Caucasian 
populations.

An additional caveat is required with the use of dif-
ferent formulations of a drug. For propofol, Calvo and 
colleagues179 found that pharmacokinetics and pharma-
codynamics were not equal for all formulations, which 
contributed to an increase in variability of the observed 
effect. Because of the aforementioned factors, no single 
regimen, concentration, or drug combination applies to 
all patients. Some guidance can be found in the effective 
concentrations at which 50% and 95% of patients have 
accurate clinical effect (see Table 33-3). As with all drug 
administration in anesthesia, clinical judgment is always 
required, and the target concentration should be titrated 
according to the clinical response of the patient.

The ability of TCI to rapidly achieve and maintain a 
steady concentration facilitates attaining a desired drug 
effect, irrespective of the absolute achieved drug concen-
tration in the target compartment. The application of TCI 
in most cases even reduces the variability of intersubject 
drug-response curves.141 As a result, clinical outcomes 
when comparing TCI versus manual infusion were found 
to be improved in various early studies, although contra-
dictions exist in the literature. Two decades ago, Ausems 
and co-workers180 compared pharmacokinetic model–
driven administration with intermittent bolus adminis-
tration of alfentanil. Automated drug delivery produced 
fewer episodes of muscular rigidity, hypotension, and 
bradycardia on induction. Automated drug delivery dur-
ing maintenance resulted in a significantly less frequent 
incidence of hemodynamic response, which resulted 
in a larger percentage of anesthesia time within 15% of 
the desired arterial blood pressure and heart rate. Recov-
ery after TCI was associated with significantly less use 
of naloxone for adequate ventilation. Pharmacokinetic 
model–driven infusion of fentanyl during cardiac surgery 
resulted in better hemodynamic control with fewer addi-
tional drug interventions and significantly fewer episodes 
of either hypotension or hypertension than with bolus 
dose administration.181 Theil and colleagues182 com-
pared double-blind manual administration of fentanyl-
midazolam with pharmacokinetic model–driven infusion 
of these two drugs in a small group of patients under-
going cardiac surgery. Both systems were simultaneously 
titrated (one containing placebo), with the aim of main-
taining hemodynamics within 20% of baseline values. 
Both systems were equally effective in providing hemo-
dynamic control as dictated by the protocol. The most 
significant difference between the two modes of delivery 
was the greater variability in drug plasma concentrations 
in the manual group, which suggested that pharmacoki-
netic model–driven infusion maintained patients within 



a more narrow therapeutic range. Using the first com-
mercially available TCI system (Diprifusor), early studies 
administering propofol by plasma-targeted TCI showed 
some benefits.157,183,184 These revealed a significant pref-
erence of clinicians for the TCI system, although this was 
their first use of the device. Equal results between manual 
infusion and TCI were only observed when targeting pro-
pofol to a specific BIS value.185,186 In a Cochrane review 
systemically including most studies using propofol 
plasma–targeting TCI devices, Leslie concluded that the 
evidence was insufficient to make firm recommendations 
about the use of target- versus manual-controlled infu-
sion in clinical anesthetic practice.126 The primary reason 
for these contradictory results is that early TCI devices 
targeted the plasma, which is not the site of drug effect 
(see also “Pharmacodynamic Considerations” earlier in 
this chapter).

Using experimental systems, Glass137 and Struys62 
and their colleagues conducted similar studies in which 
they targeted either plasma or effect-site concentration 
of propofol and then observed the time and plasma ver-
sus effect-site concentration at loss of consciousness. 
In both studies, regardless of whether the effect-site or 
plasma concentration was targeted, loss of consciousness 
occurred when the appropriate effect-site concentration 
for loss of consciousness was achieved, thus validating the 
concept. Two other important observations were made 
during these studies. First, hemodynamic factors were not 
different whether plasma or the effect site was targeted, 
although higher plasma concentrations were achieved in 
the effect-site group. This finding implies, at least for pro-
pofol, that the time course for its hemodynamic effects is 
similar or longer187 to that for its anesthetic effects. Sec-
ond, ke0 is dependent on the pharmacokinetic set from 
which it is derived.31 A ke0 value cannot be taken from 
one pharmacokinetic set and used with another pharma-
cokinetic set.30 Just as various demographics may alter 
the pharmacokinetics, they may also alter ke0. Therefore 
using the ke0 best adapted for the clinical milieu is desir-
able. An ideal test of whether targeting plasma or the 
effect site is better is to compare their use in a closed-loop 
system in which a measure of effect (e.g., the BIS) is used 
as the target of control. In a small study of 10 patients 
per group, Absalom and Kenny showed that maintenance 
of the targeted BIS (as measured by MDPE, MDAPE, and 
wobble) was somewhat improved and induction times 
were significantly shorter when the pharmacokinetic 
model was for the effect site rather than for the plasma.188 
Effect compartment–controlled TCI systems are currently 
commercially available in many countries (not the United 
States).

TCI remifentanil provided improved hemodynamic 
control both intraoperatively and postoperatively with 
less remifentanil and similar propofol infusion rates.189 
Age dramatically influences the pharmacokinetics of remi-
fentanil; consequently, a TCI model that includes age will 
result in a beneficial drug titration compared with a stan-
dard μg/kg/min infusion (also see Chapter 80). For deep 
sedation in spontaneously breathing patients, Moerman 
and associates190 found that the combination of remi-
fentanil and propofol offered better conditions for colo-
noscopy than propofol alone; and that TCI remifentanil 
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administration was associated with reduced propofol dos-
ing and a less frequent incidence of apnea and respiratory 
depression, compared with manually controlled admin-
istration. Others have confirmed this finding.191 In addi-
tion, effect compartment–controlled TCI may offer better 
control of the dose-response relationship.62,192,193

Pharmacokinetic model–driven infusion of propofol 
compares favorably with inhaled anesthetics. Sneyd and 
co-workers compared TCI propofol with sevoflurane in 
patients undergoing neurosurgical procedures and found 
little difference between the two techniques194 (also see 
Chapter 70). This finding implies that given the appro-
priate means for administration, intravenous anesthesia 
can be equivalent to inhaled anesthetics in achieving 
the objectives of anesthesia; that is, rapid induction 
and recovery with stable maintenance. Passot and co-
workers195 compared TCI, manual propofol infusion, 
and etomidate/desflurane in high-risk older patients 
undergoing hip fracture surgery and concluded that TCI 
improved the time course of propofol-induced hemody-
namic effects in these patients.

In noncomparative studies, pharmacokinetic model–
driven infusion has been used to administer most of 
the potent opioids, as well as the hypnotics. Different 
anesthetic techniques have also been tested with phar-
macokinetic model–driven infusion devices, includ-
ing nitrous oxide–opioid anesthesia, supplementation 
of volatile anesthetics, total intravenous anesthesia, 
sedation for monitored anesthesia care, and intensive 
care unit (ICU) sedation. In all these studies, outcome 
as measured by hemodynamics and recovery has been 
within the expectations of normal clinical care. Etomi-
date, methohexital, midazolam, propofol, thiopental, 
dexmedetomidine, alfentanil, fentanyl, remifentanil, 
and sufentanil have all been used with TCI. When these 
drugs were used with target-controlled drug delivery sys-
tems for total intravenous anesthesia or to supplement 
nitrous oxide or volatile anesthetics, hemodynamics 
were well maintained during induction and intubation, 
as well as during maintenance. Recovery milestones 
were reached at times comparable with those achieved 
with similar drug combinations used in manual infusion 
schemes. None of these studies have reported adverse 
outcomes resulting from target-controlled drug deliv-
ery. TCI devices have also been used to provide PCA. For 
example, Van den Nieuwenhuyzen and colleagues dem-
onstrated advantages of PCA-TCI with alfentanil over 
routine morphine PCA.66,154,196,197 Analgesia support 
using effect-site targeted TCI of remifentanil or fentanyl 
during extracorporeal shock-wave lithotripsy was tested 
by Cortinez and colleagues. They found a remifentanil 
and fentanyl EC50 of 2.8 ng/mL and 2.9 ng/ mL. At EC50, 
the probability of having a respiratory rate less than 10 
was 4% for remifentanil and 56% for fentanyl. Hypox-
emia, vomiting, and sedation were more frequent in the 
fentanyl group, making this drug less suitable for this 
clinical application than remifentanil. Lipszyc and asso-
ciates111 accurately used remifentanil effect-site PCA-TCI 
with a slow and progressive adapted algorithm for treat-
ment of acute pain after uterine artery embolization and 
showed that it provided better care than PCA morphine 
in the first 4 hours of administration
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Preliminary results have been published for the use of 
propofol TCI in the ICU (also see Chapter 101). McMur-
ray and co-workers198 proposed propofol plasma targets 
between 0.2 and 2.0 μg/mL for ICU sedation. In their 
study, acceptable sedation levels occurred in 84% of the 
sedation period and predicted propofol concentrations 
were close to measured concentrations.

The authors have concluded that automated drug 
delivery of intravenous anesthetics is at least equal to 
manual delivery of these drugs. Intravenous drug admin-
istration via target-controlled drug delivery is analogous 
to inhaled volative anesthetic delivery via a calibrated 
vaporizer. Similar to the vaporizer, pharmacokinetic 
model–driven infusion facilitates drug delivery based on 
plasma or biophase concentration rather than on drug 
dosage. Variability exists with the use of a calibrated 
vaporizer, including the variability in the accuracy of 
drug delivery with vaporizers, slow equilibration between 
the fresh gas flow and the circuit at low flow rates, and 
variable uptake by the patient. This variability does not 
particularly complicate the titration of inhaled anesthet-
ics. The variability with target-controlled drug delivery is 
of a similar magnitude and can be demonstrated to be 
less than the variability associated with vaporizers and, 
likewise, does not particularly complicate titration of 
intravenous anesthetics. Indeed, the variations in sur-
gery-dependent and patient-dependent stress responses 
require titrated administration of potent inhaled anes-
thetics by using the calibrated vaporizer as a tool. These 
same factors require that the clinician carefully titrate 
the infusion of intravenous anesthetic drugs when using 
automated drug delivery as a tool.

No real-time plasma concentration measurements of 
intravenous drugs are available for clinical use. If avail-
able, such measurements may improve drug delivery or 
might optimize TCI administration for the individual 
patient.199 Recently, efforts have been made to measure 
expired air propofol concentrations and to correlate these 
with plasma concentrations. Several promising tech-
niques have been described. Miekisch and co-workers 
have used proton transfer mass spectrometry and head-
space solid-phase microextraction coupled with gas chro-
matography-mass spectrometry.200 Perl and colleagues201 
used an ion mobility spectrometer coupled to a multicap-
illary column for preseparation (multicapillary column–
ion mobility spectrometer), and Grossherr and colleagues 
used gas chromatography mass spectrometry.202 The lat-
ter group also described the difference between blood/gas 
partition coefficient and pulmonary extraction ratio for 
propofol between species, which will be important when 
studying this technique in an animal setting.203 More 
research is required before these measurements can be 
applied to clinical practice.

Closed-Loop Controlled Intravenous  
Drug Delivery
The next step in computer-controlled drug delivery is to 
feed a continuous measure of drug effect directly back 
to the automated drug delivery device, thus providing a 
continuous closed-loop system. This system avoids the 
requirement of a clinician to titrate the target concen-
tration manually, based on intermittent observations 
of the desired therapeutic effect. With manual control, 
attempts to achieve tight titration of hypnosis require 
high clinical expertise and a labor-intensive process and 
may divert the clinician’s attention from critical actions 
resulting in a suboptimal therapy or even threatening 
the patient’s safety. Applying closed-loop drug admin-
istration techniques could optimize this process of dose 
titration.4 The application of closed-loop systems for 
drug administration is complex and requires a perfect 
balance for all the basic components of such a system: 
(1) a control variable representative for the targeted ther-
apeutic effect; (2) a clinically relevant set-point or target 
value for this variable; (3) a control actuator which is, 
in this case, the infusion pump driving the drug; (4) a 
system, in this case a patient; and (5) an accurate, stable 
control algorithm.204

Control algorithms are all based on measuring the 
error between the target and the observed effect. Vari-
ous control strategies are described in the literature to 
steer this closed-loop administration. Proportional-
integral differential (PID) controllers are frequently used 
in engineering applications. This controller will adjust 
the infusion rates in a manner that is proportional to 
the magnitude of the error, the integral of the error 
over time, and the derivative of the error over time. 
The fine-tuning of a PID controller might be difficult 
in this particular setting because of the complexity of 
the system to control and the interindividual pharma-
cologic variability and because directly counteracting 
the administration of excessive drug is not possible. A 
more appropriate approach could be to use a PID con-
trol system connected to a TCI system to decrease the 
order of complexity between dose and response (see Fig. 
33-26).205 An alternative control strategy is called model-
based adaptive control. This controller has an internal 
model of the system, typically set up as an integrated 
pharmacokinetic-pharmacodynamic model that relates 
dose to concentration (pharmacokinetics) and concen-
tration to drug effect (pharmacodynamics). The model is 
updated to explain the difference between the measured 
and predicted drug effect.

A reliable physiologic signal, which is a measure of the 
clinical drug effect, is the most important component of 
closed-loop technology. Vital signs such as arterial blood 
pressure or muscle activity have been used to guide intra-
venous closed-loop drug administration. For example, 
Kenny and co-workers206 successfully evaluated closed-
loop control of arterial blood pressure using a mixture of 
trimethaphan camsylate and sodium nitroprusside dur-
ing controlled hypotensive anesthesia for local resection 
of intraocular melanoma. In the 1980s and the 1990s, 
various researchers investigated the accuracy of closed-
loop controlled administration of atracurium207,208 and 
vecuronium.209 However, since the introduction of the 
novel reversal drug, sugammadex, interest in closed-loop 
administration of vecuronium or rocuronium has signifi-
cantly declined.

The commercialization of various EEG-based depth of 
anesthesia monitors, such as the BIS, spectral entropy, 
and auditory-evoked potential, has renewed the interest 
of various research groups in closed-loop administra-
tion of intravenous hypnotics. Using an early version of 
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Figure 33-32. Flow chart of the closed-loop system. The solid lines represent the closed-loop control system. At each time the required effect-site 
concentration is calculated by the controller. This value is sent to an additional algorithm, taking the safety limits into account. The result of these 
calculations is the required effect-site concentration sent to the target-controlled infusion (TCI) algorithm, which steers a pump injecting propofol 
to the patient. The measured bispectral index (BIS) is used as the input of the closed-loop controller. The dotted lines represent the Bayesian sigmoid 
EMAX model estimator. The estimator receives a priori information from the population sigmoid EMAX model, the optimal Bayesian variances for con-
trol and the patient-measured BIS values (From De Smet T, Struys MM, Greenwald S, et al: Estimation of optimal modelling weights for a Bayesian-based 
closed-loop system for propofol administration using the bispectral index as a controlled variable: a simulation study, Anesth Analg 105:1629-38, 2007. 
Used with permission.)
the BIS as the control variable, Sakai and colleagues210 
concluded that their closed-loop system provided 
intraoperative hemodynamic stability and a prompt 
recovery from sedative-hypnotic effects of propofol. A 
similar propofol closed-loop system using the BIS and 
PID control of a plasma-controlled TCI system showed 
acceptable control during major orthopedic surgery211 
and during sedation.212 Although these investigators 
improved the performance of their control system by 
switching toward effect-site targeted TCI, they also 
concluded that the PID controller might still face some 
stability problems. Similarly, Liu and colleagues used 
a closed-loop titration of TCI based on a proportional-
differential algorithm guided by the BIS, allowing 
induction and maintenance of general anesthesia and 
compared this with manual propofol TCI. They found 
that closed-loop control resulted in smaller propofol 
consumption and longer induction times but with bet-
ter hemodynamic stability, less excessive anesthetic 
levels (BIS <40), similar hemodynamic stability, and 
faster recovery.205,213 More recently, the same research-
ers tested a more advanced version of their system, now 
using full PID control, for closed-loop co-administra-
tion of both propofol and remifentanil, using the BIS as 
the controlled variable. A rule-based algorithm decides 
when to change the propofol or remifentanil targets. In 
a multicenter study, this system showed a better overall 
performance versus manual administration.214 A simi-
lar approach was used with an alternative EEG-derived 
index, spectral entropy.215

Model-based adaptive control of BIS-guided propofol 
administration was previously used by Struys and col-
leagues for sedation during spinal anesthesia and for 
general anesthesia.216,217 The control algorithm is based 
on a patient-specific pharmacodynamic profile estimated 
during induction. Compared with manually titrated pro-
pofol administration, patients in the closed-loop group 
reached the target BIS at a somewhat slower rate, but this 
resulted in less BIS overshoot and better hemodynamics 
after induction. During the maintenance phase, improved 
control of the BIS and systolic blood pressure was found 
in the closed-loop group and recovery was faster. Using 
simulations, these authors compared their model-based 
control system with a previously published PID controller 
and found that the model-based controller outperformed, 
even under extreme control conditions such as low and 
high BIS levels and abrupt changes in the BIS levels.218 
More recently, De Smet and Struys developed the adap-
tive part of the controller using Bayesian optimization 
(Fig. 33-32)219 and compared the feasibility and accuracy 
of this system with manually controlled BIS-guided, effect 
compartment–controlled propofol TCI during ambulatory 
gynecologic procedures. They found that the closed-loop 
control system accurately titrated propofol administration 
resulting in BIS values close to the set point. The closed-
loop control system was able to induce anesthesia in the 
patients within clinically accepted time limits and with 
less overshoot than the manual control group. Automated 
control resulted in beneficial recovery times. This closed-
loop control group showed similar acceptable clinical per-
formance specified by similar hemodynamic, respiratory 
stability, comparable movement rates, and quality scores 
as the manual control group.220

Alternative closed-loop systems have been developed 
for isoflurane administration using a controller with a 
cascade structure, originally described by Gentilini and 
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associates.221,222 Recently, Moore and Doufas designed a 
closed-loop system using an intelligent system technique 
called reinforcement learning, known as a mathematically 
robust method of achieving optimal control in systems 
challenged with noise, nonlinearity, time delay, and 
uncertainty.223,224

So far, all developed closed-loop systems have been 
used under strict experimental conditions. The challenge 
is now to prove their safety and utility when applied in 
clinical practice.225 Finally, clinicians will have to deter-
mine whether adaptive, intelligent computer systems 
with dual, interacting, closed-loop systems will facilitate 
better control and improve patient outcomes.132
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Pharmacology of Neuromuscular 
Blocking Drugs
MOHAMED NAGUIB • CYNTHIA A. LIEN • CLAUDE MEISTELMAN

K e y  P o i n t s

 •  Two different populations of nicotinic acetylcholine receptors exist at the 
mammalian neuromuscular junction. In the adult, the nicotinic acetylcholine 
receptor at the postsynaptic (muscular) membrane is composed of α2βδε subunits. 
Each of the two α subunits has an acetylcholine-binding site. The presynaptic 
(neuronal) nicotinic receptor is also a pentameric complex composed of α3β2 
subunits (see also Chapter 18).

 •  Nondepolarizing muscle relaxants produce neuromuscular blockade by competing 
with acetylcholine for the postsynaptic α subunits. In contrast, succinylcholine 
produces prolonged depolarization that results in decreased sensitivity of the 
postsynaptic nicotinic acetylcholine receptor and inactivation of sodium channels so 
that propagation of the action potential across the muscle membrane is inhibited.

 •  Different forms of neuromuscular stimulation test for neuromuscular blockade at 
different areas of the motor end plate. Depression of the response to single twitch 
stimulation is likely caused by blockade of postsynaptic nicotinic acetylcholine 
receptors, whereas fade in the response to tetanic and train-of-four stimuli results 
from blockade of presynaptic nicotinic receptors.

 •  Succinylcholine is the only available depolarizing neuromuscular blocker. It is 
characterized by rapid onset of effect and ultrashort duration of action because of 
its rapid hydrolysis by butyrylcholinesterase.

 •  Available nondepolarizing neuromuscular blockers can be classified according to 
chemical class (the steroidal, the benzylisoquinolinium, or other compounds) or, 
alternatively, according to onset or duration of action (long-, intermediate-, and 
short-acting drugs) of equipotent doses.

 •  The speed of onset is inversely proportional to the potency of nondepolarizing 
neuromuscular blocking drugs. With the exception of atracurium, molar potency is 
highly predictive of a drug’s rate of onset of effect. Rocuronium has a molar potency 
(ED95 ≈ 0.54 μM/kg) that is approximately 13% that of vecuronium and 9% that of 
cisatracurium. Its onset of effect is more rapid than either of these muscle relaxants.

 •  Neuromuscular blockade develops faster, lasts a shorter time, and is recovered 
from more quickly in the more centrally located neuromuscular units (e.g., 
laryngeal adductors, diaphragm, and masseter muscle) than in the more 
peripherally located adductor pollicis.

 •  The long-acting neuromuscular blockers undergo minimal or no metabolism, and 
they are primarily eliminated, largely unchanged, by renal excretion. Neuromuscular 
blockers of intermediate duration of action have more rapid clearances than the 
long-acting blockers because of multiple pathways of degradation, metabolism, and 
elimination. Mivacurium, a short-acting neuromuscular blocker, is cleared rapidly and 
almost exclusively by metabolism by butyrylcholinesterase.

 •  After the administration of nondepolarizing neuromuscular blocking drugs, it is 
essential to ensure adequate return of normal neuromuscular function. Residual 
paralysis decreases upper esophageal tone, coordination of the esophageal 
musculature during swallowing, and hypoxic ventilatory drive. Residual paralysis 
can increase morbidity and mortality.
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HISTORY AND CLINICAL USE

In 1942, Griffith and Johnson described d-tubocurarine 
(dTc) as a safe drug to provide skeletal muscle relaxation 
during surgery.1 One year later, Cullen described the 
use of this drug in 131 patients who had received gen-
eral anesthesia for surgery.2 In 1954, Beecher and Todd 
reported a sixfold increase in mortality in patients receiv-
ing dTc compared with patients who had not received a 
muscle relaxant.3 The increased mortality resulted from 
a general lack of understanding of the clinical pharma-
cology and effects of neuromuscular blocking drugs 
(NMBDs). The effect of residual neuromuscular blockade 
postoperatively was not appreciated, guidelines for moni-
toring muscle strength had not been established, and the 
importance of pharmacologically antagonizing residual 
blockade was not understood.

Succinylcholine, introduced by Thesleff4 and Foldes 
and associates5 in 1952, changed anesthetic practice 
drastically because the drug’s rapid onset of effect and 
ultrashort duration of action allowed for both rapid endo-
tracheal intubation and rapid recovery of neuromuscular 
strength.

In 1967, Baird and Reid first reported on the clinical 
administration of the first synthetic aminosteroid, pan-
curonium.6 The development of the intermediate-acting 
NMBDs built on the compounds’ metabolism and resulted 
in the introduction of vecuronium,7 an aminosteroid, 
and atracurium,8 a benzylisoquinolinium, into clinical 
practice in the 1980s. Vecuronium was the first muscle 
relaxant to have an intermediate duration of action and 
minimal cardiovascular actions. Mivacurium, the first 
short-acting nondepolarizing NMBD, was introduced into 
clinical practice in the 1990s,9 as was rocuronium,10 an 
intermediate-acting nondepolarizing blocker with a very 
rapid onset of neuromuscular blockade. Other NMBDs 
have been introduced into clinical practice since the use 
of dTc was first advocated. These include pipecuronium, 
doxacurium, cisatracurium, and rapacuronium. Although 
all do not remain in use, each represented an advance or 
improvement in at least one aspect over its predecessors. 
Still other NMBDs, such as gantacurium and CW 002,11 
are undergoing investigation.

NMBDs should be administered only to anesthetized 
individuals to provide relaxation of skeletal muscles. 
Because this class of drugs lacks analgesic or amnestic prop-
erties, these drugs should not be administered to prevent 
patient movement. Awareness during surgery12 and in the 
intensive care unit (ICU)13 has been described in multiple 
publications. As stated by Cullen and Larson, “muscle 
relaxants given inappropriately may provide the surgeon 
with optimal [operating] conditions in…a patient14 [who] 
is paralyzed but not anesthetized—a state that [is] wholly 
unacceptable for the patient.”15 Additionally, “muscle 
relaxants used to cover up deficiencies in total anes-
thetic management…represent an…inappropriate use of 
the valuable adjuncts to anesthesia.”15 Administration 
of NMBDs intraoperatively to maintain neuromuscular 
block requires that the time course of block be monitored 
and the depth of anesthesia be continuously assessed.

NMBDs have been integrated into most anesthetic 
techniques for major surgery and have become key 
r 34: Pharmacology of Neuromuscular Blocking Drugs 959

components in the continuous improvement of safe 
anesthetic practice and the development of advanced 
surgical techniques. As earlier stated by Foldes and col-
leagues,5 “…[the] first use of…muscle relaxants…not 
only revolutionized the practice of anesthesia but also 
started the modern era of surgery and made possible the 
explosive development of cardiothoracic, neurologic, 
and organ transplant surgery.” Certainly, NMBDs are 
now used routinely to facilitate endotracheal intubation 
and mechanical ventilation and are commonly used to 
maintain neuromuscular blockade through any number 
of different surgical procedures. This chapter reviews the 
pharmacology and clinical use of NMBDs and anticholin-
esterases in anesthesia and intensive care settings.

PRINCIPLES OF ACTION OF 
NEUROMUSCULAR BLOCKERS AT THE 
NEUROMUSCULAR JUNCTION

A brief description of the physiology of neuromuscular 
blockade is presented in this chapter. A more comprehen-
sive overview is provided in Chapter 18.

POSTJUNCTIONAL EFFECTS

In adult mammalian skeletal muscle, the nicotinic ace-
tylcholine receptor (nAChR) is a pentameric complex of 
two α subunits in association with single β, δ, and ε sub-
units (Fig. 34-1). These subunits are organized to form a 
transmembrane pore, or channel, as well as extracellular 
binding pockets for acetylcholine and other agonists or 
antagonists.16 Each of the two α subunits has an acetyl-
choline-binding site. These sites are located in pockets 
within the receptor protein, approximately 3.0 nm above 
the surface membrane at the interfaces of the αH-ε and 
αL-δ subunits.17 αH and αL indicate the high- and low-
affinity binding sites for dTc and probably result from the 
contribution of the different neighboring subunits.18 For 
instance, the binding affinity of dTc for the αH-ε site is 
approximately 100 to 500 times higher than that for the 
αL-δ site.18 The fetal nAChR contains a γ subunit instead 
of an adult ε subunit. Once activated by acetylcholine, 
the mature nAChR has a shorter opening time and a 
higher conductance to sodium (Na+), potassium (K+), and 
calcium (Ca2+) than does the fetal nAChR, which has a 
considerably longer opening time.16

Functionally, the ion channel of the acetylcholine 
receptor is closed in the resting state. Simultaneous bind-
ing of two acetylcholine molecules to the α subunits ini-
tiates conformational changes that open the channel. If 
one molecule of a nondepolarizer NMBD (i.e., a competi-
tive antagonist) is bound to a subunit at the AChR, two 
agonists cannot bind, and neuromuscular transmission is 
inhibited.19

Succinylcholine, a depolarizing NMBD, produces pro-
longed depolarization of the end plate region, which 
results in (1) desensitization of the nAChR, (2) inactiva-
tion of voltage-gated Na+ channels at the neuromuscu-
lar junction, and (3) increases in K+ permeability in the 
surrounding membrane.19 The end results are failure of 
action potential generation and neuromuscular blockade.
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The fetal nAChR is a low-conductance channel, in 
contrast to the high-conductance channel of the adult 
nAChR. Thus, acetylcholine release causes brief activa-
tion and a reduced probability of the channel’s open-
ing.16 The up-regulation of nAChRs found in states of 
functional or surgical denervation is characterized by 
the spreading of predominantly fetal-type nAChRs. 
These receptors are resistant to nondepolarizing NMBDs 
and are more sensitive to succinylcholine.20 When 
depolarized, the immature isoform has a prolonged 
open channel time that exaggerates the K+ efflux.21 The 
neuronal nicotinic α7 receptor, which also is expressed 
after muscle denervation, has an exaggerated response 
to agonists associated with excessive release of K+ from 
cells.22
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Figure 34-1. Subunit composition of the nicotinic acetylcholine 
receptor (nAChR) in the end plate surface of adult mammalian muscle. 
The adult AChR is an intrinsic membrane protein with five distinct 
subunits (α2βδε). Each subunit contains four helical domains, labeled 
M1 to M4. The M2 domain forms the channel pore. The upper panel 
shows a single α subunit with its N and C termini on the extracellular 
surface of the membrane lipid bilayer. Between the N and C termini, 
the α subunit forms four helices (M1, M2, M3, and M4), which span the 
membrane bilayer. The lower panel shows the pentameric structure 
of the nAChR of adult mammalian muscle. The N termini of two sub-
units cooperate to form two distinct binding pockets for acetylcholine. 
These pockets occur at the ε-α and the δ-α subunit interface. The M2 
membrane-spanning domain of each subunit lines the ion channel. 
The doubly liganded ion channel has equal permeability to sodium 
(Na) and potassium (K); calcium (Ca) contributes approximately 2.5% 
to the total permeability. (From Naguib M, Flood P, McArdle JJ, Brenner 
HR: Advances in neurobiology of the neuromuscular junction: implications 
for the anesthesiologist, Anesthesiology 96:202-231, 2002, with permis-
sion from Anesthesiology.)
PREJUNCTIONAL EFFECTS

Prejunctional receptors are involved in the modulation 
of acetylcholine release in the neuromuscular junction. 
The existence of both nicotinic and muscarinic receptors 
on the motor nerve endings has been described. Bowman 
suggested that the prejunctional nicotinic receptors are 
activated by acetylcholine and function in a positive-
feedback control system that serves to maintain avail-
ability of acetylcholine when demand for it is high (e.g., 
during tetany).23 It is now demonstrated that these pre-
synaptic receptors are the α3β2 neuronal subtype receptor. 
Although most clinically used nondepolarizing NMBDs 
have a distinct affinity to the α3β2 cholinergic receptor, 
succinylcholine lacks affinity for this presynaptic receptor 
subtype. The action of nondepolarizing versus depolariz-
ing NMBDs at this neuronal cholinergic receptor explains 
the typical fade phenomenon after any nondepolarizing 
drugs and the lack of such effect in the clinical dose range 
for succinylcholine.

The G-protein–coupled muscarinic receptors are also 
involved in the feedback modulation of acetylcholine 
release.24 The prejunctional M1 and M2 receptors are 
involved in facilitation and inhibition of acetylcholine 
release, respectively, by modulation of Ca2+ influx.24 The 
prejunctional nicotinic receptors are involved with mobi-
lization of acetylcholine but not directly with the release 
process.25 Hence, blockade of the prejunctional nicotinic 
receptors by nondepolarizing NMBDs prevents acetylcho-
line from being made available fast enough to support 
tetanic or train-of-four (TOF) stimulation. In contrast, the 
prejunctional muscarinic receptors are involved with up-
modulation or down-modulation of the release mechanism.

PHARMACOLOGY OF SUCCINYLCHOLINE

STRUCTURE-ACTIVITY RELATIONSHIPS

All NMBDs contain quaternary ammonium compounds 
and as such are structurally closely related to acetylcho-
line. Positive charges at the quaternary ammonium sites 
of NMBDs mimic the quaternary nitrogen atom of acetyl-
choline and are the structural reason for the attraction of 
these drugs to muscle- and neuronal-type nAChRs at the 
neuromuscular junction. These receptors are also located 
at other sites throughout the body where acetylcholine 
is the transmitter. These sites include the neuronal-type 
nicotinic receptors in autonomic ganglia and as many as 
five different muscarinic receptors on both the parasym-
pathetic and sympathetic sides of the autonomic nervous 
system. In addition, populations of neuronal nicotinic 
and muscarinic receptors are located prejunctionally at 
the neuromuscular junction.19

The depolarizing NMBD, succinylcholine, is composed 
of two molecules of acetylcholine linked through the ace-
tate methyl groups (Fig. 34-2). As described by Bovet,26 
succinylcholine is a small, flexible molecule, and like the 
natural ligand acetylcholine, succinylcholine stimulates 
cholinergic receptors at the neuromuscular junction and 
muscarinic autonomic sites, thus opening the ionic chan-
nel in the acetylcholine receptor.
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PHARMACOKINETICS AND 
PHARMACODYNAMICS

Succinylcholine is the only available NMBD with a rapid 
onset of effect and an ultrashort duration of action. The 
ED95 (the dose causing on average 95% suppression of neu-
romuscular response) of succinylcholine is 0.51 to 0.63 
mg/kg.27 Using cumulative dose-response techniques, 
Kopman and co-workers estimated that its potency is far 
greater,28 and it has an ED95 of less than 0.3 mg/kg.

Administration of 1 mg/kg of succinylcholine results in 
complete suppression of response to neuromuscular stim-
ulation in approximately 60 seconds.29 In patients with 
genotypically normal butyrylcholinesterase (also known 
as plasma cholinesterase or pseudocholinesterase), recov-
ery to 90% muscle strength following administration of 1 
mg/kg succinylcholine requires 9 to 13 minutes.30

The short duration of action of succinylcholine results 
from its rapid hydrolysis by butyrylcholinesterase to suc-
cinylmonocholine and choline. Butyrylcholinesterase 
has a large enzymatic capacity to hydrolyze succinylcho-
line, and only 10% of the administered drug reaches the 
neuromuscular junction.31 The initial metabolite, succi-
nylmonocholine, is a much weaker NMBD than succinyl-
choline and is metabolized much more slowly to succinic 
acid and choline. The elimination half-life of succinyl-
choline is estimated to be 47 seconds.32

Because little or no butyrylcholinesterase is present at 
the neuromuscular junction, the neuromuscular block-
ade of succinylcholine is terminated by its diffusion away 
from the neuromuscular junction into the circulation. 
Butyrylcholinesterase therefore influences the onset and 
duration of action of succinylcholine by controlling the 
rate at which the drug is hydrolyzed before it reaches and 
after it leaves the neuromuscular junction.

DIBUCAINE NUMBER AND 
BUTYRYLCHOLINESTERASE ACTIVITY

Butyrylcholinesterase is synthesized by the liver and 
found in the plasma. The neuromuscular blockade 
induced by succinylcholine is prolonged when the con-
centration or activity of the enzyme is decreased. The 
activity of the enzyme refers to the number of substrate 
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Figure 34-2. Structural relationship of succinylcholine, a depolariz-
ing neuromuscular blocking drug, and acetylcholine. Succinylcholine 
consists of two acetylcholine molecules linked through the acetate 
methyl groups. Like acetylcholine, succinylcholine stimulates nicotinic 
receptors at the neuromuscular junction.
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molecules (μmol) hydrolyzed per unit of time, and it is 
often expressed in International Units. The normal range 
of butyrylcholinesterase activity is quite large30; signifi-
cant decreases in butyrylcholinesterase activity result in 
only modest increases in the time required to return to 
100% of baseline muscle strength (Fig. 34-3).

Factors that lower butyrylcholinesterase activity include 
liver disease,33 advanced age,34 malnutrition, pregnancy, 
burns, oral contraceptives, monoamine oxidase inhibi-
tors, echothiophate, cytotoxic drugs, neoplastic disease, 
anticholinesterase drugs,35 tetrahydroaminacrine,36 
hexafluorenium,37 and metoclopramide.38 Bambuterol, 
a prodrug of terbutaline, produces marked inhibition of 
butyrylcholinesterase activity and causes prolongation of 
succinylcholine-induced blockade.39 The β-blocker esmo-
lol inhibits butyrylcholinesterase but causes only a minor 
prolongation of succinylcholine-induced blockade.40

Decreased butyrylcholinesterase enzyme activity is not 
a major concern in clinical practice because even large 
decreases in butyrylcholinesterase activity result in only 
moderate increases in the duration of action of succinyl-
choline. When butyrylcholinesterase activity is reduced 
to 20% of normal by severe liver disease, the duration 
of apnea after the administration of succinylcholine 
increases from a normal duration of 3 minutes to only 9 
minutes. When glaucoma treatment with echothiophate 
decreased butyrylcholinesterase activity from 49% of 
control to no activity, the increase in duration of neu-
romuscular blockade varied from 2 to 14 minutes. In no 
patient did the total duration of neuromuscular blockade 
exceed 23 minutes.41

DIBUCAINE NUMBER AND ATYPICAL 
BUTYRYLCHOLINESTERASE ACTIVITY

Succinylcholine-induced neuromuscular blockade can 
be significantly prolonged if a patient has an abnormal 
genetic variant of butyrylcholinesterase. The variant was 
found by Kalow and Genest to respond to dibucaine 
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Figure 34-3. Correlation between duration of succinylcholine neu-
romuscular blockade and butyrylcholinesterase activity. The normal 
range of activity lies between the arrows. (From Viby-Mogensen J: Cor-
relation of succinylcholine duration of action with plasma cholinesterase 
activity in subjects with the genotypically normal enzyme, Anesthesiology 
53:517-520, 1980.)
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TABLE 34-1 RELATIONSHIP BETWEEN DIBUCAINE NUMBER AND DURATION OF SUCCINYLCHOLINE  
OR MIVACURIUM NEUROMUSCULAR BLOCKADE

Type of Butyrylcholinesterase Genotype Incidence Dibucaine Number* Response to Succinylcholine or Mivacurium

Homozygous typical E1
uE1

u Normal 70-80 Normal
Heterozygous atypical E1

uE1
a 1/480 50-60 Lengthened by 50-100%

Homozygous atypical E1
aE1

a 1/3200 20-30 Prolonged to 4-8 hr

*The dibucaine number indicates the percentage of enzyme inhibited.
differently than did normal butyrylcholinesterase.42 
Dibucaine inhibits normal butyrylcholinesterase to a far 
greater extent than the abnormal enzyme. This observa-
tion led to the establishment of the dibucaine number. 
Under standardized test conditions, dibucaine inhibits 
the normal enzyme approximately 80% and the abnor-
mal enzyme approximately 20% (Table 34-1). Many 
other genetic variants of butyrylcholinesterase have since 
been identified, although the dibucaine-resistant variants 
are the most important. A review by Jensen and Viby-
Mogensen provides more detailed information on this 
topic.43

Although the dibucaine number indicates the genetic 
makeup of an individual with respect to butyrylcholin-
esterase, it does not measure the concentration of the 
enzyme in the plasma substrate. This is determined by 
measuring butyrylcholinesterase activity in plasma, and 
it may be influenced by comorbidities, medications, and 
genotype.

The molecular biology of butyrylcholinesterase is well 
understood. The amino acid sequence of the enzyme is 
known, and the coding errors responsible for most genetic 
variations have been identified.43 Most variants result 
from a single amino acid substitution error or sequencing 
error at or near the active site of the enzyme. For example, 
in the case of the “atypical” dibucaine-resistant (A) gene, a 
mutation occurs at nucleotide 209, where guanine is sub-
stituted for adenine. The resultant change in this codon 
causes substitution of glycine for aspartic acid at position 
70 in the enzyme. In the case of the fluoride-resistant (F) 
gene, two amino acid substitutions are possible, namely, 
methionine for threonine at position 243 and valine for 
glycine at position 390. Table 34-1 summarizes many of 
the known genetic variants of butyrylcholinesterase: the 
amino acid substitution at position 70 is written as Asp 
∅ Gly. New variants of butyrylcholinesterase genotypes 
continue to be discovered.44

SIDE EFFECTS

Cardiovascular Effects
Succinylcholine-induced cardiac dysrhythmias are many 
and varied. The drug stimulates cholinergic autonomic 
receptors on both sympathetic and parasympathetic gan-
glia45 and muscarinic receptors in the sinus node of the 
heart. At low doses, both negative inotropic and chrono-
tropic responses may occur. These responses can be atten-
uated by prior administration of atropine. With large 
doses of succinylcholine, these effects may become posi-
tive,46 causing tachycardia. The clinical manifestation of 
generalized autonomic stimulation is the development 
of sinus bradycardia, junctional rhythms, and ventricu-
lar dysrhythmias. Clinical studies have described these 
dysrhythmias under various conditions in the presence 
of the intense autonomic stimulus of tracheal intubation. 
It is not entirely clear whether the cardiac irregularities 
are caused by the action of succinylcholine alone or by 
the added presence of extraneous autonomic stimulation. 
An in vitro study using ganglionic acetylcholine receptors 
subtype α3β4 expressed in Xenopus laevis oocytes suggested 
that succinylcholine at clinically relevant concentrations 
had no effect on the expressed receptors.47 Only high 
doses of succinylcholine caused inhibition of ganglionic 
acetylcholine receptors.47 Whether or not these findings 
are applicable to clinical practice is unclear because the 
methodology (Xenopus laevis oocytes expression model) 
has no clinical equivalent.

SinuS Bradycardia. Stimulation of cardiac muscarinic 
receptors in the sinus node causes sinus bradycardia. This 
side effect is particularly problematic in individuals with 
predominantly vagal tone, such as in children who have 
not received atropine. Sinus bradycardia can occur in 
adults and appears more commonly after a second dose 
of the drug administered approximately 5 minutes after 
the initial dose.48 The bradycardia may be prevented by 
administration of atropine, ganglion-blocking drugs, and 
nondepolarizing NMBDs.49 The ability of these drugs to 
prevent bradycardia implies that direct myocardial effects, 
increased muscarinic stimulation, and ganglionic stimu-
lation may all be involved in the bradycardic response. 
The greater incidence of bradycardia after a second dose 
of succinylcholine suggests that the hydrolysis products 
of succinylcholine (succinylmonocholine and choline) 
may sensitize the heart to a subsequent dose.

nodal (Junctional) rhythmS. Nodal rhythms commonly 
occur following administration of succinylcholine. The 
mechanism responsible for this likely involves relatively 
greater stimulation of muscarinic receptors in the sinus 
node, thus suppressing the sinus mechanism and allow-
ing the emergence of the atrioventricular node as the 
pacemaker. The incidence of junctional rhythm is greater 
after a second dose of succinylcholine but is prevented by 
prior administration of dTc.49

Ventricular dySrhythmiaS. Under stable anesthetic 
conditions, succinylcholine decreases the threshold of 
the ventricle to catecholamine-induced dysrhythmias in 
monkeys and dogs. Circulating catecholamine concentra-
tions increase fourfold, and K+ concentrations increase by 
one third after succinylcholine administration to dogs.50 
Similar increases in catecholamine levels occur following 
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administration of succinylcholine to humans.51 Other 
autonomic stimuli, such as endotracheal intubation, 
hypoxia, hypercarbia, and surgery, may be additive to the 
effect of succinylcholine. The possible influence of drugs 
such as digitalis, tricyclic antidepressants, monoamine 
oxidase inhibitors, exogenous catecholamines, and anes-
thetic drugs such as halothane, which may lower the 
ventricular threshold for ectopic activity or increase the 
arrhythmogenic effect of the catecholamines, should also 
be considered. Ventricular escape beats may also occur as 
a result of severe sinus bradycardia and atrioventricular 
nodal slowing secondary to succinylcholine administra-
tion. The incidence of ventricular dysrhythmias is further 
enhanced by the release of K+ from skeletal muscle as a 
consequence of the depolarizing action of the drug.

Hyperkalemia
The administration of succinylcholine to an otherwise 
healthy individual for an elective surgical procedure 
increases the plasma K+ levels by approximately 0.5 mEq/
dL. This increase in K+ results from the depolarizing action 
of the compound. With activation of the acetylcholine 
channels, movement of Na+ into the cells is accompanied 
by movement of K+ out of the cells. This slight increase 
in K+ is well tolerated by most individuals and generally 
does not cause dysrhythmias.

Patients with renal failure are no more susceptible 
to an exaggerated response to succinylcholine than are 
those with normal renal function.52 Patients who have 
uremic neuropathy may possibly be susceptible to succi-
nylcholine-induced hyperkalemia, although the evidence 
supporting this view is scarce.52,53

However, severe hyperkalemia may follow the admin-
istration of succinylcholine to patients with severe 
metabolic acidosis and hypovolemia.54 In rabbits, the 
combination of metabolic acidosis and hypovolemia 
results in a high resting K+ level and an exaggerated 
hyperkalemic response to succinylcholine.55 In this situ-
ation, the K+ originates from the gastrointestinal tract, 
rather than from muscle.56 In patients with metabolic 
acidosis and hypovolemia, correction of the acidosis by 
hyperventilation and sodium bicarbonate administration 
should be attempted before succinylcholine administra-
tion. Should severe hyperkalemia occur, it can be treated 
with immediate hyperventilation, 1.0 to 2.0 mg of cal-
cium chloride intravenously, 1 mEq/kg of sodium bicar-
bonate, and 10 units of regular insulin in 50 mL of 50% 
glucose for adults or, for children, 0.15 units/kg of regular 
insulin in 1.0 mL/kg of 50% glucose.

Kohlschütter and associates found that four of nine 
patients with severe abdominal infections had an increase 
in serum K+ levels of as much as 3.1 mEq/L after succi-
nylcholine administration.57 The likelihood of a hyper-
kalemic response to succinylcholine increases in patients 
who have had intraabdominal infections for longer than 
1 week.

Stevenson and Birch described a single, well-docu-
mented case of a marked hyperkalemic response to succi-
nylcholine in a patient with a closed head injury without 
peripheral paralysis.58

Hyperkalemia after administration of succinylcholine 
is also a risk in patients who have had physical trauma.59 
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The risk of hyperkalemia occurs 1 week after the injury, 
at which time a progressive increase in serum K+ occurs 
during an infusion of succinylcholine. The risk of hyper-
kalemia can persist. Three weeks after injury, three of the 
patients studied in this series, who had especially severe 
injuries, became markedly hyperkalemic with an increase 
in serum K+ of more than 3.6 mEq/L. Birch and co-work-
ers also found that the prior administration of 6 mg of 
dTc prevented the hyperkalemic response to succinylcho-
line.59 In the absence of infection or persistent degenera-
tion of tissue, a patient is susceptible to the hyperkalemic 
response for likely at least 60 days after massive trauma or 
until adequate healing of damaged muscle has occurred.

Additionally, patients with conditions that result in the 
proliferation of extrajunctional acetylcholine receptors, 
such as neuromuscular disease, are likely to have an exag-
gerated hyperkalemic response following the administra-
tion of succinylcholine. The response of these patients to 
NMBDs is reviewed in detail later in this chapter. Some 
of these disease states include cerebrovascular accident 
with resultant hemiplegia or paraplegia, muscular dystro-
phies, and Guillain-Barré syndrome (see also Chapter 42). 
The hyperkalemia following administration of succinyl-
choline may be severe enough that cardiac arrest ensues. 
For a review of succinylcholine-induced hyperkalemia in 
acquired pathologic states, see Martyn and Richtsfeld.22

Increased Intraocular Pressure
Succinylcholine may cause an increase in intraocular 
pressure (IOP). The increased IOP develops within 1 min-
ute of injection, peaks at 2 to 4 minutes, and subsides 
by 6 minutes.60 The mechanism by which succinylcho-
line increases IOP has not been clearly defined, but it is 
known to involve contraction of tonic myofibrils and/
or transient dilatation of choroidal blood vessels. Sub-
lingual administration of nifedipine may attenuate the 
increase in IOP caused by succinylcholine, a finding sug-
gesting a circulatory mechanism.61 Despite this increase 
in IOP, the use of succinylcholine for eye operations is 
not contraindicated unless the anterior chamber is open. 
Although Meyers and colleagues were unable to confirm 
the efficacy of precurarization in attenuating increases in 
IOP following succinylcholine,62 numerous other inves-
tigators have found that prior administration of a small 
dose of nondepolarizing NMBD (e.g., 3 mg of dTc or  
1 mg of pancuronium) prevents a succinylcholine-induced  
increase in IOP.63 Furthermore, Libonati and associates 
described the anesthetic management of 73 patients with 
penetrating eye injuries who received succinylcholine.64 
Among these 73 patients, no extrusion occurred. Thus, 
despite the potential concerns, the use of succinylcholine 
in patients with penetrating eye injuries, after pretreat-
ment with a nondepolarizing NMBD and with a carefully 
controlled rapid-sequence induction of anesthesia, can be 
considered. Succinylcholine is only one of many factors 
that may increase IOP.62 Other factors include endotra-
cheal intubation and “bucking” on the endotracheal tube 
once it is positioned. Of prime importance in minimizing 
the chance of increasing IOP is ensuring that the patient 
is well anesthetized and is not straining or coughing. 
Because a nondepolarizing NMBD with a short onset of 
effect, rocuronium, is available, it is possible to perform 
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a rapid sequence induction of anesthesia and endotra-
cheal intubation without administering succinylcholine. 
Finally, should a patient become too lightly anesthetized 
during intraocular surgery, succinylcholine should not 
be given to immobilize the patient. Rather, the surgeon 
should be asked to pause while anesthesia is deepened. If 
necessary, the depth of neuromuscular blockade can also 
be increased with nondepolarizing NMBDs.

Increased Intragastric Pressure
Unlike the rather consistent increase in IOP following 
administration of succinylcholine, increases in intragas-
tric pressure (IGP) are much more variable. The increase 
in IGP from succinylcholine is presumed to result from 
fasciculations of the abdominal skeletal muscle. This is 
not surprising because more coordinated abdominal 
skeletal muscle activity (e.g., straight-leg raising) may 
increase the IGP to values as high as 120 cm H2O. In addi-
tion to skeletal muscle fasciculations, the acetylcholine-
like effect of succinylcholine may be partly responsible 
for the observed increases in IGP. Greenan observed con-
sistent increases in IGP of 4 to 7 cm H2O with direct vagal 
stimulation.65

Miller and Way found that 11 of 30 patients had essen-
tially no increase in IGP after succinylcholine administra-
tion, yet 5 of the 30 had an increase in IGP of greater than 
30 cm H2O.66 The increase in IGP from succinylcholine 
appeared to be related to the intensity of the fascicula-
tions of the abdominal skeletal muscles. Accordingly, 
when fasciculations were prevented by prior administra-
tion of a nondepolarizing NMBD, no increase in IGP was 
observed.

Are the increases in IGP following succinylcholine 
administration enough to cause incompetence of the gas-
troesophageal junction? Generally, an IGP greater than 
28 cm H2O is required to overcome the competence of 
the gastroesophageal junction. However, when the nor-
mal oblique angle of entry of the esophagus into the 
stomach is altered, as may occur with pregnancy or an 
abdomen distended by ascites, bowel obstruction, or a 
hiatus hernia, the IGP required to cause incompetence 
of the gastroesophageal junction is frequently less than 
15 cm H2O.66 In these circumstances, regurgitation of 
stomach contents following succinylcholine administra-
tion is a distinct possibility, and precautionary measures 
should be taken to prevent fasciculation. Endotracheal 
intubation may be facilitated with administration of 
either a nondepolarizing NMBD or a defasciculating dose 
of nondepolarizing relaxant before the succinylcholine. 
Although the increase in IGP from succinylcholine is well 
documented, the evidence of clinical harm is not clear.

Apparently, succinylcholine does not increase IGP 
appreciably in infants and children. This may be related 
to the minimal or absent fasciculations from succinylcho-
line in these young patients.67

Increased Intracranial Pressure
Succinylcholine has the potential to increase intracranial 
pressure.68 The mechanisms and clinical significance of 
this transient increase are unknown, but the rise in intra-
cranial pressure does not occur after pretreatment with 
nondepolarizing NMBDs.68
Myalgias
The incidence of muscle pain following administration 
of succinylcholine varies widely, from 0.2% to 89%.69 
Muscle pain occurs more frequently after minor surgery, 
especially in women and in ambulatory rather than bed-
ridden patients.70 Waters and Mapleson postulated that 
pain is secondary to damage produced in muscle by the 
unsynchronized contractions of adjacent muscle fibers 
just before the onset of paralysis.70 This concept has been 
substantiated by finding myoglobinemia and increases in 
serum creatine kinase following succinylcholine admin-
istration.71 Prior administration of a small dose of a non-
depolarizing NMBD clearly prevents fasciculations from 
succinylcholine.71 The efficacy of this approach in pre-
venting muscle pain is not clear, however; most inves-
tigators claim that pretreatment with a nondepolarizing 
NMBD has no effect.69 Pretreatment with a prostaglandin 
inhibitor (e.g., lysine acetyl salicylate) has been shown to 
be effective in decreasing the incidence of muscle pain 
after succinylcholine.72 This finding suggests a possible 
role for prostaglandins and cyclooxygenases in succi-
nylcholine-induced myalgias. Other investigators have 
found that myalgias following outpatient surgery occur 
even in the absence of succinylcholine.73

Masseter Spasm
An increase in tone of the masseter muscle is a frequent 
response to succinylcholine in adults,74 as well as in chil-
dren.75 Meakin and associates suggested that the high 
incidence of spasm in children may result from inade-
quate dosage of succinylcholine.75 In all likelihood, this 
increase in tone is an exaggerated contractile response at 
the neuromuscular junction and cannot be used to estab-
lish a diagnosis of malignant hyperthermia. Although an 
increase in tone of the masseter muscle may be an early 
indicator of malignant hyperthermia, this finding is not 
consistently associated with that syndrome.76 Currently, 
no indication exists to change to a “nontriggering” anes-
thetic in instances of isolated masseter spasm.77

CLINICAL USES

In spite of its many adverse effects, succinylcholine 
remains commonly used. Its popularity is likely the result 
of its rapid onset of effect, the profound depth of neu-
romuscular blockade it produces, and its short duration 
of action. Succinylcholine may not be used as regularly 
as in the past for routine endotracheal intubation, but 
it is still a muscle relaxant for rapid-sequence induction 
of anesthesia. Although 1.0 mg/kg of succinylcholine is 
recommended to facilitate endotracheal intubation at 60 
seconds, as little as 0.5 to 0.6 mg/kg allows for adequate 
intubating conditions 60 seconds after administration.78 
Reduction in the succinylcholine dose from 1.0 to 0.6 
mg/kg decreases the incidence of hemoglobin desatu-
ration but does not shorten the time to spontaneous 
diaphragmatic movements.79 Decreasing the dose of suc-
cinylcholine is appealing as long as it does not interfere 
with provision of adequate conditions for endotracheal 
intubation and subsequent adequate ventilation.79

Typically, after administering succinylcholine for intu-
bation, a nondepolarizing NMBD is given to maintain 
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neuromuscular blockade. Prior administration of suc-
cinylcholine enhances the depth of blockade caused by 
a subsequent dose of nondepolarizing NMBD.80,81 
However, the effect on duration of action is variable. 
Succinylcholine has no effect on the duration of pan-
curonium,82 but it increases the duration of atracurium 
and rocuronium.80,83 The reasons for these differences are 
not clear.

With administration of large doses of succinylcho-
line, the nature of the block, as determined by a moni-
tor of neuromuscular blockade, changes from that of 
a depolarizing drug to that of a nondepolarizing drug. 
Clearly, both the dose and the duration of administra-
tion of succinylcholine contribute to this change. The 
relative contribution of each has not been established, 
however.

Posttetanic potentiation and fade in response to TOF 
and tetanic stimuli can be demonstrated after bolus 
administration of different doses of succinylcholine.84 It 
seems that some characteristics of phase 2 blockade are 
evident from an initial dose (i.e., as small as 0.3 mg/kg) 
of succinylcholine.84 Fade in response to TOF stimulation 
has been attributed to the presynaptic effects on NMBDs. 
The etiology of the appearance of fade phenomenon in 
the TOF response following excessive administration of 
succinylcholine has been suggested to be dependent on 
a concentration-dependent affinity for succinylcholine 
to the presynaptic α3β2 neuronal subtype AChR in con-
centrations exceeding the normal clinical concentration 
range seen after routine doses.47

INTERACTIONS WITH 
ANTICHOLINESTERASES

Neostigmine and pyridostigmine inhibit butyrylcho-
linesterase, as well as acetylcholinesterase. If succinyl-
choline is administered after antagonism of residual 
neuromuscular block, as it may be with laryngospasm, 
the effect of succinylcholine will be pronounced and 
significantly prolonged. Sunew and Hicks found that 
the effect of succinylcholine (1 mg/kg) was prolonged 
from 11 to 35 minutes when it was given 5 minutes after 
administration of neostigmine (5 mg).35 Ninety minutes 
after neostigmine administration, butyrylcholinesterase 
activity will have returned to less than 50% of its baseline  
value.
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NONDEPOLARIZING NEUROMUSCULAR 
BLOCKERS

The use of NMBDs in anesthesia has its origin in the 
arrow poisons or curares of South American Indians. 
Several nondepolarizing NMBDs were purified from 
naturally occurring sources. For example, dTc can be iso-
lated from the Amazonian vine Chondodendron tomento-
sum. Similarly, the intermediates for the production of 
metocurine and alcuronium, which are semisynthetic, 
are obtained from Chondodendron and Strychnos toxifera. 
Malouetine, the first steroidal NMBD, was originally iso-
lated from Malouetia bequaertiana, which grows in the 
jungles of the Democratic Republic of Congo in central 
Africa. The widely used drugs pancuronium, vecuronium, 
pipecuronium, rocuronium, rapacuronium, atracurium, 
doxacurium, mivacurium, cisatracurium, gantacurium, 
and gallamine are all synthetic compounds.

Available nondepolarizing NMBDs can be classified 
according to chemical class, based on structure (ste-
roids, benzylisoquinoliniums, fumarates, and other com-
pounds), or, alternatively, according to onset or duration 
of action (long-, intermediate-, and short-acting drugs) of 
equipotent doses (Table 34-2).

STRUCTURE-ACTIVITY RELATIONSHIPS

Nondepolarizing NMBDs were originally classified by 
Bovet as pachycurares,26 or bulky molecules having the 
amine functions incorporated into rigid ring structures. 
Two extensively studied chemical series of synthetic non-
depolarizing NMBDs are the aminosteroids, in which the 
interonium distance is maintained by an androstane skel-
eton, and the benzylisoquinolinium series, in which the 
distance is maintained by linear diester-containing chains 
or, in the case of curare, by benzyl ethers. For a detailed 
account on structure-activity relationships, see Lee.85

Benzylisoquinolinium Compounds
dTc is an NMBD in which the amines are present in the 
form of two benzyl substituted tetrahydroisoquinoline 
structures (Fig. 34-4). Using nuclear magnetic resonance 
spectroscopy and methylation–demethylation studies, 
Everett and associates demonstrated that dTc contains 
three N-methyl groups.86 One amine is quaternary (i.e., 
TABLE 34-2 CLASSIFICATION OF NONDEPOLARIZING NEUROMUSCULAR BLOCKERS ACCORDING TO 
DURATION OF ACTION (TIME TO T1 = 25% OF CONTROL) AFTER TWICE THE DOSE CAUSING ON AVERAGE 
95% SUPPRESSION OF NEUROMUSCULAR RESPONSE*

Clinical Duration

Long-acting (>50 min)
Intermediate-acting 
(20-50 min)

Short-acting 
(10-20 min)

Ultrashort-acting 
(<10 min)

Steroidal compounds Pancuronium Vecuronium
Rocuronium

Benzylisoquinolinium compounds d-Tubocurarine Atracurium
Cisatracurium

Mivacurium

Asymmetric mixed-onium fumarates CW 002 Gantacurium

T1, First twitch of train-of-four.
*Most nondepolarizing neuromuscular blockers are bisquaternary ammonium compounds. d-Tubocurarine, vecuronium, and rocuronium are  

monoquaternary compounds.



PART III: Anesthetic Pharmacology966

and the other is tertiary (i.e., pH-dependent charge with 
three nitrogen substituents). At physiologic pH, the 
tertiary nitrogen is protonated so that it is positively 
charged. The structure-activity relationships of the bis-
benzylisoquinolines (see Fig. 34-4) have been described 
by Waser87 and by Hill and associates,88 and these rela-
tionships are as follows:

 1.  The nitrogen atoms are incorporated into isoquinoline 
ring systems. This bulky molecule favors a nondepolar-
izing rather than a depolarizing activity.

 2.  The interonium distance (distance between charged 
amines) is approximately 1.4 nm.

 3.  Both the ganglion-blocking and the histamine-releas-
ing properties of dTc probably result from the presence 
of the tertiary amine function.

 4.  When dTc is methylated at the tertiary amine and 
at the hydroxyl groups, the result is metocurine, a 
compound and greater potency (by a factor of two in 
humans) with much weaker ganglion-blocking and 
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Figure 34-4. Chemical structures of d-tubocurarine, metocurine, 
and chondocurine.
histamine-releasing properties than dTc (see Fig. 34-4). 
Metocurine contains three additional methyl groups, 
one of which quaternizes the tertiary nitrogen of dTc; 
the other two form methyl ethers at the phenolic 
hydroxyl groups.

 5.  Bisquaternary compounds are more potent than their 
monoquaternary analogues. The bisquaternary deriva-
tive of dTc, chondocurine, is more than twice as potent 
as dTc (see Fig. 34-4).

 6.  Substitution of the methyl groups on the quaternary 
nitrogen with bulkier groups causes a reduction in 
both potency and duration of action.

  

Atracurium is a bis-benzyltetrahydroisoquinolinium 
with isoquinolinium nitrogens connected by a diester-
containing hydrocarbon chain (Fig. 34-5). The presence 
(in duplicate) of two-carbon separations between quater-
nary nitrogen and ester carbonyl renders it susceptible to 
the Hofmann elimination reaction.89 The compound can 
also undergo ester hydrolysis. In a Hofmann elimination 
reaction, a quaternary ammonium group is converted into 
a tertiary amine through cleavage of a carbon-nitrogen 
bond. This is a pH- and temperature-dependent reaction 
in which higher pH and temperature favor elimination.

Atracurium has 4 chiral centers at each of the chiral 
carbons adjacent to the 2 amines. It is composed of 10 
isomers.89 These isomers have been separated into 3 geo-
metric isomer groups that are designated cis-cis, cis-trans, 
and trans-trans according to their configuration about the 
tetrahydroisoquinoline ring system.89 The ratio of the 
cis-cis, cis-trans, and trans-trans isomers is approximately 
10:6:1, corresponding to 50% to 55% cis-cis, 35% to 38% 
cis-trans, and 6% to 7% trans-trans isomers.

Cisatracurium, the 1R cis–1′R cis isomer of atracurium, 
comprises approximately 15% of atracurium by weight 
but more than 50% in terms of neuromuscular blocking 
activity (see Fig. 34-5). R designates the absolute stereo-
chemistry of the benzyl tetrahydroisoquinoline rings, and 
cis represents the relative geometry of the bulky dime-
thoxy and 2-alkyester groups at C(1) and N(1), respec-
tively.90,91 Like atracurium, cisatracurium is metabolized 
by Hofmann elimination. It is approximately four times 
as potent as atracurium, and in contrast to atracurium, it 
does not cause histamine release,90,92 thus indicating that 
histamine release may be stereospecific.90,93
Figure 34-5. Chemical structures of atracurium, 
cisatracurium, mivacurium, and doxacurium. The 
asterisk indicates the chiral centers; arrows show 
cleavage sites for Hofmann elimination.
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Mivacurium differs from atracurium by the presence of 
an additional methylated phenolic group (see Fig. 34-5). 
Compared with other isoquinolinium NMBDs, the intero-
nium chain of mivacurium is longer (16 atoms).88 Miva-
curium consists of a mixture of three stereoisomers.94 The 
two most active are the trans-trans and cis-trans isomers 
(57% and 37% weight/weight, respectively), which are 
equipotent; the cis-cis isomer (6% weight/weight) has 
only one tenth the neuromuscular blocking activity of the 
more potent isomers in cats and monkeys.94 Mivacurium 
is metabolized by butyrylcholinesterase to a monoester 
and a dicarboxylic acid at 70% to 88% the rate at which 
succinylcholine is metabolized by the same enzyme.9

Steroidal Neuromuscular Blockers
For the steroidal compounds to have neuromuscular 
blocking potential, it is likely that one of the compound’s 
two nitrogen atoms be quaternized. The presence of an 
acetyl ester (acetylcholine-like moiety) facilitates their 
interaction with nAChRs at the postsynaptic muscle 
membrane.

Pancuronium is characterized by the presence of two 
acetyl ester groups on the A and D rings of the steroi-
dal molecule. Pancuronium is a potent NMBD with both 
vagolytic properties. It is also an inhibitor of butyrylcho-
linesterase (Fig. 34-6).95 Deacetylation at the 3 or 17 posi-
tions decreases its potency.96

Vecuronium, in which the 2-piperidine substituent 
is not methylated, is the N-demethylated derivative of 
pancuronium (see Fig. 34-6).7 At physiologic pH, the 
tertiary amine is largely protonated, as it is in dTc. The 
minor molecular modification results in the following: 
(1) a slight increase in the potency when compared with 
pancuronium; (2) a marked reduction in its vagolytic 
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properties; (3) molecular instability in solution; and (4) 
increased lipid solubility, which results in a greater biliary 
elimination of vecuronium than pancuronium.88

Vecuronium is degraded by the hydrolysis of the acetyl 
esters at the C3 and the C17 positions. Hydrolysis at the 
C3 position is the primary degradation pathway because 
the acetate at the 3 position is more susceptible to hydro-
lysis in aqueous solutions than the acetate at the 17 posi-
tion. This is because of the adjacent basic piperidine at 
the 2 position that facilitates hydrolysis of the 3-acetate. 
Therefore, vecuronium cannot be prepared as a ready-to-
use solution with a sufficient shelf life, even as a buffered 
solution. In contrast, the 2-piperidine of pancuronium 
is quaternized and no longer alkaline and therefore does 
not facilitate hydrolysis of the 3-acetate.

Rocuronium lacks the acetyl ester that is found in 
the A ring of the steroid nucleus of pancuronium and 
vecuronium (see Fig. 34-6). The introduction of cyclic 
substituents other than piperidine at the 2 and 16 posi-
tions results in a compound with a more rapid onset of 
effect than vecuronium or pancuronium.97 The methyl 
group attached to the quaternary nitrogen of vecuronium 
and pancuronium is replaced by an allyl group in 
rocuronium. As a result of this change, rocuronium 
is approximately 6 and 10 times less potent than pan-
curonium and vecuronium, respectively.97-99 The replace-
ment of the acetyl ester attached to the A ring by a 
hydroxy group means that rocuronium is stable in solu-
tion. At room temperature, rocuronium is stable for 60 
days. In contrast, pancuronium is stable for 6 months. 
The reason for this difference in shelf life is related to the 
fact that rocuronium is terminally sterilized in manufac-
turing, and pancuronium is not. Terminal sterilization 
causes some degree of degradation.
Figure 34-6. Chemical structures of different 
steroidal neuromuscular blockers.
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Figure 34-7. Chemical structure of gantacurium (a mixed-onium chlorofumarate). In whole human blood, two pathways of deactivation occur, 
neither of which is enzymatic: (1) rapid formation of an apparently inactive cysteine adduction product, with cysteine replacing chlorine, and 
(2) slower hydrolysis of the ester bond adjacent to the chlorine substitution to chlorofumarate monoester and alcohol. (From Boros EE, Samano V, 
Ray JA, et al: Neuromuscular blocking activity and therapeutic potential of mixed-tetrahydroisoquinolinium halofumarates and halosuccinates in rhesus 
monkeys, J Med Chem 46:2502-2515, 2003.)
Asymmetric Mixed-Onium Fumarates
Gantacurium and CW 002 represent a new class of bis-
quaternary nondepolarizing NMBDs (Fig. 34-7). Ganta-
curium, an asymmetric mixed-onium chlorofumarate, 
is unique among nondepolarizing compounds in terms 
of its rapid onset of effect, its short duration of action, 
and its unique means of inactivation.11,100 Because of 
the presence of three methyl groups between the quater-
nary nitrogen and oxygen atom at each end of the car-
bon chain, this compound does not undergo Hofmann 
elimination.100

Gantacurium has an ultrashort duration of action in 
human volunteers and in different animal species. In 
human volunteers receiving a nitrous oxide–opioid anes-
thetic, the ED95 of gantacurium is 0.19 mg/kg.100 Onset of 
and recovery from block resemble that following admin-
istration of succinylcholine. Following administration of 
approximately 2.5 times the ED95 dose, onset of maximal 
block occurs in 1.5 minutes. Spontaneous recovery to a 
TOF of 0.9 or greater occurs 10 minutes after administra-
tion of an ED95 dose, and complete spontaneous recovery 
occurs in 14 to 15 minutes after administration of doses 
ranging from 2 to 3.5 times the ED95. Recovery is accel-
erated by administration of edrophonium at the begin-
ning of spontaneous recovery. Transient hypotension and 
tachycardia occur following administration of doses 3 
times the ED95 and greater, a finding suggesting that hista-
mine release occurs with administration of these doses.100

Gantacurium appears to undergo two pathways of 
inactivation. One is a slower ester hydrolysis, and the 
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TABLE 34-3 DOSE-RESPONSE RELATIONSHIPS OF NONDEPOLARIZING NEUROMUSCULAR BLOCKING DRUGS 
IN HUMAN SUBJECTS*

ED50 (mg/kg) ED90 (mg/kg) ED95 (mg/kg) References

Long-acting
Pancuronium 0.036 (0.022-0.042) 0.056 (0.044-0.070) 0.067 (0.059-0.080) 98, 103
d-Tubocurarine 0.23 (0.16-0.26) 0.41 (0.27-0.45) 0.48 (0.34-0.56) 103
Intermediate-acting
Rocuronium 0.147 (0.069-0.220) 0.268 (0.200-0.419) 0.305 (0.257-0.521) 98, 104-106
Vecuronium 0.027 (0.015-0.031) 0.042 (0.023-0.055) 0.043 (0.037-0.059) 103
Atracurium 0.12 (0.08-0.15) 0.18 (0.19-0.24) 0.21 (0.13-0.28) 103
Cisatracurium 0.026 (0.015-0.031) — 0.04 (0.032-0.05) 107-109, 371
Short-acting
Mivacurium 0.039 (0.027-0.052) — 0.067 (0.045-0.081) 9, 110-112
Ultrashort-acting
Gantacurium 0.09 — 0.19 100

*Data are the medians and ranges of reported values. ED50, ED90, and ED95 are the doses of each drug that produce, respectively, 50%, 90%, and 95% 
decrease in the force of contraction or amplitude of the electromyogram of the adductor pollicis muscle following ulnar nerve stimulation.
second one, which occurs much more quickly, occurs 
through the adduction of cysteine, a nonessential amino 
acid, to create a new compound that can no longer bind 
to the acetylcholine receptor of the neuromuscular junc-
tion.101 This unique means of inactivation likely accounts 
for the drug’s ultrashort duration of effect. It also provides 
a novel means of shortening recovery from gantacurium-
induced neuromuscular block.102

An analogue of the asymmetric fumarate gantacurium, 
CW 002, has been synthesized to undergo slower l-cys-
teine adduction. Because of its slower metabolism, it has 
an intermediate duration of action. In animals, it causes 
a nondepolarizing block that can be antagonized by neo-
stigmine. Administration of l-cysteine 1 minute after 
administration of CW 002 effectively speeds recovery 
of neuromuscular function, whereas neostigmine does 
not.22 Volunteer trials are required to determine whether 
onset, recovery, and ease of antagonism are improved 
over those using compounds that are currently available.

POTENCY OF NONDEPOLARIZING 
NEUROMUSCULAR BLOCKERS

Drug potency is commonly expressed by the dose-
response relationship. The dose of an NMBD required to 
produce an effect (e.g., 50%, 90%, or 95% depression of 
twitch height, commonly expressed as ED50, ED90, and 
ED95, respectively) is its potency.9,98,103-114 The NMBDs 
have different potencies, as illustrated in Table 34-3 and 
Figure 34-8. For factors affecting the potency of NMBDs, 
see the section on drug interactions later in this chap-
ter. The dose-response relationship for nondepolarizing 
NMBDs is sigmoidal (see Fig. 34-8) and has been derived 
in various ways. The simplest method is to perform lin-
ear regression over the approximately linear portion of a 
semilogarithmic plot between 25% and 75% neuromus-
cular blockade. Alternatively, the curve can be subjected 
to probit or logit transformation to linearize it over its 
whole length, or the data can be subjected to nonlinear 
regression using the sigmoid Emax model of this form:

  
More complex models relating the concentration of 
NMBDs at the neuromuscular junction to their phar-
macologic effect have been developed, and they are dis-
cussed later.115,116

CLINICAL MANAGEMENT

The main goal of neuromuscular blockade during induc-
tion of anesthesia includes paralysis of the vocal cords 
and muscles of the jaw to facilitate endotracheal intuba-
tion. Relaxation of the respiratory muscles, particularly 
the diaphragm, allows controlled ventilation. Paralysis 
of the abdominal muscles and the diaphragm is often 
required intraoperatively, particularly during abdominal 
or laparoscopic surgery. During recovery from neuro-
muscular block, restoration of complete neuromuscular 
strength is essential to ensure adequate spontaneous ven-
tilation with normal regulation of breathing during 
hypoxia and the patency of the musculature of the upper 
airway with maintained airway protection. The choice of 
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Figure 34-8. Schematic representation of a semilogarithmic plot of a 
muscle-relaxant dose versus neuromuscular blockade. A drug of high 
potency is doxacurium, one of medium potency is atracurium, and 
one of low potency is gallamine. The graph illustrates that the relative 
potencies of the muscle relaxants span a range of approximately two 
orders of magnitude.
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the initial dose of NMBD, timing of readministration of 
NMBD, timing of administration of anticholinesterase, 
and interpretation of monitoring require an understand-
ing of the varying sensitivities of different muscle groups 
to NMBDs.

Although the practice of administering an NMBD to 
facilitate tracheal intubation may be routine, it has been 
suggested that the combination of propofol with a rapid-
acting opioid may provide good to excellent intubating 
conditions in most patients. However, relatively large 
doses of opioids are required to obtain satisfactory intu-
bating conditions. Mencke and co-workers demonstrated 
that adding atracurium to a propofol-fentanyl induction 
regimen significantly improved the quality of intubat-
ing conditions and decreased the frequency of vocal cord 
lesions following intubation from 42% to 8%.117 The 
rate of postoperative hoarseness was also significantly 
decreased to 16% from 44%.117 Combes and associates 
confirmed that the use of NMBD for tracheal intubation 
decreased the incidence of adverse postoperative upper 
airway symptoms, resulted in better intubating condi-
tions, and also reduced the rate of adverse hemodynamic 
effects caused by deeper levels of anesthesia.118 Patients 
intubated without an NMBD had three to four times 
more Cormack scores of 3 to 4, and difficult intubation 
was more common (12% versus 1%).

Several alternative approaches are available to enhance 
surgical relaxation when administration of additional 
NMBDs may be inappropriate. These options include 
increasing the depth of general anesthesia with a drug 
such as a volatile anesthetic or propofol, administering 
lidocaine, using regional anesthesia, positioning the 
patient properly on the operating table, and appropri-
ately adjusting the depth of neuromuscular blockade. The 
choice of one or several of these options is determined by 
the estimated remaining duration of surgery, the anes-
thetic technique, and the surgical maneuver required. It 
is important to keep these options in mind to avoid rely-
ing on only neuromuscular blockade to achieve a desired 
degree of relaxation.

Varying Sensitivities of Different  
Muscle Groups
The sensitivity of the neuromuscular junctions to the 
effects of neuromuscular relaxants among various muscle 
groups varies greatly. Paton and Zaimis118a demonstrated 
in 1951 that some of the muscles of respiration, such as 
the diaphragm, were more resistant to curare than oth-
ers. The dose of nondepolarizing NMBDs needed to block 
the diaphragm is 1.5 to 2 times that of the adductor pol-
licis. Thus, complete paralysis of the diaphragm is not 
expected with doses of NMBDs used to block neuromus-
cular transmission at the adductor pollicis.119 Similarly, 
the laryngeal adductor muscles are more resistant to non-
depolarizing NMBDs than the more peripheral muscles 
such as the adductor pollicis,120 at which all dosing rec-
ommendations for NMBDs and their antagonists have 
been made. The sparing effect on the laryngeal adduc-
tor muscles has been documented with vecuronium, 
rocuronium, cisatracurium, and mivacurium.120-122 Plaud 
and colleagues studied the pharmacokinetic-pharmaco-
dynamic relationship of blocking drugs at the adductor 
pollicis and the laryngeal adductors.123 These investi-
gators found that the concentration in the effect com-
partment producing 50% of the maximum block was 
significantly greater at the laryngeal adductor muscles 
(1.5 μg/mL) than that at the adductor pollicis (0.8 μg/
mL). Convincing evidence indicates that the EC50 for 
almost all drugs is 50% to 100% higher at the diaphragm 
or larynx than it is at the adductor pollicis. These dif-
ferences may be caused by any of several factors. Waud 
and Waud found that following curare administration, 
neuromuscular transmission occurs when approximately 
18% of the receptors are free at the diaphragm, whereas 
it does not occur at the peripheral muscles unless 29% of 
receptors are free.124 The reason may be higher receptor 
density, greater release of acetylcholine, or less acetyl-
cholinesterase activity. The lower density of acetylcho-
line receptors in slow muscle fibers, such as found in the 
peripheral muscles, explains, in part, the lower margin of 
safety for neuromuscular transmission when compared 
with that in the faster muscle fibers in the laryngeal 
adductors. Muscle sensitivity to succinylcholine is dif-
ferent from that of other NMBDs. Succinylcholine is the 
only muscle relaxant that, at equipotent doses, causes 
greater neuromuscular block at the vocal cords than at 
the adductor pollicis. Some data suggest that in contrast 
to nondepolarizing NMBDs, succinylcholine is more 
effective in blocking the muscles composed of primarily 
fast contracting fibers.125

In spite of the relative resistance to NMBDs, the onset 
of neuromuscular block is significantly faster at the dia-
phragm and the laryngeal adductors than at the adductor 
pollicis. Fisher and associates postulated that more rapid 
equilibration (shorter effect site equilibration half-life 
[t½ke0]) of the NMBD between plasma126 and the effect 
compartment at these more centrally located muscles was 
the explanation for this observation. The accelerated rate 
of equilibrium probably represents little more than dif-
ferences in regional blood flow. Therefore, muscle blood 
flow, rather than a drug’s intrinsic potency, may be more 
important in determining the onset and offset time of 
nondepolarizing NMBDs. Greater blood flow per gram 
of muscle at the diaphragm or larynx results in receipt 
of a higher peak plasma concentration of drug in the 
brief period of time before rapid redistribution occurs. 
Plaud and colleagues confirmed this hypothesis by dem-
onstrating a faster transfer rate constant (i.e., t½ke0) at 
the laryngeal adductors (2.7 minutes) than at the adduc-
tor pollicis (4.4 minutes).123 Greater resistance to neuro-
muscular blockade accounts for the faster recovery of the 
respiratory muscles and the muscles of the abdominal 
wall than at the adductor pollicis. Recovery occurs more 
rapidly because blood concentration of the NMBD must 
decrease more in the muscles of respiration than in the 
adductor pollicis for recovery of neuromuscular function 
to begin.

In contrast, the muscles of the upper airway are par-
ticularly sensitive to the effects of muscle relaxants. 
The masseter is 15% more sensitive to nondepolarizing 
NMBDs than is the adductor pollicis.127 Significant weak-
ness of the muscles of the upper airway may exist even 
when strength at the adductor pollicis has recovered 
almost to baseline values. A TOF ratio less than 0.9 at the 
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TABLE 34-4 GUIDE TO NONDEPOLARIZING RELAXANT DOSAGE (MG/KG) UNDER DIFFERENT ANESTHETIC 
TECHNIQUES*

Dosage for Relaxation

ED95 Under N2O/O2 Dose for Intubation Supplemental Dose After Intubation N2O Anesthetic Vapors†

Long-acting
Pancuronium 0.07 0.08-0.12 0.02 0.05 0.03
d-Tubocurarine 0.5 0.5-0.6 0.1 0.3 0.15

Intermediate-acting
Vecuronium 0.05 0.1-0.2 0.02 0.05 0.03
Atracurium 0.23 0.5-0.6 0.1 0.3 0.15
Cisatracurium 0.05 0.15-0.2 0.02 0.05 0.04
Rocuronium 0.3 0.6-1.0 0.1 0.3 0.15

Short-acting
Mivacurium 0.08 0.2-0.25 0.05 0.1 0.08

Continuous Infusion Dosage (μg/kg/min) Required to Maintain 90-95% Twitch Inhibition  
Under N2O/O2 With Intravenous Agents

Mivacurium 3-15
Atracurium 4-12
Cisatracurium 1-2
Vecuronium 0.8-1.0
Rocuronium 9-12

ED95, Dose causing on average 95% suppression of neuromuscular response; N2O, nitrous oxide.
*Suggested dosages provide good intubating conditions under light anesthesia. Satisfactory abdominal relaxation may be achieved at dosages listed after 

intubation without a relaxant or with succinylcholine. This table is intended as a general guide to dosage. Individual relaxant requirement should be 
confirmed with a peripheral nerve stimulator.

†The potentiation of nondepolarizing relaxants by different anesthetic vapors has been reported to vary from 20% to 50%. More recent data suggest, 
however, that this variation may be much less, particularly in the case of the intermediate- and short-acting relaxants. Therefore, for the sake of  
simplicity, this table assumes a potentiation of 40% in the case of all volatile anesthetics.
adductor pollicis is associated with impaired pharyngeal 
function, reduced resting tone in the upper esophageal 
sphincter muscle, and decreased coordination of the 
muscles involved in swallowing, all of which cause an 
increased incidence of misdirected swallows, or aspira-
tion.128 Because of the resistance of the muscles of res-
piration to neuromuscular block, patients may be weak 
but able to breathe as long as an endotracheal tube is in 
place. Once extubated, however, they may not be able to 
maintain a patent airway or protect their airway.129 This 
is likely the reason that patients with a TOF less than 0.9 
in the postanesthesia care unit (PACU) are more likely to 
develop respiratory events than those whose TOF ratio is 
0.9 or greater.

DOSAGE

General Dosage Guidelines
Proper selection of the dose of nondepolarizing NMBD 
is required to ensure that the desired effect is achieved 
without overdose of the relaxant (Tables 34-4 and 34-5). 
The intensity of maximum blockade is directly affected 
by dose. If a small dose of NMBD is administered, neu-
romuscular block may not occur because the amount 
administered is inadequate to overcome the margin of 
safety at the neuromuscular junction. When doses lower 
than those required to cause 100% neuromuscular block 
are administered, the time required to reach maximum 
effect is a function of the NMBD and blood flow to the 
muscles. It is independent of the dose administered. 
However, if the administered dose is high enough to 
cause 100% neuromuscular block, the time required 
for maximum block will depend on the dose of NMBD 
administered. Larger doses will, up to a certain point, 
produce a faster onset of effect.130 Increasing the dose of 
NMBD beyond that point will not decrease the time to 
onset of maximal effect and may contribute to postop-
erative neuromuscular block.

In addition to a general knowledge of the pharmaco-
dynamics and pharmacokinetics of NMBDs and under-
standing of the guidelines for dosing, optimal practice 
requires that dosing be adjusted to account for variabil-
ity in individual patients’ responses to NMBDs. This 
adjustment cannot be made without using a monitor 
of neuromuscular blockade any time that an NMBD is 
administered to a patient. Overdosage must be avoided 
for two reasons: to limit the duration of drug effect so 
that it matches the anticipated length of surgery and to 
avoid unwanted cardiovascular side effects.

Initial and Maintenance Dosage
The initial dose of NMBD is determined by the reason it is 
being administered. Traditionally, doses used to facilitate 
tracheal intubation are twice the ED95 (see Table 34-4). If, 
however, the trachea has been intubated without the use 
of an NMBD and the purpose in administering an NMBD 
is to produce surgical relaxation, a dose that is slightly less 
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than the ED95 (see Table 34-5) should be given. Adminis-
tration of NMBDs solely for surgical relaxation does not 
prevent vocal cord lesions and postoperative hoarseness 
caused by intubation without NMBD. Administering a 
smaller initial dose may be necessary in the presence of 
any of the potent inhalational anesthetics (see the later 
section on drug interactions).

To avoid prolonged residual paralysis, inadequate 
antagonism of residual blockade, or both, the main goal 
in dosing NMBDs should be to use the lowest possible 
dose that provides adequate relaxation for surgery. More-
over, clinical management of individual patients should 
be guided by monitoring of the neuromuscular block, 
ideally with an objective neuromuscular monitoring 
technique (see also Chapter 53), to allow safe intraopera-
tive administration of the NMBD and its antagonism by 
neostigmine or sugammadex. In an adequately anesthe-
tized and monitored patient, little reason exists to abol-
ish the TOF responses to peripheral nerve stimulation 
completely. However, if deep levels of block are required 
to maintain paralysis of the diaphragm and the abdomi-
nal wall muscles, response of the adductor pollicis to 
stimulation of the ulnar nerve may disappear. In this 
case, monitoring the depth of neuromuscular block can 
be accomplished using the posttetanic count (PTC) at the 
adductor pollicis or TOF at the corrugator supercilii131,132 
(see Chapter 53). Supplemental (maintenance) doses of 
NMBDs should be approximately one tenth (in case of 
long-acting NMBDs) to one fourth (in the case of inter-
mediate- and short-acting NMBDs) the initial dose and 
should not be given until clear evidence of beginning 
recovery from the previous dose is present.

Relaxation can be maintained by continuous infusion 
of intermediate- and short-acting drugs. This approach is 
useful in maintaining a stable depth of neuromuscular 
block and allows adjustment of the depth of relaxation 
according to surgical needs. The depth of neuromuscu-
lar block maintained is moderate, if possible, to ensure 
complete spontaneous recovery of neuromuscular func-
tion at the end of a surgical procedure or prompt antago-
nism of residual effects. Table 34-4 lists the approximate 
dose ranges that are typically required during infusions 
to maintain 90% to 95% blockade of the twitch (one 
twitch visible on TOF stimulation) during a nitrous 
TABLE 34-5 PHARMACODYNAMIC EFFECTS OF SUCCINYLCHOLINE AND NONDEPOLARIZING 
NEUROMUSCULAR BLOCKERS

Anesthesia
Intubating 
Dose (mg/kg)

Approximate 
ED95 Multiples

Maximum 
Block (%)

Time to 
Maximum 
Block (min)

Clinical 
Duration*(min) References

Succinylcholine Opioids or 
halothane

0.5 1.7 100 — 6.7 372

Succinylcholine Desflurane 0.6 2 100 1.4 7.6 373
Succinylcholine Opioids or 

halothane
1.0 2 100 — 11.3 372

Succinylcholine Desflurane 1.0 3 100 1.2 9.3 373
Succinylcholine Opioids 1.0 3 — 1.1 8 374
Succinylcholine Opioids 1.0 3 — 1.1 9 375
Succinylcholine Isoflurane 1.0 3 100 0.8 9 140
Steroidal Compounds
Rocuronium Opioids 0.6 2 100 1.7 36 142
Rocuronium Isoflurane 0.6 2 100 1.5 37 140
Rocuronium Isoflurane 0.9 3 100 1.3 53 140
Rocuronium Isoflurane 1.2 4 100 0.9 73 140
Vecuronium Isoflurane 0.1 2 100 2.4 41 140
Vecuronium Opioids 0.1 2 100 2.4 44 376
Pancuronium Opioids 0.08 1.3 100 2.9 86 148, 377
Pancuronium Opioids 0.1 1.7 99 4 100 378
Benzylisoquinolinium Compounds†

Mivacurium Opioids 0.15 2 100 3.3 16.8 9
Mivacurium Opioids 0.15 2 100 3 14.5 142
Mivacurium Halothane 0.15 2 100 2.8 18.6 379
Mivacurium Opioids 0.2 2.6 100 2.5 19.7 9
Mivacurium Opioids 0.25 3.3 100 2.3 20.3 9
Mivacurium Opioids 0.25 3.3 — 2.1 21 375
Atracurium Opioids 0.5 2 100 3.2 46 107
Cisatracurium Opioids 0.1 2 99 7.7 46 323
Cisatracurium Opioids 0.1 2 100 5.2 45 107
Cisatracurium Opioids 0.2 4 100 2.7 68 107
Cisatracurium Opioids 0.4 8 100 1.9 91 107
d-Tubocurarine Opioids 0.6 1.2 97 5.7 81 378

ED95, Dose causing on average 95% suppression of neuromuscular response.
*Time from injection of the intubating dose to recovery of twitch to 25% of control.
†For atracurium and mivacurium, slower injection (30 seconds) is recommended to minimize circulatory effects.
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oxide–oxygen anesthetic supplemented with intravenous 
anesthetics. Infusion dosage is usually decreased by 30% 
to 50% in the presence of potent volatile anesthetics.

NEUROMUSCULAR BLOCKERS AND 
TRACHEAL INTUBATION

Rapid onset of neuromuscular blockade is one of the 
requirements for securing an airway promptly. It is 
affected by several factors, including muscle blood 
flow, rate of delivery of the drug to the neuromuscular 
junction, receptor affinity, plasma clearance, and the 
mechanism of neuromuscular blockade (depolarizing 
versus nondepolarizing).96,133,134 The speed of onset is 
inversely proportional to the potency of nondepolarizing 
NMBDs.96,133 A high ED95 (i.e., low potency) is predictive 
of rapid onset of effect and vice versa (see Table 34-5 and 
Fig. 34-9). Onset time decreases as ED50 increases. This 
relationship can be explained on the basis of the density 
of receptors at the neuromuscular junction. Irrespective of  
their potency, NMBDs must bind to a critical number of  
acetylcholine receptors for blockade to occur. These 
receptors are concentrated at the neuromuscular junction 
where access is limited. When a potent NMBD is admin-
istered, fewer molecules are administered than in the case 
of an equipotent dose of a less potent drug. Because of 
this lower concentration gradient, more time is required 
for enough molecules of a potent drug to be delivered 
to the neuromuscular junction. Thus, onset time is lon-
ger. This concept was verified by Kopman and colleagues, 
who demonstrated that, when giving equipotent doses of 
gallamine, dTc, and pancuronium, onset time was slower 
with the more potent pancuronium and faster with the 
less potent gallamine. Except for atracurium,135 the molar 
potency (the ED50 or ED95 expressed as μM/kg) is highly 
predictive of a drug’s initial rate of onset of effect (at the 
adductor pollicis).133 A drug’s measured molar potency is 
the end result of many contributing factors: the drug’s 
intrinsic potency (the CE50, which is the biophase con-
centration resulting in 50% twitch depression), the rate 
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Figure 34-9. Linear regression of onset of neuromuscular blockade 
(ordinate) versus potency of a series of steroidal relaxants studied in 
the cat model by Bowman and associates.96 The data show that onset 
may be increased in compounds of low potency and encouraged the 
eventual development of rocuronium and rapacuronium (ORG 9487). 
A, Pipecuronium; C, pancuronium; D, vecuronium.
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of equilibration between plasma and biophase (ke0), the 
initial rate of plasma clearance, and probably other fac-
tors as well.136 Notably, rocuronium has a molar potency 
(ED95) of 0.54 μM/kg, which is approximately 13% that of 
vecuronium and only 9% that of cisatracurium; this find-
ing illustrates the expected faster onset of rocuronium 
at the adductor pollicis, as opposed to vecuronium and 
cisatracurium.

Donati and Meistelman proposed a model to explain 
this inverse potency–onset relationship.134 Nondepolariz-
ing NMBDs of low potency (e.g., rocuronium) have more 
molecules to diffuse from the central compartment into 
the effect compartment. Once in the effect compartment, 
all molecules act promptly. Weaker binding of the low-
potency drugs to receptors prevents buffered diffusion,134 
a process that occurs with more potent drugs. Buffered 
diffusion causes repetitive binding and unbinding to 
receptors, thus keeping potent drugs in the neighbor-
hood of the effector sites and potentially lengthening the 
duration of effect.

The times to 95% blockade at the adductor pollicis 
after administration of the ED95 dose of succinylcholine, 
rocuronium, vecuronium, atracurium, mivacurium, and 
cisatracurium are shown in Figure 34-10.114,133,135 The 
illustration shows that the most potent compound, cisa-
tracurium, has the slowest onset, and the least potent com-
pound, rocuronium, has the most rapid onset.114,133,135 
Bevan also proposed that rapid plasma clearance is asso-
ciated with a rapid onset of action.137 The fast onset of 
succinylcholine’s action is related to its rapid metabolism 
and plasma clearance.

The onset of neuromuscular blockade is much faster 
in the muscles that are relevant to obtaining optimal 
intubating conditions (laryngeal adductors, diaphragm, 
and masseter) than in the muscle that is typically moni-
tored (adductor pollicis) (Fig. 34-11).121 Thus, neuromus-
cular blockade develops faster, has a shorter duration of 
effect, and recovers more quickly in these muscles (Table 
34-6).120-122,138,139
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Figure 34-10. Percentages of peak effect after a dose causing on 
average 95% suppression of neuromuscular response (ED95) of suc-
cinylcholine, rocuronium, rapacuronium, vecuronium, atracurium, 
mivacurium, and cisatracurium at the adductor pollicis muscle. Times 
(mean ± standard deviation) in seconds to 95% of peak effect are 
shown in parentheses. (Data from references 114, 133, and 135.)
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Paralysis following injection does not occur instanta-
neously even with large doses of muscle relaxants. Onset 
of blockade occurs 1 to 2 minutes earlier in the larynx 
than at the adductor pollicis after administration of non-
depolarizing NMBDs. The pattern of blockade (onset, 
depth, and speed of recovery) in the corrugator superci-
lii is similar to that in the larynx,119 the diaphragm, and 
the muscles of the abdominal wall. By monitoring the 
onset of neuromuscular blockade at the corrugator super-
cilii, one can predict the quality of tracheal intubating 
conditions. Good to excellent intubating conditions are 
observed in more than 90% of patients after disappear-
ance of the TOF at the corrugator supercilii.131 The onset 
of maximal blockade in the larynx also corresponds with 
the point at which the adductor pollicis begins to show 
palpable evidence of weakening.

Rapid Tracheal Intubation
Succinylcholine is commonly used when rapid tracheal 
intubation is needed because it consistently provides 
muscle relaxation within 60 to 90 seconds. When succi-
nylcholine is considered undesirable or contraindicated, 
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Figure 34-11. Evolution of neuromuscular blockade in the larynx 
and thumb (adductor pollicis) after a 0.07-mg/kg dose of vecuronium. 
Onset and recovery from blockade occur more rapidly in the larynx. 
T1, First twitch of train-of-four. (From Donati F, Meistelman C, Plaud B: 
Vecuronium neuromuscular blockade at the adductor muscles of the lar-
ynx and adductor pollicis, Anesthesiology 74:833-837, 1991.)
high doses of rocuronium can be administered.140 
The onset of action of other nondepolarizing NMBDs 
can be accelerated by administering a priming dose of 
the NMBD141 or by using combinations of NMBDs.142 
Although combinations of mivacurium and rocuronium 
can achieve rapid onset without undue prolongation of 
action and without undesirable side effects,142 combina-
tions of compounds of different structures may result in 
a marked prolongation of neuromuscular blockade. Addi-
tionally, combining different NMBDs may not consis-
tently result in a rapid onset of neuromuscular block.

Priming technique. Since the introduction of rocuronium 
into clinical practice, the use of priming has almost dis-
appeared. When priming, a small, subparalyzing dose 
of the nondepolarizer (≈20% of the ED95 or ≈10% of the 
intubating dose) is administered 2 to 4 minutes before 
the intubating dose of the compound.141 This procedure 
accelerates the onset of blockade for most nondepolariz-
ing NMBDs only by 30 to 60 seconds, thereby indicating 
that intubation can be performed within 90 seconds of 
the second dose. However, the intubating conditions that 
occur after priming are only marginally improved and do 
not match those that occur after succinylcholine. The size 
of the priming dose is limited by its effects on the awake 
patient. Further, priming doses can cause subtle degrees 
of neuromuscular blockade and increase the patient’s dis-
comfort, the risks of aspiration, and difficulty swallow-
ing and breathing.143 This technique is contraindicated 
in patients with abnormal airway anatomy or increased 
sensitivity to NMBDs such as patients with myasthenia 
gravis or those taking magnesium.

large-doSe regimen for raPid tracheal intuBation. 
Large doses of NMBDs are usually recommended when 
intubation must be accomplished in less than 90 seconds. 
High-dose regimens are associated with considerably pro-
longed duration of action and potentially increased car-
diovascular side effects, however (see Table 34-5).140,144 
Increasing the dosage of rocuronium from 0.6 mg/kg 
(twice the ED95) to 1.2 mg/kg (four times the ED95) short-
ens the onset time of complete neuromuscular block 
from 89 seconds to 55 seconds but essentially doubles the 
clinical duration of action of the compound (the recovery 
TABLE 34-6 TIME COURSE OF ACTION AND PEAK EFFECT DATA AT THE LARYNGEAL ADDUCTORS  
AND ADDUCTOR POLLICIS*

Dose (mg/kg) Anesthesia

Laryngeal Adductors Adductor Pollicis

Reference

Onset 
Time 
(sec)

Maximum 
Block (% 
Depression)

Clinical 
Duration 
(min)

Onset 
Time 
(sec)

Maximum 
block (% 
Depression)

Clinical 
Duration 
(min)

Succinylcholine, 1.0 Propofol-fentanyl 34 ± 12 100 ± 0 4.3 ± 1.6 56 ± 15 100 ± 0 8 ± 2 122
Rocuronium, 0.25 Propofol-fentanyl 96 ± 6 37 ± 8 — 180 ± 18 69 ± 8 — 121
Rocuronium, 0.4 Propofol-fentanyl 92 ± 29 70 ± 15 — 155 ± 40 99 ± 3 24 ± 7 122
Rocuronium, 0.5 Propofol-fentanyl 84 ± 6 77 ± 5 8 ± 3 144 ± 12 98 ± 1 22 ± 3 121
Vecuronium, 0.04 Propofol-fentanyl 198 ± 6 55 ± 8 — 342 ± 12 89 ± 3 11 ± 2 120
Vecuronium, 0.07 Propofol-fentanyl 198 ± 12 88 ± 4 9 ± 2 342 ± 18 98 ± 1 22 ± 2 120
Mivacurium, 0.14 Propofol-alfentanil 137 ± 20 90 ± 7 5.7 ± 2.1 201 ± 59 99 ± 1 16.2 ± 4.6 138
Mivacurium, 0.2 Propofol-alfentanil 89 ± 26 99 ± 4 10.4 ± 1.5 202 ± 45 99 ± 2 20.5 ± 3.9 139

*Clinical duration is the time until the first twitch of train-of-four (T1) has recovered to 25% of its control value. Mean and standard deviation122,138,139 or 
standard error of the mean.120,121
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of the first twitch of TOF [T1] to 25% of baseline values) 
from 37 minutes to 73 minutes.140

Whatever technique of rapid-sequence induction of 
anesthesia and intubation is chosen, the following four 
principles are important: (1) preoxygenation must be 
performed, (2) sufficient doses of intravenous drugs must 
be administered to ensure that the patient is adequately 
anesthetized, and (3) intubation within 60 to 90 seconds 
must be considered acceptable; and (4) cricoid pressure 
should be applied subsequent to injection of the induc-
tion agent.

Small-Dose Relaxants for Tracheal 
Intubation
Small doses of NMBDs can be used for routine tracheal 
intubation. The use of smaller doses of NMBDs has the 
following two possible advantages: (1) it shortens the 
time to recovery from neuromuscular blockade, and (2) 
it reduces the requirement for anticholinesterase drugs. 
Rocuronium has the shortest onset time of all the nonde-
polarizing NMBDs currently available.121,122 The maximal 
effect of either 0.25 or 0.5 mg/kg of rocuronium at the 
laryngeal muscles occurs after 1.5 minutes.121 This inter-
val is shorter than the 3.3 minutes reported after admin-
istration of equipotent doses of vecuronium (0.04 or 0.07 
mg/kg),120 and it is only slightly more than the 0.9 min-
utes reported after 0.25 or 0.5 mg/kg of succinylcholine 
(see Table 34-6).125

With a better understanding of the multiple factors 
that contribute to satisfactory conditions for intubation, 
it is now possible to administer NMBDs thoughtfully 
in this fashion. Intubating conditions are related more 
closely to the degree of neuromuscular blockade of the 
laryngeal adductor muscles than to the degree of block-
ade typically monitored at the adductor pollicis. Figure 
34-12 demonstrates this principle.136 In the presence of 
an adequate depth of anesthesia, complete blockade at 
the larynx or diaphragm, or both, may not be a prereq-
uisite for satisfactory intubating conditions. Kopman 
and colleagues noted that 0.5 mg/kg of rocuronium (1.5 
times the ED95) provided very satisfactory conditions 
for intubation in patients anesthetized with 12.5 μg/kg 
of alfentanil and 2.0 mg/kg of propofol if laryngoscopy 
was delayed for 75 seconds after drug administration.145 
It was furthermore estimated that 1.5 times the ED95 
of rocuronium would produce at least 95% blockade in 
98% of the population.145 A similar or lower multiple of 
rocuronium’s ED95 was shown to have a faster onset and 
shorter duration of action than those of atracurium146 or 
cisatracurium.109 In most patients receiving 15 μg/kg of 
alfentanil followed by 2.0 mg/kg of propofol and 0.45 
mg/kg of rocuronium, good to excellent conditions for 
intubation are present 75 to 90 seconds after the comple-
tion of drug administration.

METABOLISM AND ELIMINATION

The specific pathways of the metabolism (biotransfor-
mation) and elimination of NMBDs are summarized in 
Table 34-7. Of the nondepolarizing NMBDs listed, pan-
curonium, pipecuronium, vecuronium, atracurium, 
cisatracurium, and mivacurium are the only drugs that 
r 34: Pharmacology of Neuromuscular Blocking Drugs 975

are metabolized or degraded. Nearly all nondepolariz-
ing NMBD molecules contain ester linkages, acetyl ester 
groups, and hydroxy or methoxy groups. These substitu-
tions, especially the quaternary nitrogen groups, confer 
a high degree of water solubility with only slight lipid 
solubility. The hydrophilic nature of relaxant molecules 
enables easy elimination in the urine through glomerular 
filtration, with no tubular resorption or secretion. There-
fore, all nondepolarizing NMBDs show elimination of the 
parent molecule in the urine as the basic route of elimi-
nation; those with a long duration of action thus have a 
clearance rate that is limited by the glomerular filtration 
rate (1 to 2 mL/kg/minute).

Steroidal Compounds
long-acting neuromuScular Blocking drugS. Pan-
curonium is cleared largely by the kidney147 and, to 
a limited extent, by hepatic uptake and elimination. A 
small amount (15% to 20%) is deacetylated at the 3 posi-
tion in the liver, but this makes a minimal contribution 
to the total clearance. Deacetylation also occurs at the 
17 position but to such a small extent as to be clinically 
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Figure 34-12. A computer simulation based on Sheiner’s model115 
and data reported by Wierda and colleagues. The dose causing on 
average 95% suppression of neuromuscular response (ED95) of 
rocuronium at the adductor pollicis from this model is 0.33 mg/kg. 
Rocuronium, 0.45 mg/kg, is given as a bolus at time zero. Muscle X 
represents a muscle (e.g., the diaphragm or the laryngeal adductors) 
that is less sensitive to the effects of nondepolarizing relaxants than 
the adductor pollicis but has greater blood flow. In this example, the 
concentration of rocuronium producing 50% block (EC50) of muscle X 
is 2.5 times that of the adductor pollicis, but the half-life of transport 
between the plasma and effect compartment (t½ke0) of muscle X is 
only half as long. The rapid equilibration between plasma concentra-
tions of rocuronium and muscle X results in the more rapid onset of 
blockade of muscle X than of the adductor pollicis. The greater EC50 
at muscle X explains the faster recovery of this muscle than of the 
adductor pollicis from neuromuscular blockade. Lower blood concen-
trations of rocuronium must be achieved at the adductor pollicis than 
at muscle X before recovery begins. T1, First twitch of train-of-four 
(From Naguib M, Kopman AF: Low dose rocuronium for tracheal intuba-
tion, Middle East J Anesthesiol 17:193-204, 2003, with permission from 
the Middle East Journal of Anesthesiology.)
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TABLE 34-7 METABOLISM AND ELIMINATION OF NEUROMUSCULAR BLOCKING DRUGS

Elimination

Drug Duration Metabolism (%) Kidney (%) Liver (%) Metabolites

Succinylcholine Ultrashort Butyrylcholinesterase 
(98-99%)

<2% None Monoester (succinyl monocholine) and choline; 
the monoester is metabolized much more 
slowly than succinylcholine

Gantacurium Ultrashort Cysteine (fast) and 
ester hydrolysis 
(slow)

? ? Inactive cysteine adduction product, 
chloroformate monoester, and alcohol

Mivacurium Short Butyrylcholinesterase 
(95-99%)

<5% None Monoester and quaternary alcohol; the 
metabolites are inactive and most likely are 
not metabolized any further

(Metabolites eliminated in 
urine and bile)

Atracurium Intermediate Hofmann elimination 
and nonspecific 
ester hydrolysis 
(60-90%)

10-40% None Laudanosine, acrylates, alcohols, and acids; 
although laudanosine has CNS-stimulating 
properties, the clinical relevance of this effect 
is negligible

(Metabolites eliminated in 
urine and bile)

Cisatracurium Intermediate Hofmann elimination 
(77%?)

Renal 
clearance is 
16% of total

Laudanosine and acrylates; ester hydrolysis 
of the quaternary monoacrylate occurs 
secondarily; because of the greater potency 
of cisatracurium, laudanosine quantities 
produced by Hofmann elimination are 5 to 
10 times lower than in the case of atracurium, 
thus making this a nonissue in practice

Vecuronium Intermediate Liver (30-40%) 40-50% 50-60% 
≈60%

The 3-OH metabolite accumulates, particularly 
in renal failure; it has ≈80% the potency 
of vecuronium and may be responsible for 
delayed recovery in ICU patients

(Metabolites excreted in 
urine and bile) ≈40%

Rocuronium Intermediate None 10-25% >70% None
Pancuronium Long Liver (10-20%) 85% 15% The 3-OH metabolite may accumulate, 

particularly in renal failure; it is approximately 
two thirds as potent as the parent compound

d-Tubocurarine Long None 80% (?) 20% None
irrelevant. The three known metabolites have been indi-
vidually studied in anesthetized humans.148 The 3-OH 
metabolite is the most potent of the three, being approxi-
mately half as potent as pancuronium, and is the only one 
present in detectable concentrations in the plasma. This 
metabolite has pharmacokinetics and duration of action 
similar to those of pancuronium.148 The 3-OH metabolite 
is most likely excreted largely by the kidney.148 The par-
ent compound and the 3-OH metabolite are also cleared 
in small amounts through a minor liver pathway. The 
total clearance is delayed, and the duration of action is 
significantly lengthened by severe disorders of renal or 
hepatic function.149-151

intermediate-acting neuromuScular BlockerS. Vecuro-
nium, the 2-desmethyl derivative of pancuronium, is 
more lipid soluble than pancuronium because of the 
absence of the quaternizing methyl group at the 2 posi-
tion. It undergoes two to three times more metabolism 
than does pancuronium. Vecuronium is taken up into 
the liver by a carrier-mediated transport system,152 and 

CNS, Central nervous system; ICU, intensive care unit.
it is then deacetylated at the 3 position by liver micro-
somes. Approximately 12% of vecuronium clearance is 
through conversion to 3-desacetylvecuronium,153 and 
30% to 40% of the drug is cleared in the bile as the parent 
compound.154 Although the liver is the principal organ of 
elimination for vecuronium, the drug also undergoes sig-
nificant (up to 25%) renal excretion, and this combined 
organ elimination gives it a clearance rate of 3 to 6 mL/
kg/minute.153,155

The principal metabolite of vecuronium, 3-desacetylve-
curonium, is a potent (≈80% of vecuronium) NMBD 
in its own right. The metabolite, however, has slower 
plasma clearance and longer duration of action than 
vecuronium.153 3-Desacetylvecuronium has a clearance 
rate of 3.5 mL/kg/minute, and renal clearance accounts for 
approximately one sixth of its elimination.153 In patients 
with renal failure in the ICU, 3-desacetylvecuronium can 
accumulate and produce prolonged neuromuscular block-
ade.156 Other putative metabolites are 17-desacetylve-
curonium and 3,17-bisdesacetylvecuronium, neither of 
which occurs in clinically significant amounts.
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Rocuronium is eliminated primarily by the liver, with 
a small fraction (≈10%) eliminated in the urine.157 It is 
taken up into the liver by a carrier-mediated active trans-
port system.158 The putative metabolite, 17-desacetylro-
curonium, has not been detected in significant quantities.

Benzylisoquinolinium Compounds
Short-acting neuromuScular Blocking drugS. Miva-
curium is hydrolyzed in the plasma by butyrylcholin-
esterase to a monoester and an amino alcohol,9 which 
are excreted in urine and bile. They have less than 1% of 
the neuromuscular blocking activity of the parent com-
pound. Less than 5% of mivacurium is excreted in the 
urine as the parent compound.

Mivacurium consists of three stereoisomers, and the 
clearances of the two most pharmacologically active 
isomers, the cis-trans and trans-trans, are approximately 
100 and 50 to 70 mL/kg/minute, respectively.94,159,160 
These two isomers show elimination half-lives of 2 to 3 
minutes.94 The third stereoisomer, the cis-cis, is present 
as only 4% to 8% of the mivacurium mixture and has 
less than 10% of the neuromuscular blocking potency of 
the other two isomers.94 Consequently, even though it 
has a much longer elimination half-life (55 minutes) and 
lower clearance (≈4 mL/kg/minute) than the two other 
isomers, it does not contribute significantly to the dura-
tion of action of mivacurium.94 This rapid enzymatic 
clearance of mivacurium accounts for its short duration 
of action.9,94 When butyrylcholinesterase activity is sig-
nificantly decreased, however, as in the rare patient who 
is homozygous for genetically atypical enzymes, the dura-
tion of action of mivacurium is prolonged for up to sev-
eral hours.161-164

intermediate-acting neuromuScular Blocking drugS. 
Atracurium is metabolized through two pathways: Hof-
mann elimination and nonspecific ester hydrolysis. 
Hofmann elimination is a purely chemical process that 
results in loss of the positive charges by molecular frag-
mentation to laudanosine (a tertiary amine) and a mono-
quaternary acrylate, compounds that are thought to have 
no neuromuscular and little or no cardiovascular activity 
of clinical relevance.165

Because it undergoes Hofmann elimination, atracu-
rium is relatively stable at pH 3.0 and 4° C and becomes 
unstable when it is injected into the bloodstream. Early 
observations of the breakdown of the drug in buffer and 
plasma showed faster degradation in plasma, a finding 
suggesting a possible enzymatic hydrolysis of the ester 
groups. Further evidence suggested that ester hydroly-
sis may be more important than originally realized in 
the breakdown of atracurium.166 By using a pharma-
cokinetics analysis, Fisher and associates concluded 
that a significant amount of clearance of atracurium 
may be by routes other than ester hydrolysis and Hof-
mann elimination.167 Thus, it appears that atracurium’s 
metabolism is complicated and may not be completely 
understood.167

Laudanosine, a metabolite of atracurium, has central 
nervous system (CNS)–stimulating properties. However, 
adverse effects are unlikely to occur with atracurium use 
in either the operating room or the ICU.
ter 34: Pharmacology of Neuromuscular Blocking Drugs 977

Atracurium is a mixture of 10 optical isomers. Cisatra-
curium is the 1R cis–1′R cis isomer of atracurium.90 Like 
atracurium, cisatracurium is metabolized by Hofmann 
elimination to laudanosine and a monoquaternary acry-
late.168,169 In contrast, however, no ester hydrolysis of the 
parent molecule occurs. Hofmann elimination accounts 
for 77% of the total clearance of 5 to 6 mL/kg/minute. 
Twenty-three percent of the drug is cleared through 
organ-dependent means, and renal elimination accounts 
for 16% of this.169 Because cisatracurium is approximately 
four or five times as potent as atracurium, approximately 
five times less laudanosine is produced, and, as with atra-
curium, accumulation of this metabolite is not thought 
to be of any consequence in clinical practice.

long-acting neuromuScular Blocking drugS. dTc has 
no active metabolism. The kidney is the major pathway 
of elimination, with approximately 50% of a dose elimi-
nated through renal pathways. The liver is likely a sec-
ondary route of elimination.

Asymmetric Mixed-Onium Fumarates
Gantacurium and CW 002 are degraded by two chemi-
cal mechanisms, neither of which is enzymatic: (1) rapid 
formation of an apparently inactive cysteine adduction 
product and (2) slower hydrolysis of the ester bond to pre-
sumably inactive hydrolysis products (see Fig. 34-7).11,170

In summary, the only short-acting nondepolarizing 
NMBD, mivacurium, is cleared rapidly and almost exclu-
sively by metabolism by butyrylcholinesterase, thus 
resulting in much greater plasma clearance than that of 
any other nondepolarizing NMBD.9 NMBDs of interme-
diate duration, such as vecuronium, rocuronium, atra-
curium, and cisatracurium, have clearance rates in the 
range of 3 to 6 mL/kg/minute because of multiple path-
ways of degradation, metabolism, and/or elimination. 
Atracurium is cleared two to three times more rapidly 
than the long-acting drugs.171-174 Similar clearance values 
have been obtained for rocuronium175-179 and cisatracu-
rium.168,169,180 Finally, the long-acting NMBDs undergo 
minimal or no metabolism, and they are eliminated 
largely unchanged, mostly by renal excretion. Hepatic 
pathways are less important in their metabolism.

ADVERSE EFFECTS OF NEUROMUSCULAR 
BLOCKERS

NMBDs seem to play a prominent role in the incidence 
of adverse reactions that occur during anesthesia. The 
Committee on Safety of Medicines in the United King-
dom reported that 10.8% (218 of 2014) of adverse drug 
reactions and 7.3% of deaths (21 of 286) were attributable 
to the NMBDs.181

Autonomic Effects
NMBDs may interact with nicotinic and muscarinic cho-
linergic receptors within the sympathetic and parasym-
pathetic nervous systems and at the nicotinic receptors of 
the neuromuscular junction.

Dose-response ratios comparing the neuromuscu-
lar blocking potencies of these drugs (the ED95) with 
their potencies in blocking vagal (parasympathetic) or 
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sympathetic ganglionic transmission (the ED50) can be 
constructed (Table 34-8). These ratios are termed the auto-
nomic margin of safety of the relaxant in question. The 
higher the dose ratio, the lower is the likelihood of, or the 
greater the safety ratio for, the occurrence of the particu-
lar autonomic effect. The side effect is considered absent 
(none) in clinical practice if the safety ratio is greater than 
5; it is weak or slight if the safety ratio is 3 or 4, moderate 
if 2 or 3, and strong or prominent if the ratio is 1 or less.

These autonomic responses are not reduced by slower 
injection of the muscle relaxant. They are dose related 
and additive over time if divided doses are given. If iden-
tical to the original dose, subsequent doses will produce a 
similar response (i.e., no tachyphylaxis will occur). This is 
not the case, however, when the side effect of histamine 
release is in question. Cardiovascular responses secondary 
to histamine release are decreased by slowing the injec-
tion rate, and the response undergoes rapid tachyphy-
laxis. The autonomic effects of NMBDs are summarized 
in Table 34-9.

hiStamine releaSe. Quaternary ammonium compounds 
(e.g., NMBDs) are generally weaker histamine-releasing 
substances than are tertiary amines such as morphine. 
Nevertheless, when large doses of certain NMBDs are 

TABLE 34-8 APPROXIMATE AUTONOMIC 
MARGINS OF SAFETY OF NONDEPOLARIZING 
NEUROMUSCULAR BLOCKERS*

Drugs Vagus†
Sympathetic 
Ganglia†

Histamine 
Release‡

Benzylisoquinolinium Compounds
Mivacurium >50 >100 3.0
Atracurium 16 40 2.5
Cisatracurium >50 >50 None
d-Tubocurarine 0.6 2.0 0.6
Steroidal Compounds
Vecuronium 20 >250 None
Rocuronium 3.0-5.0 >10 None
Pancuronium 3.0 >250 None

*Definition: number of multiples of the dose causing on average 95% 
suppression of neuromuscular response (ED95) for neuromuscular block-
ade required to produce the autonomic side effect (ED50).

†In cats.
‡In human subjects.

TABLE 34-9 CLINICAL AUTONOMIC EFFECTS OF 
NEUROMUSCULAR BLOCKING DRUGS

Drug Type
Autonomic 
Ganglia

Cardiac Muscarinic 
Receptors

Histamine 
Release

Depolarizing Substance
Succinylcholine Stimulates Stimulates Slight
Benzylisoquinolinium Compounds
Mivacurium None None Slight
Atracurium None None Slight
Cisatracurium None None None
d-Tubocurarine Blocks None Moderate
Steroidal Compounds
Vecuronium None None None
Rocuronium None Blocks weakly None
Pancuronium None Blocks moderately None
administered rapidly, erythema of the face, neck, and 
upper torso may develop, as well as a brief decrease in 
arterial pressure and a slight to moderate increase in heart 
rate. Bronchospasm in this setting is very rare. The clini-
cal effects of histamine are seen when plasma concentra-
tions increase 200% to 300% of baseline values, and these 
effects involve chemical displacement of the contents of 
mast cell granules containing histamine, prostaglandin, 
and possibly other vasoactive substances.182 The serosal 
mast cell, located in the skin and connective tissue and 
near blood vessels and nerves, is principally involved in 
the degranulation process.182

The side effect of histamine release is most often noted 
following administration of the benzylisoquinolinium 
class of muscle relaxants, although it has also been noted 
in steroidal relaxants of low potency. The effect is usu-
ally of short duration (1 to 5 minutes), is dose related, 
and is clinically insignificant in healthy patients. Hatano 
and colleagues showed that the hypotensive cardiovascu-
lar response to 0.6 mg/kg of dTc in humans is prevented 
not only by antihistamines but also by nonsteroidal anti-
inflammatory drugs (e.g., aspirin).183 Those investigators 
concluded that the final step in dTc-induced hypotension 
is modulated by prostaglandins that are vasodilators.183 
This side effect can be reduced considerably by using a 
slower injection rate. It is also prevented by prophylaxis 
with combinations of histamine1 and histamine2 block-
ers.184 If a minor degree of histamine release such as 
described earlier occurs after an initial dose of an NMBD, 
subsequent doses will generally cause no response at all, 
as long as they are no larger than the original dose. This 
is clinical evidence of tachyphylaxis, an important char-
acteristic of histamine release. A much more significant 
degree of histamine release occurs during anaphylactic or 
anaphylactoid reactions; these reactions are very rare.

clinical cardioVaScular manifeStationS  
of autonomic mechaniSmS

Hypotension. The hypotension seen with the use of atra-
curium and mivacurium results from histamine release, 
whereas dTc causes hypotension by histamine release and 
ganglion blockade.185,186 The effects of dTc occur closer to 
the dose required to achieve neuromuscular blockade.113 
The safety margin for histamine release is approximately 
three times greater for atracurium and mivacurium than 
it is for dTc.182,183,186 Rapid administration of atracurium 
in doses greater than 0.4 mg/kg and of mivacurium in 
doses greater than 0.15 mg/kg has been associated with 
transient hypotension secondary to histamine release 
(Fig. 34-13).

tacHycardia. Pancuronium causes a moderate increase 
in heart rate and, to a lesser extent, in cardiac output, 
with little or no change in systemic vascular resistance.187 
Pancuronium-induced tachycardia has been attributed to 
the following: (1) vagolytic action,187 probably from inhi-
bition of M2 receptors; and (2) sympathetic stimulation 
that involves both direct (blockade of neuronal uptake of 
norepinephrine) and indirect (release of norepinephrine 
from adrenergic nerve endings) mechanisms.188 In stud-
ies in humans, Roizen and associates surprisingly found 
decreases in plasma norepinephrine levels after admin-
istration of either pancuronium or atropine.189 These  
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investigators postulated that the increase in heart rate or 
rate-pressure product occurs because pancuronium (or at-
ropine) acts through baroreceptors to reduce sympathetic 
outflow.189 More specifically, the vagolytic effect of pan-
curonium increases heart rate and hence blood pressure 
and cardiac output, in turn influencing the baroreceptors 
to decrease sympathetic tone. Support for this concept is 
provided by the finding that prior administration of atro-
pine attenuates or eliminates the cardiovascular effects of 
pancuronium.187 However, a positive chronotropic effect 
that places emphasis on the vagolytic mechanism has not 
been found in humans.190 The tachycardia seen with ben-
zylisoquinolinium compounds is the result of histamine 
release.

dysrHytHmias. Succinylcholine and dTc actually reduce 
the incidence of epinephrine-induced dysrhythmias.191 
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Figure 34-13. Dose response to mivacurium in patients under 
nitrous oxide–oxygen–opioid anesthesia. Maximum changes at each 
dose are shown; n = 9 subjects per group. A, With fast injection, a 
15% to 20% decrease in arterial pressure occurred at 2.5 to 3 times 
the ED95 (0.20 to 0.25 mg/kg). B, The changes were less than 10% 
when slower injection (30 seconds) was done. (From Savarese JJ, Ali 
HH, Basta SJ, et al: The cardiovascular effects of mivacurium chloride (BW 
B1090U) in patients receiving nitrous oxide–opiate-barbiturate anesthe-
sia, Anesthesiology 70:386-394, 1989.)
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Possibly because of enhanced atrioventricular conduc-
tion,192 the incidence of dysrhythmias caused by pancu-
ronium appears to increase during halothane anesthe-
sia.187 Edwards and colleagues observed rapid tachycardia 
(>150 beats/minute) that progressed to atrioventricular 
dissociation in two patients anesthetized with halothane 
who also received pancuronium.193 The only other factor 
common to those two patients was that both were taking 
tricyclic antidepressant drugs.

Bradycardia. Several case reports described the occur-
rence of severe bradycardia and even asystole after vecuro-
nium or atracurium administration.194,195 All these cases 
were also associated with opioid administration. Subse-
quent studies indicated that administration of vecuro-
nium or atracurium alone does not cause bradycardia.196 
When combined with other drugs that do cause bradycar-
dia (e.g., fentanyl), however, the nonvagolytic relaxants 
such as vecuronium, cisatracurium, and atracurium allow 
this mechanism to occur unopposed. Thus, the moderate 
vagolytic effect of pancuronium is often used to counter-
act opioid-induced bradycardia (see also Chapter 31).

reSPiratory effectS. The muscarinic cholinergic system 
plays an important role in regulating airway function. 
Five muscarinic receptors have been cloned,197 three of 
which (M1 to M3) exist in the airways.198 M1 receptors 
are under sympathetic control, and they mediate bron-
chodilation.199 M2 receptors are located presynaptically 
(Fig. 34-14), at the postganglionic parasympathetic nerve 
endings, and they function in a negative-feedback mech-
anism to limit the release of acetylcholine. The M3 recep-
tors, which are located postsynaptically (see Fig. 34-14), 
mediate contraction of the airway smooth muscles (i.e., 
bronchoconstriction).199 Nondepolarizing NMBDs have 
different antagonistic activities at both M2 and M3 recep-
tors.200 For example, blockage of M3 muscarinic receptors 
on airway smooth muscle inhibits vagally induced bron-
choconstriction (i.e., causes bronchodilation), whereas 

Parasympathetic

Postganglionic
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Figure 34-14. The muscarinic (M3) receptors are located postsynap-
tically on airway smooth muscle. Acetylcholine (ACh) stimulates M3 
receptors to cause contraction. M2 muscarinic receptors are located 
presynaptically at the postganglionic parasympathetic nerve end-
ings, and they function in a negative-feedback mechanism to limit the 
release of ACh.
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blockage of M2 receptors results in increased release of 
acetylcholine that acts on M3 receptors, thus causing 
bronchoconstriction.

The affinity of the compound rapacuronium to block 
M2 receptors is 15 times higher than its affinity to block 
M3 receptors.200 This explains the high incidence (>9%) 
of severe bronchospasm201-203 seen with this drug and 
that resulted in its withdrawal from the market.

The administration of benzylisoquinolinium NMBDs 
(with the exception of cisatracurium) is associated with 
histamine release, which may result in increased airway 
resistance and bronchospasm in patients with hyperac-
tive airway disease.

allergic reactionS. The frequency of life-threatening 
anaphylactic (immune-mediated) or anaphylactoid reac-
tions occurring during anesthesia has been estimated at 
1 in 10,000 to 20,000 anesthetic procedures, whereas it 
is estimated at 1 in 6500 administrations of NMBDs in 
some countries.204,205 In France, the most common causes 
of anaphylaxis in patients who experienced allergic reac-
tions were reported to be NMBDs (58.2%), latex (16.7%), 
and antibiotics (15.1%).206 Anaphylactic reactions are 
mediated through immune responses involving immu-
noglobulin E antibodies fixed to mast cells. Anaphylac-
toid reactions are not immune mediated and represent 
exaggerated pharmacologic responses in very rare and 
very sensitive individuals.

However, anaphylaxis to nondepolarizing NMBDs is 
not uncommon in patients without any previous expo-
sure to any nondepolarizing NMBDs. Cross-reactivity 
occurs between NMBDs and food, cosmetics, disinfec-
tants, and industrial materials.207 Sensitization to non-
depolarizing NMBDs may be related to pholcodine, a 
cough-relieving medicine. Cross-reactivity is seen in 70% 
of patients with a history of anaphylaxis to an NMBD.206

Steroidal compounds (e.g., rocuronium, vecuronium, 
or pancuronium) result in no significant histamine 
release.186 For example, four times the ED95 of rocuronium 
(1.2 mg/kg) causes no significant histamine release.208 
Nevertheless, rocuronium and succinylcholine are 
reportedly associated with a 43.1% and 22.6% incidence, 
respectively, of anaphylaxis in France.206 Rose and Fisher 
classified rocuronium and atracurium as having interme-
diate levels of risk for causing allergic reactions.209 These 
investigators also noted that the increased number of 
reports of anaphylaxis with rocuronium is in line with 
the market share of that drug’s usage. Watkins stated, 
“The much higher incidence of rocuronium reactions 
reported in France is currently inexplicable and is likely to 
remain so if investigators continue to seek a purely anti-
body-mediated response as an explanation of all anaphy-
lactoid reaction presentations.”210 All nondepolarizing 
NMBDs may elicit anaphylaxis. More recent publications 
have highlighted the need for standardization of diag-
nostic procedures of anaphylactic reactions. Biochemical 
tests should be performed rapidly after occurrence of an 
anaphylactic reaction. An early increase in plasma his-
tamine is observed 60 to 90 minutes after anaphylactic 
reactions. Serum tryptase concentrations typically reach 
a peak between 15 and 120 minutes, depending on the 
severity of the reaction. It is highly suggestive of mast 
cell activation. Skin testing remains the gold standard for 
detection of the culprit agent.211 For many years, dilution 
thresholds have been debated. For instance, Laxenaire 
used a 1:10 dilution of rocuronium for interdermal skin 
testing,212 whereas Rose and Fisher used a 1:1000 dilu-
tion.209 Levy and associates showed that rocuronium in 
a 1:10 dilution can produce false-positive results in intra-
dermal testing and suggested that rocuronium be diluted 
at least 100-fold to prevent such results.213 Those authors 
also reported that high concentrations (≥10–4 M) of both 
rocuronium and cisatracurium were capable of producing 
a wheal-and-flare response to intradermal testing, which 
was associated with mild to moderate mast cell degranu-
lation in the cisatracurium group only.213 However, in 
contrast to control patients, skin tests with nondepolar-
izing NMBDs that were performed in patients who had an 
anaphylactic reaction were considered reliable.

All NMBDs can cause noncompetitive inhibition of 
histamine-N-methyltransferase, but the concentrations 
required for that inhibition greatly exceeds those that 
would be used clinically, except in the case of vecuronium, 
with which the effect becomes manifest at 0.1 to 0.2 mg/
kg.214 This finding could explain the occurrence of occa-
sional severe bronchospasm in patients after receiving 
vecuronium.215 For goals of treatment of anaphylactic 
reactions, see Chapters 6 and 7.

DRUG INTERACTIONS AND OTHER 
FACTORS AFFECTING RESPONSE TO 
NEUROMUSCULAR BLOCKERS

A drug-drug interaction is an in vivo phenomenon 
that occurs when the administration of one drug alters 
the effects or kinetics of another drug. In vitro physical 
or chemical incompatibilities are not considered drug 
interactions.216

Many drugs interact with NMBDs or their antagonists, 
or both, and it is beyond the scope of this chapter to 
review them all.216,217 Some of the more important drug 
interactions with NMBDs and their antagonists are dis-
cussed in the following sections.

Interactions Among Nondepolarizing 
Neuromuscular Blocking Drugs
Mixtures of two nondepolarizing NMBDs are considered 
to be either additive or synergistic. Antagonistic inter-
actions have not been reported in this class of drugs. 
Additive interactions have been demonstrated after 
administration of chemically related drugs, such as atra-
curium and mivacurium,218 or after coadministration of 
various pairs of steroidal NMBDs.98 Conversely, combi-
nations of structurally dissimilar (e.g., a steroidal with a 
benzylisoquinolinium) NMBDs, such as the combinations 
of pancuronium and dTc,219 pancuronium and metocu-
rine,219 rocuronium and mivacurium,142 or rocuronium 
and cisatracurium,109 produce a synergistic response.

The administration of two NMBDs in combina-
tion was first introduced by Lebowitz and associates in 
an attempt to reduce the cardiovascular side effects of 
NMBDs by giving smaller doses of each drug in com-
bination.219 An additional advantage (rapid onset and 
short duration) is noted for mivacurium-rocuronium 
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combinations.142 Although the precise mechanisms 
underlying a synergistic interaction are not known, 
hypotheses that have been put forward include the 
existence of multiple binding sites at the neuromuscu-
lar junction (presynaptic and postsynaptic receptors)220 
and the nonequivalence of binding affinities of the two 
α subunits (αH and αL). Further, inhibition of butyrylcho-
linesterase by pancuronium results in decreased plasma 
clearance of mivacurium and marked potentiation of the 
neuromuscular blockade.221

The pharmacodynamic response to the use of two 
different nondepolarizing NMBDs during the course of 
anesthesia depends not only on the specific drugs used 
but also on the sequence of their administration.222,223 
Approximately three half-lives are required for a clini-
cal changeover (so that 95% of the first drug has been 
cleared) and for the duration of the blockade to begin 
to take on the characteristics of the second drug. After 
the administration of pancuronium, recovery from the 
first two maintenance doses of vecuronium is reportedly 
prolonged, although this effect becomes negligible by 
the third dose.222 Similarly, Naguib and colleagues noted 
that the mean duration of the first maintenance dose of 
mivacurium to 10% recovery of the first twitch was sig-
nificantly longer after atracurium (25 minutes) than after 
mivacurium (14.2 minutes).218 However, the duration of 
the second maintenance dose of mivacurium after atra-
curium (18.3 minutes) was similar to that of mivacurium 
after mivacurium (14.6 minutes).

The apparent prolongation of action of the first 
maintenance dose of mivacurium administered after 
atracurium,218 and of those reported with vecuronium 
after pancuronium,222,223 is not related to synergism. 
Combinations of atracurium and mivacurium218 and 
of vecuronium and pancuronium98 are simply additive. 
However, this prolongation in the duration of action 
could be attributed to the relative concentrations of these 
drugs at the receptor site. Because most receptors remain 
occupied by the drug administered initially, the clinical 
profile depends on the kinetics or dynamics (or both) of 
the drug administered first rather than on those of the 
second (maintenance) drug. However, with further incre-
mental doses of the second drug, a progressively larger 
proportion of the receptors is occupied by that drug, and 
its clinical profile becomes evident.

Interactions Between Succinylcholine and 
Nondepolarizing Neuromuscular Blocking 
Drugs
The interaction between succinylcholine and nondepo-
larizing NMBDs depends on the order of administration 
and the doses used.81,224,225 Small doses of different non-
depolarizing NMBDs administered before succinylcho-
line to prevent fasciculations have an antagonistic effect 
on the development of subsequent depolarizing block 
produced by succinylcholine.27,81 Therefore, it is recom-
mended that the dose of succinylcholine be increased 
after the administration of a defasciculating dose of a 
nondepolarizing NMBD.27

Studies of the effects of administering succinylcho-
line before nondepolarizing NMBDs have produced 
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conflicting results. Several investigators reported potenti-
ation of the effects of pancuronium,224 vecuronium, and 
atracurium225 by prior administration of succinylcholine. 
In contrast, other investigators found no significant influ-
ence of succinylcholine on subsequent administration of 
pancuronium, rocuronium, or mivacurium.81,226,227

Interactions with Inhaled Anesthetics
Deep anesthesia induced with potent volatile anesthetics 
(in the absence of neuromuscular blockade) may cause a 
slight reduction of neuromuscular transmission, as mea-
sured by depression of sensitive indicators of clinical neu-
romuscular function, such as tetanus and TOF.228 Inhaled 
anesthetics also enhance the neuromuscular blocking 
effects of nondepolarizing NMBDs. Inhaled anesthetics 
decrease the required dose of NMBDs, as well as prolong 
both the duration of action of the blocker and recovery 
from neuromuscular block,229 depending on the duration 
of anesthesia,228,230,231 the specific inhaled anesthetic,232 
and the concentration (dose) given.233 The rank order of 
potentiation is desflurane > sevoflurane > isoflurane > 
halothane > nitrous oxide–barbiturate–opioid or propofol 
anesthesia (Fig. 34-15).234-236

The greater clinical muscle-relaxing effect produced by 
less potent anesthetics is mainly caused by their larger 
aqueous concentrations.237 Desflurane and sevoflurane 
have low blood-gas and tissue-gas solubility, so equilib-
rium between the end-tidal concentration and the neu-
romuscular junction is reached more rapidly with these 
anesthetics than with older inhaled anesthetics.

The interaction between volatile anesthetics and 
NMBDs is one of pharmacodynamics, not pharmacoki-
netics.238 The proposed mechanisms behind this interac-
tion include (1) a central effect on α motoneurons and 
interneuronal synapses,239 (2) inhibition of postsynap-
tic nAChR,240 and (3) augmentation of the antagonist’s 
affinity at the receptor site.237

Interactions with Antibiotics
Most antibiotics can cause neuromuscular blockade in the 
absence of NMBDs. The aminoglycoside antibiotics, the 
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Figure 34-15. Cumulative dose-response curves for rocuronium-
induced neuromuscular blockade during 1.5 minimum alveolar 
concentration (MAC) anesthesia with desflurane, sevoflurane, isoflu-
rane, and total intravenous anesthesia (TIVA). (From Wulf H, Ledowski 
T, Linstedt U, et al: Neuromuscular blocking effects of rocuronium dur-
ing desflurane, isoflurane, and sevoflurane anaesthesia, Can J Anaesth 
45:526-532, 1998, with permission from the Canadian Journal of 
Anaesthesia.)
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polymyxins, and lincomycin and clindamycin primarily 
inhibit the prejunctional release of acetylcholine and also 
depress postjunctional nAChR sensitivity to acetylcho-
line.241 The tetracyclines, in contrast, exhibit postjunc-
tional activity only. When combined with NMBDs, the 
aforementioned antibiotics can potentiate neuromuscu-
lar blockade.242 The cephalosporins and penicillins have 
not been reported to potentiate neuromuscular blockade. 
Because antagonism of neuromuscular blockade has been 
reported to be more difficult after the administration 
of aminoglycosides,243 ventilation should be controlled 
until the neuromuscular blockade terminates spontane-
ously. Ca2+ should not be used to hasten the recovery of 
neuromuscular function for two reasons: the antagonism 
it produces is not sustained, and it may prevent the anti-
bacterial effect of the antibiotics.

Temperature
Hypothermia prolongs the duration of action of nonde-
polarizing NMBDs.244-246 The force of contraction of the 
adductor pollicis decreases by 10% to 16% per degree 
Celsius decrease in muscle temperature lower than 35.2° 
C.247,248 To maintain the muscle temperature at or higher 
than 35.2° C, the central temperature must be main-
tained at 36.0° C.244 The recovery to 10% twitch height 
with 0.1 mg/kg of vecuronium increases from 28 minutes 
at a mean central temperature of 36.4° C to 64 minutes 
at 34.4° C.244 The mechanism or mechanisms underly-
ing this prolongation may be pharmacodynamic or phar-
macokinetic, or both.246 They include diminished renal 
and hepatic excretion, changing volumes of distribution, 
altered local diffusion receptor affinity, changes in pH at 
the neuromuscular junction, and the net effect of cooling 
on the various components of neuromuscular transmis-
sion.244,249 Hypothermia decreases the plasma clearance 
and prolongs the duration of action of rocuronium 
and vecuronium.246 Temperature-related differences in 
the pharmacodynamics of vecuronium have also been 
reported. The ke0 decreases (0.023/minute/° C) with lower 
temperature, a finding suggesting slightly delayed equili-
bration of drug between the circulation and the neuro-
muscular junction during hypothermia.246 The Hofmann 
elimination process of atracurium is slowed by a decrease 
in pH and especially by a decrease in temperature.250 In 
fact, atracurium’s duration of action is markedly pro-
longed by hypothermia.245 For instance, the duration of 
action of a dose of 0.5 mg/kg atracurium is 44 minutes at 
37° C but 68 minutes at 34.0° C.

Changes in temperature also affect the interpretation 
of the results of monitoring neuromuscular blockade. 
For example, the duration of action of vecuronium mea-
sured in an arm cooled to a skin temperature of 27° C is 
prolonged, and monitoring by PTC in that arm is unreli-
able.251 In the same patient, TOF responses are different 
if the arms are at different temperatures, and the correla-
tion of responses in the two arms becomes progressively 
poorer as the temperature difference between the arms 
increases.252

The efficacy of neostigmine is not altered by mild 
hypothermia.253-255 Hypothermia does not change the 
clearance, maximum effect, or duration of action of neo-
stigmine in volunteers.255
Interactions with Magnesium and Calcium
Magnesium sulfate, given for treatment of preeclampsia 
and eclamptic toxemia, potentiates the neuromuscular 
blockade induced by nondepolarizing NMBDs256,257 (see 
Chapter 77). After a dose of 40 mg/kg of magnesium sul-
fate, the ED50 of vecuronium was reduced by 25%, the 
onset time was nearly halved, and the recovery time nearly 
doubled.257 Neostigmine-induced recovery is also attenu-
ated in patients treated with magnesium.256 The mecha-
nisms underlying the enhancement of nondepolarizing 
block by magnesium probably involve both prejunctional 
and postjunctional effects. High magnesium concentra-
tions inhibit Ca2+ channels at the presynaptic nerve ter-
minals that trigger the release of acetylcholine.16 Further, 
magnesium ions have an inhibitory effect on postjunc-
tional potentials and cause decreased excitability of mus-
cle fiber membranes. In patients receiving magnesium, 
the dose of nondepolarizing NMBDs must be reduced 
and carefully titrated using a nerve stimulator to ensure 
adequate recovery of neuromuscular function at the end 
of surgery.

The interaction between magnesium and succinylcho-
line is controversial. However, more recent results sug-
gest that magnesium antagonizes the block produced by 
succinylcholine.258

Ca2+ triggers the release of acetylcholine from the 
motor nerve terminal and enhances excitation-contrac-
tion coupling in muscle.16 Increasing Ca2+ concentrations 
decreased the sensitivity to dTc and pancuronium in a 
muscle-nerve model.259 In hyperparathyroidism, hyper-
calcemia is associated with decreased sensitivity to atracu-
rium and thus a shortened time course of neuromuscular 
blockade.260

Interactions with Lithium
Lithium remains the drug of choice for treatment of 
bipolar affective disorder (manic-depressive illness). The 
lithium ion resembles Na+, K+, magnesium, and Ca2+ ions 
and therefore may affect the distribution and kinetics of 
all these electrolytes.261 Lithium enters cells via Na+ chan-
nels and tends to accumulate within the cells.

By its activation of K+ channels, lithium inhibits neu-
romuscular transmission presynaptically and muscu-
lar contraction postsynaptically.262 The combination of 
lithium and pipecuronium results in a synergistic inhibi-
tion of neuromuscular transmission, whereas the combi-
nation of lithium and succinylcholine results in additive 
inhibition.262 Prolongation of neuromuscular blockade 
was reported in patients taking lithium carbonate and 
both depolarizing and nondepolarizing NMBDs.263 Only 
one report did not demonstrate prolongation of recovery 
from succinylcholine in patients receiving lithium.264 In 
patients who are stabilized on lithium therapy and under-
going surgery, NMBDs should be administered in incre-
mental and reduced doses and titrated to the degree of 
blockade required.

Interactions with Local Anesthetic and 
Antidysrhythmic Drugs
Local anesthetics act on the presynaptic and postsynap-
tic part of the neuromuscular. In large intravenous doses, 
most local anesthetics block neuromuscular transmission; 
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in smaller doses, they enhance the neuromuscular block-
ade produced by both nondepolarizing and depolarizing 
NMBDs.265 The ability of neostigmine to antagonize a 
combined local anesthetic–neuromuscular blockade has 
not been studied. Procaine also inhibits butyrylcholin-
esterase and may augment the effects of succinylcholine 
and mivacurium by decreasing their hydrolysis by the 
enzyme.

In small intravenous doses, local anesthetics depress 
posttetanic potentiation, and this is thought to be a neural 
prejunctional effect.266 With larger doses, local anesthet-
ics block acetylcholine-induced muscular contractions, a 
finding suggesting that local anesthetics have a stabiliz-
ing effect on the postjunctional membrane.267 Procaine 
displaces Ca2+ from the sarcolemma and thus inhibits 
caffeine-induced contracture of skeletal muscle.268 Most 
of these mechanisms of action probably apply to all the 
local anesthetics.

Several drugs used for the treatment of dysrhythmias 
augment the blockade induced by NMBDs. Single-fiber 
electromyography disclosed that verapamil and amlodip-
ine impair neuromuscular transmission in subjects with-
out neuromuscular disease.269 Clinical reports suggested 
potentiation of neuromuscular block with verapamil270 
and impaired reversal of vecuronium in a patient receiv-
ing disopyramide.271 However, the clinical significance of 
these interactions is probably minor.

Interactions with Antiepileptic Drugs
Anticonvulsants have a depressant action on acetylcho-
line release at the neuromuscular junction.272,273 Patients 
receiving long-term anticonvulsant therapy demon-
strated resistance to nondepolarizing NMBDs (except 
mivacurium274 and probably atracurium as well273), as 
evidenced by accelerated recovery from neuromuscular 
blockade and the need for increased doses to achieve 
complete neuromuscular blockade. Vecuronium clear-
ance is increased twofold in patients receiving long-term 
carbamazepine therapy.275 Other investigators, however, 
attribute this resistance to the increased binding (i.e., 
decreased free fraction) of the NMBDs to α1-acid glycopro-
teins or to up-regulation of neuromuscular acetylcholine 
receptors (or to both mechanisms).276 The latter could 
also explain the hypersensitivity seen with succinyl-
choline.277 The slight prolongation of succinylcholine’s 
action in patients taking anticonvulsants has few clini-
cal implications. Conversely, the potential hyperkalemic 
response to succinylcholine in the presence of receptor 
up-regulation is of concern.

Interactions with Diuretics
Early results showed that in patients undergoing renal 
transplantation, the intensity and duration of dTc neu-
romuscular blockade was increased after a dose of furo-
semide (1 mg/kg intravenously).278 Furosemide reduced 
the concentration of dTc required to achieve 50% twitch 
tension depression in the indirectly stimulated rat dia-
phragm and intensified the neuromuscular blockade pro-
duced by dTc and succinylcholine.279 Furosemide appears 
to inhibit the production of cyclic adenosine mono-
phosphate. In addition, the breakdown of adenosine 
triphosphate is inhibited, resulting in reduced output of 
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acetylcholine. Acetazolamide antagonized the effects of 
anticholinesterases in the rat phrenic-diaphragm prepa-
ration.280 However, in one report, 1 mg/kg of furosemide 
facilitated recovery of the evoked twitch response after 
pancuronium.281 Long-term furosemide treatment had 
no effect on either dTc- or pancuronium-induced neuro-
muscular blockade.282

In contrast, mannitol appears to have no effect on a 
nondepolarizing neuromuscular blockade. Furthermore, 
increasing urine output by the administration of manni-
tol or other osmotic or tubular diuretics has no effect on 
the rate at which dTc and presumably other NMBDs are 
eliminated in the urine.283 However, this lack of effect 
on the excretion of dTc should not be surprising. Urinary 
excretion of all NMBDs that are long acting depends pri-
marily on glomerular filtration. Mannitol is an osmotic 
diuretic that exerts its effects by altering the osmotic 
gradient within the proximal tubules so that water is 
retained within the tubules. An increase in urine volume 
in patients with adequate glomerular filtration there-
fore would not be expected to increase the excretion of 
NMBDs.

Interactions with Other Drugs
Dantrolene, a drug used for the treatment of malignant 
hyperthermia, prevents Ca2+ release from the sarcoplas-
mic reticulum and blocks excitation-contraction coupling 
(see Chapter 43). Although dantrolene does not block 
neuromuscular transmission, the mechanical response to 
stimulation is depressed, resulting in potentiation of the 
nondepolarizing neuromuscular blockade.284

Azathioprine, an immunodepressant drug that is used 
in patients undergoing renal transplantation, has a minor 
antagonistic action on muscle relaxant–induced neuro-
muscular blockade.285

Steroids antagonize the effects of nondepolarizing 
NMBDs in both humans286 and animals.287 Possible 
mechanisms for this interaction include facilitation of 
acetylcholine release because of the effect of steroids on 
the presynaptic motor nerve terminal288 and channel 
blockade of the nAChR.289 Endogenous steroids act non-
competitively on nAChRs.290 Prolonged treatment with a 
combination of corticosteroids and NMBDs can result in 
prolonged weakness in patients receiving critical care (see 
the later section on NMBDs and weakness syndromes in 
critically ill patients).

Antiestrogenic drugs such as tamoxifen appear to 
potentiate the effects of nondepolarizing NMBDs.291

SPECIAL POPULATIONS

PEDIATRIC PATIENTS

The development of the neuromuscular junction is not 
complete at birth.16 In humans, maturation of neuro-
muscular transmission occurs after the first 2 months 
of age, although immature junctions have been found 
up to 2 years of age The main evolution during the first 
months of life is that the fetal receptors located outside 
the neuromuscular junction will disappear and will be 
replaced by mature receptors with ε subunits instead of γ 



PART III: Anesthetic Pharmacology984

subunits. These changes suggest that that the neonate’s 
neuromuscular junction may exhibit evidence of its 
immaturity by changes in response to NMBDs, although 
NMBDs can be used safely in term and preterm infants 
(see also Chapter 93).

The routine administration of succinylcholine to 
healthy children should be discontinued. In apparently 
healthy children, intractable cardiac arrest with hyper-
kalemia, rhabdomyolysis, and acidosis may develop 
after succinylcholine administration, particularly in 
patients with unsuspected muscular dystrophy of the 
Duchenne type292 (see the section on complications of 
succinylcholine).

Significant age-related differences in the potency of 
nondepolarizing NMBDs exist in infants and children 
when compared with adults. Children require higher 
doses of nondepolarizing NMBDs than any other age 
group of patients. In infants less than 1 year old, the ED95 
at the adductor pollicis is approximately 30% less than 
in older children. It is not apparent from older studies 
whether the neonate is more sensitive than adults to 
nondepolarizing NMBDs,293 although most of the studies 
showed a wider range of dosage requirement in the neo-
nate. These apparent discrepancies were been explained 
by studies by Fisher and associates on the pharmacoki-
netics and pharmacodynamics of NMBDs in infants, 
children, and adults,294-296 and they made it possible to 
understand the clinical pharmacology of these drugs in 
pediatric patients more clearly (see Chapter 93). Neonates 
and infants are more sensitive than adults to the neuro-
muscular blocking effects of dTc.294 Plasma concentra-
tions required to achieve a desired level of neuromuscular 
blockade are 57% and 32% lower in neonates and infants, 
respectively, when compared with children. However, 
the dosage should not be decreased as much because neo-
nates and infants have a larger volume of distribution at 
steady state. This increased volume of distribution results 
from the increase in extracellular fluid volume during the 
first months of life. This increase, in association with a 
lower elimination clearance, contributes to a longer elim-
ination half-life.294,297 In infants, less frequent dosing 
(longer dosing intervals) of nondepolarizing NMBDs may 
be required than in older children.

Atracurium, vecuronium, cisatracurium, rocuronium, 
and mivacurium are commonly administered to children 
because many surgical procedures are of short duration in 
children and are compatible with the duration of action 
of a single intubating dose. Onset time of neuromuscular 
block is faster in infants (30%) and children (40%) when 
compared with adults. This age-related effect is probably 
caused by circulatory factors such as the relative decrease 
of cardiac output and increase of circulation time with 
age.

As with the long-acting NMBDs, the sensitivity of 
infants to vecuronium is more intense than in children 
(ED95 0.047 mg/kg versus 0.081 mg/kg, respectively).298,299 
An increased duration of action in infants is most likely 
secondary to the increased volume of distribution of 
vecuronium because its clearance is unchanged.295,297 
An age-dependent prolongation of action has been dem-
onstrated in infants. A dose of 0.1 mg/kg of vecuronium 
produces almost a complete neuromuscular block of 
approximately 60 minutes’ duration in infants but of only 
20 minutes’ duration in children and adults. Vecuronium 
therefore acts as a long-acting muscle NMBD in the 
neonate.295,297

In contrast, the duration of action of atracurium is 
not significantly different in the pediatric patient from 
that in the adult.300 As with vecuronium and dTc, the 
volume of distribution is increased in infants.296 How-
ever, the clearance of atracurium is also more rapid.296 
Therefore, the same dose (0.5 to 0.6 mg/kg) can be used 
in infants, children, and adults for tracheal intubation 
without any major differences among the three groups 
in the drug’s duration of action. Atracurium recovery 
from neuromuscular block is little affected by age in 
pediatric patients more than 1 month old. Histamine 
release and the occurrence of an untoward reaction 
caused by atracurium are less frequent in children than 
in adults. In children, a dose of 0.1 µg/kg of cisatra-
curium has an onset just longer than 2 minutes and a 
clinical duration of approximately 30 minutes during 
balanced or halothane anesthesia.301 The calculated 
ED95 doses of cisatracurium in infants and children are 
43 and 47 µg/kg, respectively.302 The mean infusion rate 
necessary to maintain 90% to 99% neuromuscular block 
is also similar in infants and children.302

Rocuronium in adults is an intermediate-acting NMBD 
with a faster onset of action than other nondepolarizing 
NMBDs, and this is also true in infants and children.303,304 
The ED95 is approximately 0.4 mg/kg in children; it is 
approximately 20% to 30% greater than that in adults, 
but its onset is faster in adults.304 In children, 0.6 mg/
kg of rocuronium produces better conditions for rapid 
tracheal intubation (60 seconds) than does 0.1 mg/kg of 
vecuronium (100 seconds) or 0.5 mg/kg of atracurium 
(180 seconds).303 Evidence indicates that, even during 
sevoflurane induction in infants, the addition of 0.3 mg/
kg rocuronium significantly improves intubating condi-
tions and significantly decreases the frequency of respira-
tory adverse events such as desaturation of laryngospasm 
during induction.305 As with adults, for rapid-sequence 
intubation (60 seconds) in the presence of a full stomach, 
a 1.2 mg/kg dose of rocuronium is suggested to provide 
excellent intubating conditions in patients.

OLDER PATIENTS

The pharmacodynamics of NMBDs may be altered in 
older patients (see also Chapter 80). Certain physiologic 
changes that accompany the aging process occur, includ-
ing decreases in total body water and lean body mass, 
increases in total body fat, decreases in hepatic and renal 
blood flow and hepatic enzyme activity, and decreases 
in glomerular filtration rate (≈20%/year in adults). 
These changes may account for the altered responses of 
older adults to NMBDs. Some physiologic and anatomic 
changes at the neuromuscular junction also occur with 
aging. These include an increase in the distance between 
the junctional axon and the motor end plate, flattening 
of the folds of the motor end plate, a decreased concen-
tration of acetylcholine receptors at the motor end plate, 
a decrease of the amount of acetylcholine in each vesi-
cle in the prejunctional axon, and decreased release of 
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acetylcholine from the preterminal axon in response to a 
neural impulse.16

Several studies found no differences in the initial 
dose requirement for nondepolarizing muscle relaxants 
in older adults. The dose-response curves of atracurium, 
pancuronium, and vecuronium were slightly to the right 
of the curves for the younger adult subjects; however, no 
significant differences were noted. After a bolus dose of 
pancuronium, no significant difference was observed at 
any of the plasma concentrations corresponding to a fixed 
degree of neuromuscular block. Such results confirm that 
nondepolarizing muscle relaxants are as potent in older 
as in young adult patients. The onset of neuromuscular 
block can be delayed and can be correlated with age.306 
This age-related effect is probably caused by circulatory 
factors such as the decrease in cardiac output and increase 
in circulation time in older adults. These factors induce 
slower biophase equilibration. The onset of rocuronium 
neuromuscular block was prolonged to 3.7 from 3.1 min-
utes in older adults. Similarly, the onset of cisatracurium 
is approximately 1 minute longer in this age group.

A prolongation of the duration of action of nondepo-
larizing muscle relaxants and a decrease in dose require-
ments for the maintenance of neuromuscular block have 
been observed with several currently available muscle 
relaxants in older adults. These results are explained by 
pharmacokinetic changes in this population. The distri-
bution and elimination may be altered by any of the mul-
titude of physiologic changes that accompany the aging 
process. The effect of aging alone, as opposed to disease 
states often associated with the aging process, may be dif-
ficult to distinguish in identifying mechanisms of altered 
NMBD action in older adults.

Pancuronium,307 vecuronium,295,308 and rocuronium177 
depend on the kidney or the liver (or both) for their 
metabolism and elimination. Therefore, they all show 
altered pharmacodynamics and pharmacokinetics in 
older patients. Pancuronium has delayed recovery in 
older adults because of decreased plasma clearance sec-
ondary to delayed urinary excretion. The clinical dura-
tion of action is prolonged from 44 to 73 minutes in this 
age group.2 Vecuronium dose requirements to main-
tain a constant neuromuscular block are decreased by 
approximately 36% in patients more than 60 years old, 
and spontaneous recovery is significantly longer in older 
patients.25 Lien and co-workers showed that plasma clear-
ance was reduced by more than 50% and elimination 
half-life prolonged by 60% in older patients.308 The pro-
longation of vecuronium action appears to be secondary 
to decreased drug elimination consistent with age-associ-
ated decreases in hepatic and renal blood flows. The dura-
tion of action of rocuronium and the recovery index are 
also increased in older adults. The prolongation of action 
can be explained by a 27% decrease in plasma clearance.

In the case of drugs whose elimination is independent 
of hepatic or renal blood flow, pharmacokinetics and 
pharmacodynamics should not be significantly altered 
by age. Atracurium has multiple routes of elimination. 
Degradation by Hofmann elimination and ester hydro-
lysis is independent of the liver and the kidney and is 
not affected by age. The only pharmacokinetic change is 
a slight increase of the volume of distribution at steady 
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state leading to a modestly increased elimination half-life. 
Consequently, the duration of action, the recovery index, 
and the dose requirement during a continuous infusion 
are independent of age. Cisatracurium exhibits a slightly 
delayed onset of effect in older patients because of slower 
biophase equilibration. Clearances are not decreased in 
patients of advanced age. The slight prolongation of the 
elimination half-life of the drug in older adults is second-
ary to an increased volume of distribution at steady state 
(+10%). These minor pharmacokinetic changes are not 
associated with changes in the recovery profile of older 
patients.

Butyrylcholinesterase activity in older adults, although 
still in the normal range, is approximately 26% lower 
than that in young adults.309 Because mivacurium is 
metabolized by butyrylcholinesterase, its clearance is 
likely to be slightly reduced in older patients, thus result-
ing in a 20% to 25% longer duration of action,310 as well 
as a decreased infusion requirement to maintain a stable 
depth of block. Succinylcholine metabolism is unaffected 
by these changes.

In general, when maintaining neuromuscular block-
ade with nondepolarizing NMBDs in older patients, one 
can expect that, with the exception of atracurium and 
cisatracurium, the dosing interval will be increased to 
maintain the desired depth of neuromuscular blockade. 
The choice of drug and monitoring the depth of blockade 
are exceptionally important in this population because 
recovery of neuromuscular function is generally delayed 
in older patients. Inadequate or incomplete recovery of 
muscle strength after the use of pancuronium is associ-
ated with an increased incidence of perioperative pul-
monary complications in this patient population.129 The 
clear relationship between incomplete recovery from 
neuromuscular block and occurrence of critical respira-
tory events in the PACU highlights the need for objective 
recovery of neuromuscular block in older patients.

OBESE PATIENTS

The level of plasma pseudocholinesterase activity and 
the volume of extracellular fluid, which are the main 
determinants of the duration of action of succinylcho-
line, are increased in obese patients (see also Chapter 71). 
Lemmens and Brodsky demonstrated that for complete 
neuromuscular paralysis and a predictable intubating 
condition, a 1 mg/kg dose based on total-body weight 
(TBW) was recommended.311

Initial studies showed that obese subjects needed sig-
nificantly more pancuronium than nonobese patients to 
maintain a constant 90% depression of twitch height. 
However, when corrected for body surface area (BSA), no 
significant difference was noted in dose requirement to 
maintain neuromuscular block.

The use of NMBDs with an intermediate duration of 
action should be preferred. Vecuronium doses based on 
TBW induce a prolonged duration of action in obese 
patients, although vecuronium pharmacokinetics is unal-
tered by obesity. The prolonged recovery in obese patients 
can be explained by the larger total dose administered in 
these patients. With larger doses, when administration is 
based on TBW, recovery occurs during the elimination 
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phase when plasma concentration decreases more slowly 
than during the distribution phase.312 The pharmaco-
kinetics of rocuronium is not altered by obesity. In the 
same way, the duration of action of rocuronium is signifi-
cantly prolonged when the dose is calculated according 
to TBW. In contrast, when rocuronium is dosed accord-
ing to ideal body weight (IBW), the clinical duration is 
less than half.313,314

A correlation exists between the duration of action of 
atracurium and TBW when the dose is given as milligrams 
per kilogram of TBW. The clinical duration of action is 
doubled when the drug is given based on TBW versus 
IBW. Varin and colleagues reported the lack of difference 
between obese and normal-weight patients in atracurium 
elimination half-life (19.8 versus 19.7 minutes), volume 
of distribution at steady state (8.6 versus 8.5 L), and total 
clearance (444 versus 404 mL/minute).315 The finding that 
IBW avoids prolonged recovery of atracurium-induced 
blockade can be explained by an unchanged muscle mass 
and an unchanged volume of distribution in morbidly 
obese patients compared with normal-weight patients.316 
The duration of cisatracurium is also prolonged in obese 
patients when the drug is given on the basis of TBW ver-
sus IBW.

Nondepolarizing NMBDs should be given to obese 
patients on the basis of IBW rather than on their actual 
body weight, to ensure that these patients are not receiv-
ing relative overdoses and to avoid prolonged recovery. 
When using maintenance doses, objective monitoring is 
strongly recommended to avoid accumulation.

SEVERE RENAL DISEASE

NMBDs contain quaternary ammonium groups that make 
them very hydrophilic (see also Chapters 72 and 74). They 
are therefore usually completely ionized at 7.4 pH and are 
poorly bound to plasma proteins. The predominant path-
way of elimination of steroidal muscle relaxants is ultra-
filtration by the glomeruli before urinary excretion. Renal 
failure influences the pharmacologic characteristics of 
nondepolarizing NMBDs by producing either decreased 
elimination of the drug or its metabolites through the 
kidney. Only atracurium, cisatracurium, and, to some 
extent, vecuronium are independent of renal function. 
Succinylcholine elimination is mainly independent of 
kidney function. However, succinylcholine is metabo-
lized by plasma cholinesterases, and concentrations may 
be slightly decreased in patients with severe renal fail-
ure (Table 34-10). The decrease in plasma cholinesterase 
activity is always moderate (30%) and does not result in 
prolongation of succinylcholine-induced neuromuscular 
block. Succinylcholine induces a transient increase in 
plasma K+ concentration (<0.5 mmol/L). Therefore, suc-
cinylcholine is not contraindicated in severe renal failure 
when plasma K+ concentrations are within the normal 
range. Consequently, the duration of action of NMBDs 
may be prolonged in patients with renal failure.

Renal failure does not alter the sensitivity (dose 
response) of patients to the neuromuscular blocking 
action of pancuronium,317 atracurium,318 vecuronium,319 
or rocuronium.320 All long-lasting muscle relaxants are 
eliminated predominantly through the kidney, and renal 
failure is associated with reduced plasma clearance and 
increased elimination half-life for these drugs as well.103 
The elimination half-life of pancuronium is increased by 
500% in patients with severe renal failure. As a conse-
quence of these pharmacokinetic changes, the duration 
of neuromuscular blockade produced by these drugs is 
longer and more variable than in patients with normal 
renal function. Because of the potential for prolonged 
TABLE 34-10 PHARMACOKINETICS OF NEUROMUSCULAR BLOCKING DRUGS IN PATIENTS WITH NORMAL 
RENAL FUNCTION OR RENAL FAILURE

Plasma Clearance  
(mL/kg/min) Volume of Distribution (mL/kg)

Elimination  
Half-life (min)

ReferencesNormal Function Renal Failure Normal Function Renal Failure
Normal 
Function

Renal 
Failure

Short-acting Drugs
Mivacurium isomers 160
Cis-trans 106 80 278 475 2.0 4.3
Trans-trans 57 48 211 270 2.3 4.3
Cis-cis 3.8 2.4* 227 244 68 80
Intermediate-acting Drugs
Atracurium 6.1 6.7 182 224 21 24 172

5.5 5.8 153 141 19 20 173*,†

10.9 7.8 280 265 17.3 19.7 322
Cisatracurium 5.2 — 31 — — — 169
Vecuronium 3.0 2.5 194 239 78 97 324

5.3 3.1* 199 241 53 83* 325
Rocuronium 2.9 2.9 207 264* 71 97* 175
Long-acting Drugs
d-Tubocurarine 2.4 1.5 250 250 84 132 115
Pancuronium 74 20* 148 236* 97 475* 149†

1.7 0.9 261 296* 132 257* 380

*Significant difference normal renal function versus renal failure.
†Values expressed as mL/min, not weight adjusted.
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blockade and the availability of intermediate- and short-
acting NMBDs, long-acting NMBDs should not be used in 
patients with renal failure.

The pharmacokinetics and duration of action of atra-
curium are unaffected by renal failure.321,322 This lack of 
effect is in part because Hofmann elimination and ester 
hydrolysis173 account for 50% of its total clearance.167 
Laudanosine, the principal metabolite of atracurium, is 
eliminated unchanged by the kidney. The elimination 
half-life of laudanosine increases in renal failure.322 Even 
during continuous administration of atracurium, laudan-
osine plasma concentrations are 10 times less than con-
centrations associated with convulsions in dogs.

In patients with chronic renal failure, the duration of 
action of cisatracurium is not prolonged.323 Hofmann 
elimination accounts for 77% of the total clearance of 
cisatracurium,169 and renal excretion accounts for 16% 
of its elimination.169 The peak plasma laudanosine con-
centration is 10 times lower than after equipotent doses 
of atracurium. In patients with end-stage renal failure, 
the volume of distribution is unchanged, but Eastwood 
found a 13% reduction in clearance and an increase from 
30 to 34 minutes in the elimination half-life in the renal 
failure group.

Vecuronium relies principally on hepatic mechanisms 
for its elimination. However, its clearance is reduced 
and its elimination half-life is increased in patients with 
renal failure.324,325 In one study, the duration of action 
of 0.1 mg/kg of vecuronium was both longer and more 
variable in patients with renal failure than in those with 
normal renal function.325 In three other studies, the dura-
tion of action of 0.05 to 0.14 mg/kg of vecuronium was 
not prolonged by renal failure, but this result was likely 
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caused by the use of relatively small doses or inadequate 
sample sizes.324 The principal metabolite of vecuronium, 
3-desacetylvecuronium, has 80% of the neuromuscular 
blocking activity of vecuronium153; it may cause pro-
longed paralysis in patients with renal failure in the 
ICU.156 In patients with renal failure, the duration of 
action and the rate of recovery from vecuronium- or atra-
curium-induced neuromuscular blockade during surgery 
are similar.326

The major routes of elimination of rocuronium are bili-
ary and urinary excretion. Rocuronium is taken up by the 
liver and metabolized, excreted, or both, in bile and feces 
in high concentrations. After 0.6 mg/kg rocuronium, up 
to one fifth of the dose is recovered unchanged from the 
urine within 24 hours, and no active metabolites can be 
found in humans. More recent pharmacokinetic studies 
showed that the clearance of rocuronium was reduced by 
33% to 390% in patients with renal failure. The distribu-
tion volume of this drug remained unchanged or slightly 
increased.175 The elimination half-life was 70 and 57 min-
utes in patients with and without renal failure, respec-
tively. The duration of action of single and repeated 
doses, however, was not significantly affected.320

HEPATOBILIARY DISEASE

In comparison with renal elimination, liver function is 
a modest determinant of the pharmacokinetics of non-
depolarizing muscle relaxants (see also Chapters 73 
and 74). The influence of hepatobiliary disease on the 
pharmacokinetics of NMBDs can be complex because 
of the different types of liver failure (Table 34-11). Cir-
rhosis is associated with an increased extracellular water 
TABLE 34-11 PHARMACOKINETICS OF NEUROMUSCULAR BLOCKING DRUGS IN PATIENTS WITH NORMAL 
LIVER FUNCTION OR HEPATOBILIARY DISEASE

Plasma Clearance 
(mL/kg/min)

Volume of 
Distribution (mL/kg)

Elimination  
Half-life (min) Hepatic 

Pathology ReferencesNormal Disease Normal Disease Normal Disease

Short-acting Drugs
Mivacurium isomers Cirrhosis 159
Cis-trans 95 44* 210 188 1.53 2.48*

Trans-trans 70 32* 200 199 2.32 11.1*

Cis-cis 5.2 4.2 266 237 50.3 60.8
Intermediate-acting Drugs
Atracurium 5.3 6.5 159 207* 21 22 Hepatorenal 318

6.6 8.0* 202 282* 21 25 Cirrhosis 174
Cisatracurium 5.7 6.6* 161 195* 23.5 24.4 Transplantation
Vecuronium 4.26 2.73* 246 253 58 84* Cirrhosis 154

4.30 2.36* 247 206 58 98* Cholestasis 381
4.5 4.4 180 220 58 51 Cirrhosis 155

Rocuronium 2.79 2.41 184 234 87.5 96.0 Cirrhosis 176
217 217 16.4 23.4* 76.4 111.5* Mixed 178†

296 189 151 264* 56 98* Cirrhosis 382†

3.70 2.66* 211 248 92 143* Cirrhosis 179
Long-acting Drugs
Pancuronium 123 59* 261 307* 133 267* Cholestasis 151†

1.86 1.45* 279 416* 114 208* Cirrhosis 150
1.76 1.47 284 425* 141 224* Cholestasis 383

*Significant difference normal hepatic function versus hepatobiliary disease.
†Values expressed as mL/min, or L, not weight adjusted.
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compartment, edema, and often kidney dysfunction. 
Cholestasis induces decreased biliary excretion but is not 
associated with significant liver failure, contrary to acute 
hepatic failure.

A delayed onset of action and an apparent resistance to 
nondepolarizing muscle relaxants occur in patients with 
cirrhosis, although studies demonstrated that the sensitiv-
ity of the neuromuscular junction was unaltered. This is 
the consequence of the increased volume of distribution, 
which induces greater dilution of muscle relaxants in cir-
rhotic patients. The increase of terminal half-life can be 
secondary to either the increased volume of distribution 
or decreased biliary excretion for muscle relaxants depen-
dent on hepatic function for elimination. Following a 
single dose of nondepolarizing muscle relaxant, in most 
of the cases, no prolongation of the duration of action 
occurs because it is dependent on distribution. However, 
for muscle relaxants dependent on hepatic elimination, 
prolongation of neuromuscular block can be observed 
following repeated doses or continuous infusion.

Pancuronium is mainly eliminated through the kid-
ney, although one third of a dose is metabolized and 
excreted through the liver. The elimination half-life 
increases from 114 to 208 minutes in cirrhotic patients. 
This is the consequence of a 50% increase of the volume 
of distribution in conjunction with a 22% decrease in 
plasma clearance. Cholestasis induces a 50% decrease in 
pancuronium clearance leading to a prolonged elimina-
tion half-life of 270 minutes. Severe acute hepatic failure 
also induces reduced plasma clearance and a prolonged 
elimination half-life.

Vecuronium elimination is mainly through the bile. 
Only a small fraction is metabolized to 3-hydroxyve-
curonium, which still has 60% of the potency of 
vecuronium. This metabolic process is presumed to occur 
in the liver because 40% of the total dose of vecuronium 
is found in the liver and bile as both parent drug and 
metabolite.147 The elimination half-life is increased in 
mildly decompensated cirrhotic patients as the result 
of a decreased clearance, whereas the volume of distri-
bution of the central compartment and the volume of 
distribution at steady state can be increased. In cirrhotic 
patients, the duration of action of vecuronium is related 
to the dose. A dose of 0.1 mg/kg has a slower onset of 
action and a shorter duration of action because the vol-
ume of distribution is increased. In contrast, after 0.2 mg/
kg vecuronium, the duration of action is increased from 
65 minutes to 91 minutes in cirrhotic patients because 
elimination is impaired. Cholestasis can increase plasma 
concentration of bile salts and thus reduce the hepatic 
uptake of vecuronium,147 as well as pancuronium. This 
may explain the decreased clearance observed by some 
investigators. The duration of action of vecuronium is 
increased by 50% in patients with biliary obstruction.

Rocuronium is mainly excreted into the bile. The 
volume of both the central compartment (+33%) and 
the volume of distribution at steady state (+43%) are 
increased in cirrhotic patients, whereas clearance may be 
decreased. The duration of action is prolonged in patients 
with hepatic disease, and a correlation exists between the 
increased volume of distribution and the slower onset of 
action when compared with controls.
Atracurium and cisatracurium share organ-independent 
modes of elimination.165,168,169 As a consequence, their 
clearance should be little affected by hepatic disease. In fact, 
and in contrast to all other NMBDs, the plasma clearances 
of atracurium and cisatracurium are slightly increased in 
patients with liver disease (see Table 34-11).174,180 Because 
elimination of atracurium and cisatracurium occurs out-
side of, as well as from within, the central compartment, 
investigators have suggested that a larger distribution vol-
ume should be associated with greater clearance.169 In two 
studies,174,180 volumes of distribution and clearances of the 
drugs increased with liver disease, thereby lending sup-
port to this hypothesis.169 The increased clearance of the 
relaxant in patients with liver disease is not reflected in a 
decrease in the drug’s duration of action.174,180

One concern raised about administering atracurium to 
patients with hepatic disease is the possible accumulation 
of laudanosine. Although laudanosine relies principally 
on hepatic mechanisms for its elimination, the concen-
trations encountered during liver transplantation are 
unlikely to be associated with clinical sequelae.327

Because of the wide interindividual variations seen 
in the response to nondepolarizing muscle relaxants in 
patients with hepatic disease, monitoring of neuromus-
cular block is required with titration of doses.

In patients with severe liver disease, butyrylcholines-
terase activity is decreased because of decreased synthesis 
of the hepatic enzymes. Consequently, the plasma clear-
ance of the isomers of mivacurium is decreased by approx-
imately 50%159 (see Table 34-11), and the drug’s duration 
of action is prolonged and may be almost tripled.159

BURNS

In patients with burn injuries, muscle relaxants can be 
used to facilitate mechanical ventilation, which can be 
associated with sustained improvement in oxygenation 
(see also Chapter 101). After a period of immobilization, 
burn injury causes up-regulation of both fetal (α2βγδ) and 
mature (α2βεδ) nAChRs.328 This up-regulation of nAChRs 
usually is associated with resistance to nondepolarizing 
NMBDs and increased sensitivity to succinylcholine.329 
Causes of up-regulation of nAChRs are listed in Table 
34-12. A significant increase in the quantal content of 

TABLE 34-12 CONDITIONS ASSOCIATED WITH 
UP-REGULATION AND DOWN-REGULATION OF 
ACETYLCHOLINE RECEPTORS 

nAChR Up-regulation nAChR Down-regulation

Spinal cord injury Myasthenia gravis
Stroke Anticholinesterase poisoning
Burns Organophosphate poisoning
Prolonged immobility
Prolonged exposure to 

neuromuscular blockers
Multiple sclerosis
Guillain-Barré syndrome

nAChR, Nicotinic acetylcholine receptor.
From Naguib M, Flood P, McArdle JJ, Brenner HR: Advances in neurobiology  

of the neuromuscular junction: implications for the anesthesiologist,  
Anesthesiology 96:202-231, 2002, with permission from Anesthesiology.
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evoked acetylcholine release is noted by 72 hours after 
scald injury in rats.330 This increase also contributes to 
the resistance to NMBDs in patients with burn injuries. 
In mice, thermal injury induces changes in diaphragm 
acetylcholinesterase with respect to total content and 
specific molecular forms.331

Resistance to the effects of nondepolarizing NMBDs is 
usually seen in patients with burns over at least 25% of 
their total body surface area.329,332,333 Recovery of neu-
romuscular function to preburn levels may take several 
months or even years after the burn injury.334 The increase 
in serum K+ concentration that normally follows succinyl-
choline administration is markedly exaggerated in burned 
patients.335 K+ concentrations as high as 13 mEq/L, result-
ing in ventricular tachycardia, fibrillation, and cardiac arrest 
have been reported.335 The magnitude of the hyperkalemic 
response does not appear to correlate closely with the mag-
nitude of the burn injury. Potentially lethal hyperkalemia 
was seen in a patient with only an 8% total body surface 
area burn.336 Succinylcholine has been safely administered 
within 24 hours of a burn injury. It is the drug of choice 
for prehospital or emergency room intubation, particularly 
when patients have a full stomach. After an initial 24-hour 
interval, however, sufficient alteration in muscle response 
may have occurred. Because of the unpredictability of 
occurrence of hyperkalemia, the use of succinylcholine is 
best avoided 48 to 72 hours after a burn injury.

The time course of abnormal muscle membrane func-
tion corresponds with that of the healing process. Once 
normal skin has regrown and any infection subsides, 
the normal acetylcholine receptor populations appear to 
return.334 Although normal responses to succinylcholine 
have been demonstrated in burned patients studied 3 years 
after injury,334 the actual length of time during which a 
patient with a burn injury may be at risk for the hyperkale-
mic response is not well defined. A conservative guideline 
therefore would be to avoid the use of succinylcholine in 
patients 24 to 48 hours after a thermal injury and for at 
least 1 or 2 years after the burned skin has healed.

USE OF NEUROMUSCULAR BLOCKING 
DRUGS AND WEAKNESS SYNDROMES  
IN CRITICALLY ILL PATIENTS

NMBDs are frequently used in conjunction with sedatives 
and analgesics in ICUs (see also Chapter 101). The indica-
tions for the use of NMBDs in the ICU are outlined in Box 
34-1. Few available data support their use, and evidence 
for a beneficial effect on pulmonary function or patient 
oxygenation is inconclusive.337 However, a multicenter, 
double-blind trial showed that, in a subset of patients 
with acute respiratory distress syndrome, early and short-
term administration of cisatracurium for 48 hours could 
be beneficial.338 Half of the patients in the placebo group 
in that study received one or more doses of cisatracurium. 
The study was underpowered, and the effect on mortal-
ity was statistically borderline, with no between-group 
difference in crude mortality rate. Yet, nondepolarizing 
NMBDs are sometimes used in ICU patients. Of particular 
concern in intensive care settings is the risk that paralyzed 
patients receive inadequate analgesia and sedation.339 
This reason for this concern may be that ICU nurses and 
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physicians are unfamiliar with the pharmacology of the 
NMBDs.339,340 For instance, pancuronium was thought to 
be an anxiolytic by 50% to 70% of ICU nurses and house 
staff, and 5% to 10% thought it was an analgesic.339 In 
the United Kingdom, the erroneous use of NMBDs as 
sedatives in intensive care was not uncommon in the 
1980s.341 Approximately 96% of ICU patients received 
NMBDs to aid mechanical ventilation in 1980. By 1986, 
their use had fallen to 16% of ventilated patients.341 Cur-
rently, intensivists are aware of the side effects and avoid 
giving NMBDs to critically ill ICU patients unless these 
drugs are needed to facilitate mechanical ventilation.

A prolonged ICU stay during critical illness is associ-
ated with disorders of neuromuscular function that con-
tribute to morbidity, length of hospital stay, weaning 
difficulties, and prolonged rehabilitation.342 The compli-
cations of long-term administration of NMBDs in the ICU 
are outlined in Box 34-2. In the ICU, duration of mechan-
ical ventilation, sepsis, the dysfunction of two or more 

Facilitation of mechanical ventilation
Facilitation of endotracheal intubation
Enabling patient to tolerate mechanical ventilation
High pulmonary inflation pressures (e.g., acute respiratory 

distress syndrome)
Hyperventilation for increased intracranial pressure
Facilitation of therapeutic or diagnostic procedures
Tetanus
Status epilepticus
Reduction of oxygen consumption

Abolishing shivering
Reduction of work of breathing  

BOX 34-1 Reported Indications for the Use of 
Muscle Relaxants in the Intensive Care Unit

Short-term use
Specific, known drug side effects
Inadequate ventilation in the event of a ventilator failure or 

circuit disconnection
Inadequate analgesia and/or sedation

Long-term use
Complications of immobility

Deep vein thrombosis and pulmonary embolus
Peripheral nerve injuries
Decubitus ulcers

Inability to cough
Retention of secretions and atelectasis
Pulmonary infection

Dysregulation of nicotinic acetylcholine receptors
Prolonged paralysis after stopping relaxant

Persistent neuromuscular blockade
Critical illness myopathy
Critical illness polyneuropathy
Combination of the above

Unrecognized effects of drug or metabolites
Succinylcholine and metabolic acidosis or hypovolemia
3-Desacetylvecuronium and neuromuscular blockade
Laudanosine and cerebral excitation  

BOX 34-2 Complications of Muscle Paralysis 
in the Intensive Care Unit
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organs, female sex, administration of steroids, and hyper-
capnia are known risk factors for developing neuromus-
cular dysfunction. Syndromes of weakness in critically ill 
patients are relatively common and likely polymorphic in 
origin. In a retrospective study of 92 critically ill patients 
with clinically diagnosed weakness, electromyographic 
studies indicated that acute myopathy (critical illness 
myopathy [CIM]) is 3 times as common as acute axonal 
neuropathy (critical illness neuropathy): 43% versus 13%, 
respectively.342 The additional health care cost of a single 
case of persistent weakness was estimated at approxi-
mately $67,000.343 Conditions to consider when making 
a differential diagnosis of neuromuscular weakness in the 
ICU are listed in Box 34-3.

Critical Illness Myopathy
Lacomis and colleagues suggested using the term critical 
illness myopathy (CIM),344 instead of the current terms 
used in the literature, such as acute quadriplegic myopa-
thy,345 acute (necrotizing) myopathy of intensive care, 
thick filament myopathy, acute corticosteroid myopathy, 
and critical care myopathy (see also Chapters 81 and 101).

Initial published reports of CIM in the ICU focused on 
patients with status asthmaticus.346 Affected individuals 
typically had been treated with corticosteroids and non-
depolarizing NMBDs. Nevertheless, myopathy has also 
been documented in asthmatic patients and in patients 

Central nervous system
Septic or toxic-metabolic encephalopathy
Brainstem stroke
Central pontine myelinolysis
Anterior horn cell disorders (e.g., amyotrophic lateral sclerosis)

Peripheral neuropathies
Critical illness polyneuropathy
Guillain-Barré syndrome
Porphyria
Paraneoplasia
Vasculitis
Nutritional and toxic neuropathies

Neuromuscular junction disorders
Myasthenia gravis
Lambert-Eaton myasthenic syndrome
Botulism
Prolonged neuromuscular junction blockade

Myopathies
Critical illness myopathy
Cachectic myopathy
Rhabdomyolysis
Inflammatory and infectious myopathies
Muscular dystrophies
Toxic myopathies
Acid maltase deficiency
Mitochondrial
Hypokalemia
Hypermetabolic syndromes with rhabdomyolysis  

(e.g., neuroleptic malignant syndrome)  

BOX 34-3 Causes of Generalized 
Neuromuscular Weakness in the Intensive  
Care Unit

From Lacomis D: Critical illness myopathy, Curr Rheumatol Rep 4:403-408, 
2002.
with chronic lung disease without paralysis who received 
corticosteroids,347 as well as in critically ill patients with 
sepsis who received neither corticosteroids nor nonde-
polarizing NMBDs.348 Animal studies revealed that the 
number of cytosolic corticosteroid receptors is increased 
in immobilized muscles relative to that in contralateral 
controls.349 It seems—at least in some patients—that pro-
longed immobility may be the key risk factor for myopa-
thy in corticosteroid-treated patients,350 and selective 
muscle atrophy is a result of changes in glucocorticoid 
sensitivity.349

Sepsis, immobility, and the catabolism associated with 
negative nitrogen balance may also result in myopathy.16 
Skeletal muscle hypoperfusion is noted in patients with 
severe sepsis despite normal or elevated whole blood oxy-
gen delivery.351 Antibodies to nAChRs were demonstrated 
in a rodent model of sepsis.352 Thus, myasthenia-like syn-
drome is also seen in critically ill patients. Evidence for 
local immune activation by cytokine expression in the 
skeletal muscle was reported in patients with CIM.353

The major feature of CIM is flaccid weakness that tends 
to be diffuse and sometimes also includes the facial mus-
cles and diaphragm.344 The clinical features of CIM over-
lap with those of critical illness polyneuropathy (CIP) and 
prolonged neuromuscular blockade.344 Electrophysiologic 
studies and increases in serum creatine kinase concentra-
tions may differentiate neuropathy from myopathy.344 
Lacomis and colleagues stated, “muscle biopsy should 
be considered if another myopathic process such as an 
inflammatory myopathy is suspected or if the histologic 
findings would affect management.”344

Critical Illness Polyneuropathy
CIP is the polyneuropathy seen in critically ill patients. It 
affects both sensory and motor nerves and occurs in 50% 
to 70% of patients with multisystem organ failure and 
systemic inflammatory response syndrome.354 Investiga-
tors have postulated that systemic inflammatory response 
syndrome contributes to CIP by releasing cytokines and 
free radicals that damage the microcirculation of the cen-
tral and peripheral nervous systems.353 Dysregulation of 
the microcirculation may render the peripheral nervous 
system susceptible to injury.

Although no pharmacologic treatment for muscle 
weakness syndromes in the critically ill patient currently 
exists, increasing evidence indicates the positive effects of 
early physical rehabilitation during ICU stay. Previously, 
intensive insulin therapy during critical illness was found 
to decrease the risk of CIP, and the maintenance of blood 
glucose at or below 110 mg/mL in critically ill patients 
may reduce the risk of CIP.

The outcomes from CIM and CIP appear to be simi-
lar. The reported mortality rate of patients with CIP syn-
drome is approximately 35%. In one study, 100% (13 of 
13) of the patients who survived had abnormal clinical 
or neurophysiologic findings 1 to 2 years after the onset 
of the CIP syndrome, and quality of life was markedly 
impaired in all patients.355

Clinical Implications
Nondepolarizing NMBDs are the most common chemi-
cal agents producing immobilization and inducing a 
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denervation-like state. In such circumstances, besides 
the mature or junctional nAChR formed of two α and 
one each of β, ε, and δ subunits, two other isoforms, the 
immature AChR or γAChR and the neuronal α7AChR, 
are expressed in the muscle. The immature AChR is also 
referred as extrajunctional because it is expressed mostly 
in the extrajunctional part of the muscle. Up-regulation 
of nAChRs was noted in the muscles of deceased criti-
cally ill adults who had received long-term infusions of 
vecuronium.356 Up-regulation refers to changes in the 
number of available receptors, but these changes usually 
do not involve a change in isoform changes. These three 
types of receptors can coexist in the muscle.

Should Succinylcholine Be Used in Patients 
in the Intensive Care Unit?
It is likely that up-regulation of nAChRs induced by 
immobilization and by prolonged administration of 
nondepolarizing NMBDs contributes to (1) the higher 
incidence of cardiac arrest associated with the use of suc-
cinylcholine in ICU patients356 and (2) increased require-
ments for nondepolarizing NMBDs in ICU patients.357 
Even more important, succinylcholine more easily depo-
larizes immature nAChRs that may induce profound K+ 
flux outward, with subsequent hyperkalemia. Moreover, 
the α7AChR can also be depolarized by succinylcholine, 
thus contributing to the K+ efflux from the cell to the 
extracellular space. Therefore, succinylcholine should be 
avoided in ICU patients in whom total body immobiliza-
tion exceeds 24 hours.16

Should Nondepolarizing Neuromuscular 
Blockers Be Used in Patients in the Intensive 
Care Unit?
NMBD-associated persistent weakness appears to be a dis-
tinct pathologic entity and is not simply a manifestation 
of weakness syndromes in critically ill patients (see also 
Chapter 101). In a prospective study, Kupfer and associ-
ates showed a 70% incidence of persistent weakness in 
ICU patients who received NMBDs for more than 2 days, 
compared with a 0% incidence in similar ICU patients 
who received no NMBD.358 This is compelling evi-
dence for the effects of nondepolarizing NMBDs in this 
complication.

Long-term weakness has been described after nondepo-
larizing NMBDs.156,359,360 Approximately 20% of patients 
who received NMBDs for more than 6 days,359 15% to 
40% of asthmatic patients who also received high-dose 
steroids,346 and 50% of patients with renal failure who 
received vecuronium developed prolonged weakness.156 
Clinically, it appears that prolonged recovery from neuro-
muscular blockade occurs more frequently when steroidal 
NMBDs are used.156,359

However, prolonged weakness was also noted after the 
use of atracurium in ICU patients.360 Further, the use of 
atracurium has raised concerns about its metabolite, lau-
danosine. Laudanosine, also detected in the cerebrospi-
nal fluid (CSF) of ICU patients given atracurium,361 is an 
analeptic and can trigger seizures in animals.362 The toxic 
dose in humans is not known, but case reports have noted 
patients having seizures while receiving atracurium, and 
er 34: Pharmacology of Neuromuscular Blocking Drugs 991

laudanosine has not been ruled out as a cause of these sei-
zures.363-365 Evidence also indicates that laudanosine can 
activate neuronal nicotinic receptors.366 Cisatracurium is 
a single isomer of atracurium, and because it is four to five 
times more potent than atracurium, it is given in smaller 
doses. Therefore, the risk of laudanosine-related adverse 
effects should be minimal.367

Nondepolarizing NMBDs are polar molecules and do 
not readily cross the blood-brain barrier, but vecuronium 
and its long-acting active metabolite, 3-desacetylve-
curonium, have been detected in the CSF of patients in 
the ICU. The CNS effects of NMBDs and their metabo-
lites in humans have not been well studied, but in rats, 
atracurium, pancuronium, and vecuronium injected into 
the CSF caused dose-related cerebral excitation culminat-
ing in seizures.362 Cerebral excitation with consequent 
increased cerebral oxygen demand is undesirable in ICU 
patients at risk of cerebral ischemia. Investigators have 
also suggested that nondepolarizing NMBDs can gain 
access to nerves during systemic inflammatory response 
syndrome, thus resulting in direct neurotoxicity.362

When nondepolarizing NMBDs are necessary, the use 
of a peripheral nerve stimulator is recommended, and 
periodic return of muscle function should be allowed. 
However, routine monitoring of neuromuscular function 
alone is insufficient in eliminating prolonged recovery 
and weakness syndromes in ICU patients.368 Adjusting 
the dosage of NMBDs by peripheral nerve stimulation 
versus standard clinical dosing in critically ill patients 
reduces drug requirements, produces faster recovery of 
neuromuscular function, and results in a total cost sav-
ings of $738 per patient.369 Daily interruption of seda-
tive-drug infusions decreases the duration of mechanical 
ventilation and the length of stay in the ICU.370 The 
effect of such an approach on the weakness syndromes 
in the ICU patient is unknown. When nondepolarizing 
NMBDs are used, the guidelines in Box 34-4 may help 
minimize the incidence of complications. As stated in the 
clinical practice guidelines for sustained neuromuscular 
blockade in the adult critically ill patient,337 “Independent 
of the reasons for using neuromuscular blockers, we emphasize 
that all other modalities to improve the clinical situation must 
be tried, using neuromuscular blockers only as a last resort.”

Complete references available online at expertconsult.com

Avoid the use of neuromuscular blockers by
Maximal use of analgesics and sedatives
Manipulation of ventilatory parameters and modes

Minimize the dose of neuromuscular blocker
Use a peripheral nerve stimulator with train-of-four monitoring
Do not administer for more than 2 days continuously
Administer by bolus rather than infusion
Administer only when required and to achieve a well-defined 

goal
Continually allow recovery from paralysis

Consider alternative therapies  

BOX 34-4 Recommendations for the Use of 
Neuromuscular Blockers in the Intensive  
Care Unit

http://expertconsult.com
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Reversal (Antagonism) of 
Neuromuscular Blockade
GLENN S. MURPHY • HANS D. DE BOER • LARS I. ERIKSSON • RONALD D. MILLER

K e y  P o i n t s

 •  Appropriate reversal of a nondepolarizing neuromuscular blockade is essential to 
avoid adverse patient outcomes. Complete recovery of muscle strength should be 
present, and the residual effects of neuromuscular blocking drugs (NMBDs) should 
be fully pharmacologically reversed (or spontaneously recovered).

 •  Sufficient recovery from neuromuscular blockade for tracheal extubation can be 
confirmed by an adductor pollicis train-of-four (TOF) ratio of at least 0.90 (or 1.0 if 
acceleromyography [AMG] is used). Quantitative neuromuscular monitoring is the 
only method of assessing whether a safe level of recovery of muscular function has 
occurred.

 •  Residual neuromuscular blockade is not a rare event in the postanesthesia care unit 
(PACU). Approximately 30% to 50% of patients can have TOF ratios less than 0.90 
following surgery.

 •  Patients with TOF ratios less than 0.90 in the PACU are at increased risk for 
hypoxemic events, impaired control of breathing during hypoxia, airway 
obstruction, postoperative pulmonary complications, symptoms of muscle 
weakness, and prolonged PACU admission times. Appropriate management of 
neuromuscular blockade can decrease the incidence of, or eliminate, residual 
blockade, which will reduce the risks of these adverse postoperative events.

 •  Neostigmine, pyridostigmine, and edrophonium inhibit the breakdown of 
acetylcholine, resulting in an increase in acetylcholine in the neuromuscular 
junction. However, there is a “ceiling” effect to the maximal concentration of 
acetylcholine that can be achieved with these drugs. Reversal of neuromuscular 
blockade with these drugs should not be attempted until some evidence of 
spontaneous recovery is present. Neostigmine in the dose range of 30 to 70 μg/kg 
body weight antagonizes moderate to shallow levels of neuromuscular blockade. 
However, if these reversal drugs are given in the presence of full neuromuscular 
recovery, paradoxical muscle weakness theoretically may be induced.

 •  Sugammadex is a modified γ-cyclodextrin that shows a high affinity for the 
steroidal NMBDs rocuronium and vecuronium. Sugammadex is able to form a 
tight inclusion complex with either of these steroidal NMBDs, thereby inactivating 
the effects of rocuronium and vecuronium, resulting in rapid reversal of 
neuromuscular blockade.

 •  Sugammadex is able to reverse a moderate/shallow and a profound neuromuscular 
blockade with a dose of 2.0 mg/kg and 4.0 mg/kg, respectively. An immediate 
reversal of neuromuscular blockade induced by rocuronium is possible with a dose 
of sugammadex 16 mg/kg. Reversal of neuromuscular blockade by sugammadex is 
rapid and without side effects encountered with anticholinesterase drugs.

 •  Fumarates (gantacurium [GW280430A, AV430A], CW002, and CW011) represent 
a new class of NMBDs in development that are inactivated primarily via adduction 
of cysteine to the double bond of the compounds, resulting in inactive breakdown 
products. Laboratory studies have shown that the administration of exogenous 
l-cysteine results in complete reversal of deep neuromuscular blockade within 2 to 
3 minutes.

Acknowledgment: The editors and the publisher would like to thank Drs. Mohamed Naguib and Cynthia A. Lien 
who were contributing authors to this topic in the prior edition of this work. It has served as the foundation for the 
current chapter.
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HISTORY

The paralytic effects of curare have been recognized since 
the time of Sir Walter Raleigh’s voyage on the Amazon in 
1595.1 In 1935, the name d-tubocurarine was assigned to 
an alkaloid isolated from a South American vine (Chon-
drodendron tomentosum). At approximately the same 
time, experiments from pharmacology and physiology 
laboratories in London suggested that acetylcholine was 
the chemical neurotransmitter at motor nerve endings.2 
Investigations from these same laboratories demon-
strated that eserine (physostigmine)-like substances could 
reverse the effects of curare at the neuromuscular junc-
tion of frog nerve-muscle preparations.2 In the clinical 
setting, Bennett (1940) described the use of curare in the 
prevention of traumatic complications during convulsive 
shock therapy.3 In l942, Griffith and colleagues described 
the use of an extract of curare in 25 surgical patients; all 
patients appeared to recover fully without administration 
of an antagonist such as neostigmine.4

The importance of pharmacologic reversal of neuro-
muscular blockade was suggested in 1945. Specifically, 
use of neostigmine or physostigmine to antagonize curare 
was recognized and was recommended to be available 
whenever muscle relaxants were given in the operating 
room.5 The first large case series examining the use of 
curare was published by Cecil Gray in 1946.1 A crystal-
line extract, d-tubocurarine chloride, was administered in 
1049 general anesthesia cases. No postoperative compli-
cations directly attributable to d-tubocurarine were noted, 
and physostigmine was administered to only two patients 
in the series. However, in a later review article (1959) 
from the same anesthesia department, the authors con-
cluded that “it is safer to always use neostigmine when 
nondepolarizing relaxants have been administered.”6 
By the mid-1960s, significant differences in neuromus-
cular management existed between the United States 
and Europe. As noted in an editorial from this time, “In 
Great Britain the majority of anesthetists have arbitrarily 
adopted the attitude that the dangers of reversal are far 
less than those of latent paresis, so that most patients 
receive at least some anticholinesterase drug at the end of 
anesthesia.” In the United States, however, where smaller 
doses of curare were used, the emphasis was more on the 
mortality and morbidity associated with reversal drugs. 
Emphasis was placed on using muscle relaxants in smaller 
doses so reversal drugs were not necessary.7 In fact, in the 
senior author’s training (Miller), the prevailing thinking 
was that emphasis in anesthesia should be on “properly 
anesthetizing rather than paralyzing” a patient; it was 
commonly said that “curare is not an anesthetic.”

Despite more than 7 decades of research, significant 
differences in opinion still exist regarding management of 
neuromuscular blockade at the conclusion of surgery and 
anesthesia. Some clinicians routinely pharmacologically 
antagonize a nondepolarizing neuromuscular blocking 
drug (NMBD), whereas others antagonize neuromuscular 
blockade only when obvious clinical muscle weakness is 
present. The issue is whether clinically important weak-
ness exists when it is not clinically apparent. Will moni-
toring of neuromuscular blockade improve patient care? 
The aim of this chapter is to review the consequences of 
incomplete neuromuscular recovery, the use of anticho-
linesterase agents in clinical practice (benefits, risks, and 
limitations), and the recent developments in novel drugs 
to reverse/antagonize residual neuromuscular blockade.

ANTAGONISM OF NEUROMUSCULAR 
BLOCKADE: CURRENT MANAGEMENT 
PRACTICES

A number of survey studies have been conducted to deter-
mine how clinicians evaluate and manage neuromuscular 
blockade in the perioperative period. In the late 1950s, 
a survey was sent to anesthetists in Great Britain and Ire-
land.6 Forty-four percent of the respondents used neostig-
mine “always” or “almost always” when d-tubocurarine 
chloride or gallamine was used. Two thirds of respon-
dents administered 1.25 to 2.5 mg when antagonizing 
these NMBDs.6 Despite accumulating data demonstrating 
a continued frequent incidence of residual neuromuscu-
lar blockade, more-recent surveys indicate that attitudes 
toward reversal of neuromuscular blockade have changed 
little over the intervening decades. A questionnaire sent 
to German anesthesiologists in 2003 revealed routine 
reversal with neostigmine at the end of surgery was not 
practiced in 75% of anesthesia departments.8 A similar 
survey of 1230 senior anesthetists in France reported that 
pharmacologic antagonism of neuromuscular blockade 
was “systematic” or “frequent” in only 6% and 26% of 
surgical cases, respectively.9 In contrast, reversal of non-
depolarizing NMBDs was routinely performed in Great 
Britain.10

A large-scale, comprehensive survey of neuromuscular 
management practices in the United States and Europe 
was conducted in order to better understand attitudes 
about doses of NMBDs, monitoring, and pharmacologic 
reversal.11 Only 18% of European respondents and 34.2% 
of respondents from the United States “always” adminis-
tered an anticholinesterase drug when a nondepolarizing 
relaxant was used. The findings from these surveys suggest 
that there is little agreement about best practices related 
to reversal of neuromuscular blockade. Despite periopera-
tive guidelines from several national organizations, sur-
veys from many countries reveal that most clinicians do 
not monitor or reverse a neuromuscular blockade in the 
operating room. Surprisingly, most anesthesiologists have 
not witnessed obvious adverse events directly attributable 
to incomplete recovery from neuromuscular blockade.11 
Therefore, the potential hazards of reversal of neuromus-
cular blockade using an anticholinesterase drug (see later) 
are likely estimated to be more frequent than the risks 
of residual neuromuscular blockade. In the following sec-
tions, the definitions, incidence, and clinical implications 
of residual neuromuscular blockade are reviewed.

RESIDUAL NEUROMUSCULAR BLOCKADE

Assessment of Residual Neuromuscular 
Blockade
In order to optimize patient safety, tracheal extubation 
in the operating room should not occur until complete 
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recovery of muscle strength is present and the residual 
effects of NMBDs have been fully reversed (or spontane-
ously recovered). Therefore, clinicians have methods to 
detect and treat residual muscle weakness. Three methods 
are commonly used in the operating room to determine 
the presence or absence of residual neuromuscular block-
ade: clinical evaluations for signs of muscle weakness, 
qualitative neuromuscular monitors, and quantitative 
neuromuscular monitors. A more detailed description 
of the types of neuromuscular monitors used periopera-
tively is provided in Chapter 53.

CliniCal Evaluation for SignS of MuSClE WEaknESS. Fol-
lowing the introduction of d-tubocurarine into clinical 
practice, residual paralysis and the need for neostigmine 
was determined primarily by the observation of “shal-
low, jerky movements of the diaphragm” at the end of 
surgery.12 In the absence of any clinically observable 
respiratory impairment, neuromuscular function was 
assumed to be adequate, and no reversal drugs were 
administered. A peripheral nerve stimulator was first 
used in the 1960s by Harry Churchill-Davidson in the 
United Kingdom and later in the United States. How-
ever, routine use of a peripheral nerve stimulator did not 
occur. In fact, several decades later, the most commonly 
applied technique for evaluation of recovery of neuro-
muscular function continues to be the use of clinical tests 
for signs of apparent muscle weakness.13 Furthermore, 
one of the primary factors that determines whether cli-
nicians elect to administer a reversal drug at the end of 
surgery is the presence of signs of muscle weakness.11 
However, for decades clinical studies have consistently 
shown that tests of muscle strength are not sensitive or 
reliable indices of adequate neuromuscular recovery. 
The most commonly applied criteria used to determine 
suitability for extubation of the trachea are a “normal” 
pattern of ventilation and a sustained head lift.13 Unfor-
tunately, the sensitivity of each test in detecting residual 
blockade is poor. At a level of neuromuscular recovery 
that allows for adequate ventilation in a patient whose 
r 35: Reversal (Antagonism) of Neuromuscular Blockade 997

trachea is intubated, the muscles responsible for main-
taining airway patency and protection are significantly 
impaired.14 Other investigators have observed that the 
majority of subjects could maintain a 5-second head lift 
at a train-of-four (TOF) ratio of 0.50 or less.15,16 Addi-
tional clinical tests of muscle strength, such as sustained 
hand-grip, leg-lift, or eye opening, have been demon-
strated to have a low sensitivity in predicting recovery of 
neuromuscular function17,18 (Table 35-1).

QualitativE nEuroMuSCular Monitoring. Qualitative 
neuromuscular monitors—or more accurately, periph-
eral nerve stimulators—deliver an electrical stimulus to 
a peripheral nerve, and the response to nerve stimula-
tion is subjectively assessed by clinicians either visually 
or tactilely (i.e., placing a hand on the thumb to detect 
the muscle contraction after ulnar nerve stimulation)  
(Fig. 35-1; also see Chapter 53). Three patterns of nerve 
stimulation are used in the clinical setting to assess 
patients for residual blockade: TOF, tetanic, and dou-
ble-burst stimulation. TOF stimulation delivers four 
supramaximal stimuli every 0.5 seconds, tetanic stimu-
lation consists of a series of extremely rapid (usually 
50 or 100 Hz) stimuli typically applied over 5 seconds,  
and double-burst stimulation delivers two short bursts 
of 50-Hz tetanic stimuli separated by 750 msec (see 
Chapter 53). The presence of fade with these patterns of 
nerve stimulation indicates incomplete neuromuscular 
recovery. Although qualitative monitoring may guide 
management during early recovery from neuromuscu-
lar blockade, the sensitivity of these devices in detecting 
small degrees of residual paresis (TOF ratios between 0.50 
and 1.0) is limited (Fig. 35-2). When using TOF stimula-
tion, investigators have consistently observed that clini-
cians are unable to detect fade when TOF ratios exceed 
0.30 to 0.4.19-21  Similarly, the observation of fade during a 
5-second, 50-Hz tetanic stimulation is difficult when TOF 
ratios are greater than 0.30.21-22 The ability of clinicians 
to detect fade is improved with double-burst stimula-
tion; the threshold for detection of fade is approximately  
TABLE 35-1 SENSITIVITY, SPECIFICITY, POSITIVE, AND NEGATIVE PREDICTIVE VALUES OF AN INDIVIDUAL 
CLINICAL TEST FOR A TRAIN-OF-FOUR <90% IN 640 SURGICAL PATIENTS 

Variable Sensitivity Specificity
Positive Predictive 
Value

Negative Predictive 
Value

Inability to smile 0.29 0.80 0.47 0.64
Inability to swallow 0.21 0.85 0.47 0.63
Inability to speak 0.29 0.80 0.47 0.64
General weakness 0.35 0.78 0.51 0.66
Inability to lift head for 5 sec 0.19 0.88 0.51 0.64
Inability to lift leg for 5 sec 0.25 0.84 0.50 0.64
Inability to sustain hand grip 

for 5 sec
0.18 0.89 0.51 0.63

Inability to perform sustained 
tongue depressor test

0.22 0.88 0.52 0.64

From Cammu G, De Witte J, De Veylder J, et al: Postoperative residual paralysis in outpatients versus inpatients, Anesth Analg 102:426-429, 2006.
The sensitivity of a test is the number of true positives ÷ the sum of true positives + false negatives; the specificity is the number of true negatives ÷ the 

sum of true negatives + false positives. True positives are patients scoring positive for a test and having a train-of-four (TOF) <90%. False negatives are 
patients with a negative test result but a TOF <90%. True negatives have a negative test score and a TOF not <90%; false positives score positively but 
have a TOF not <90%. A positive test result means inability to smile, swallow and speak, general muscular weakness, and so on.
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Figure 35-1. Example of a qualitative neuromuscular monitor (or 
more appropriately, a peripheral nerve stimulator). A peripheral nerve 
is stimulated, and the response to nerve stimulation is subjectively 
(qualitatively) assessed using either visual or tactile (hand placed on 
the muscle) means. In this illustration, the ulnar nerve is stimulated, 
and movement of the thumb subjectively evaluated.
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Figure 35-2. Detection of fade with various neuromuscular moni-
toring techniques. Residual neuromuscular blockade was evaluated 
using acceleromyography (AMG), tactile assessment of train-of-four 
(TOF), double-burst stimulation (DBS), 50-Hz tetanus, or 100-Hz tet-
anus. The mechanomyographic (MMG) adductor pollicis TOF ratio 
was measured at one extremity. During recovery, a blinded observer 
estimated tactile fade in the other extremity. Probability of detection 
of fade by logistic regression is presented. (From Capron F, Fortier LP, 
Racine S, Donati F: Tactile fade detection with hand or wrist stimulation 
using train-of-four, double-burst stimulation, 50-hertz tetanus, 100-hertz 
tetanus, and acceleromyography, Anesth Analg 102:1578-1584, 2006.)
0.6 to 0.7 using this mode of stimulation.20,21,23 However, 
regardless of the mode of nerve stimulation used, resid-
ual neuromuscular blockade cannot always be reliably 
excluded using qualitative monitoring.

QuantitativE nEuroMuSCular Monitoring. Quantitative 
neuromuscular monitors are instruments that permit both 
stimulation of a peripheral nerve and the quantification 
and recording of the evoked response to nerve stimula-
tion. Quantitative monitors allow an accurate assessment 
of the degree of muscle weakness using either TOF stimu-
lation (TOF ratio displayed) or single-twitch stimulation 
(response compared with control “twitch” as a percent-
age). Although five different methods of quantifying neu-
romuscular function in the operating room have been 
developed, only one technology, acceleromyography 
(AMG, available as the TOF-Watch, Bluestar Enterprises), 
is commercially produced as a stand-alone monitor (Fig. 
35-3). In a study comparing AMG with standard qualita-
tive tests (tactile fade to TOF, double-burst, 5-Hz tetanic, 
and 100-Hz tetanic stimulation), AMG was the most 
accurate technique in detecting residual paralysis21 (see 
Fig. 35-2). In addition, the use of AMG in the operating 
room has been demonstrated to reduce the risk of residual 

Figure 35-3. Example of a quantitative neuromuscular monitor 
(acceleromyography [AMG]). Ulnar nerve stimulation results in thumb 
movement, which is sensed by a piezoelectric sensor attached to the 
thumb. To improve the consistency of responses, a hand adapter 
applies a constant preload. Acceleration of the thumb is sensed by 
the piezoelectric sensor, and is proportional to the force of muscle 
contraction.
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neuromuscular blockade in the postanesthesia care unit 
(PACU)24-27 and to decrease adverse respiratory events and 
symptoms of muscle weakness associated with incomplete 
neuromuscular recovery.26,27 In clinical practice, AMG is 
a valuable monitor in determining whether full recovery 
of neuromuscular function has occurred before tracheal 
extubation, and provides objective data to guide dosing of 
reversal agents at the conclusion of surgery (see later).

A careful evaluation of the degree of residual block-
ade at the conclusion of a general anesthetic is essential 
in order to avoid the potential hazards of incomplete 
neuromuscular recovery following tracheal extubation. 
However, the methods used by most clinicians (ability to 
perform a head lift or maintain a stable pattern of ventila-
tion; no fade observed to TOF or tetanic nerve stimulation) 
are insufficient in assuring safe recovery. At the present 
time, quantitative neuromuscular monitoring is the only 
method of determining whether full recovery of muscular 
function has occurred and reversal drugs safely avoided. In 
order to exclude with certainty the possibility of residual 
paresis, quantitative monitoring should be used.

DEfinitionS of rESiDual nEuroMuSCular BloCkaDE

Quantitative neuromuscular monitoring: toF ratio less 
than 0.70 and less than 0.90. Traditionally, residual neu-
romuscular blockade has been defined using quantitative 
neuromuscular monitoring. Although peripheral nerve 
stimulation was used in the l960s, Ali and colleagues first de-
scribed the application of peripheral nerve stimulation for 
neuromuscular monitoring using the ulnar nerve–adductor 
pollicis unit as the site of monitoring in the early 1970s.28,29 
By comparing the amplitude of the fourth (T4) to the first 
(T1) evoked mechanical or electromyographic response (TOF 
response), the degree of neuromuscular recovery could be 
measured. Shortly thereafter, these same investigators per-
formed several studies examining the association between 
the degree of residual blockade in the hand (defined using 
quantified T4/T1 ratio, i.e., TOF ratio) with symptoms of pe-
ripheral muscle weakness and spirometry measurements.30-32 
At adductor pollicis TOF ratios less than 0.60, signs of muscle 
weakness, tracheal tug, and ptosis were observed. When TOF 
ratios recovered to 0.70, the majority of patients were able 
to sustain head lift, eye opening, hand grasp, tongue protru-
sion, and a vital capacity exceeding 15 mL/kg. On the basis 
of these data, a TOF ratio of 0.70 was previously agreed on to 
represent acceptable neuromuscular recovery at the end of 
a general anesthetic that included administration of nonde-
polarizing NMBDs. Yet, more recently, clinically significant 
muscle weakness and impaired respiratory control have been 
observed at TOF ratios of up to 0.90. At TOF ratios less than 
0.90, awake volunteers exhibit impaired pharyngeal func-
tion, airway obstruction, an increased risk of aspiration of 
gastric contents, an impaired hypoxic ventilatory control, 
and unpleasant symptoms of muscle weakness.33-37 In sur-
gical patients, an association between TOF ratios less than 
0.90 and adverse respiratory events and prolonged PACU 
length of stay has been observed.38,39 At the present time, it 
is generally agreed that adequate recovery of neuromuscular 
function is represented by an adductor pollicis TOF ratio of 
at least 0.90 (or even 1.0 when AMG is used).

clinical signs and symptoms. A variety of clinical signs 
may be present in patients with residual neuromuscular  
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blockade, including the following: inability to perform a 
head lift, hand grip, eye opening, or tongue protrusion; in-
ability to clench a tongue depressor between the incisor 
teeth; inability to smile, swallow, speak, cough, track ob-
jects with eyes; or inability to perform a deep or vital ca-
pacity breath.40 Symptoms of residual blockade that have 
been reported include subjective difficulty performing the 
aforementioned tests, as well as blurry vision, diplo pia, fa-
cial weakness, facial numbness, and general weakness.37,40 
Although the majority of patients with TOF ratios of 0.90 
to 1.0 will have recovered satisfactory strength in most 
muscle groups, signs and symptoms of muscle weakness 
may be present in some of these  patients. In contrast, a 
few patients with significant residual blockade (TOF ratios 
<0.70) may exhibit no apparent muscle weakness. The most 
inclusive and precise definition of residual neuromuscular 
blockade should include not only objective and quantifi-
able monitoring data (a TOF ratio <0.90 demonstrated with 
AMG, mechanomyography, or electromyography) but 
also clinical evidence of impaired neuromuscular recovery 
(swallowing impairment, inability to speak or perform a 
head lift, diplopia, and/or general weakness).

Incidence of Residual Neuromuscular 
Blockade
Residual neuromuscular Blockade is not a rare event in 
the PACU. In 1979, Viby-Mogensen examined the efficacy 
of neostigmine in reversing d-tubocurarine, gallamine, or 
pancuronium blockade.41 On arrival to the PACU, 42% of 
patients had a TOF ratio less than 0.70, and 24% were unable 
to perform a 5-second head lift (the majority of these sub-
jects had TOF ratios <0.70). The authors concluded that the 
average dose of neostigmine given (2.5 mg) was insufficient 
for reversing neuromuscular blockade. Subsequent studies 
demonstrated a similarly frequent incidence of residual 
blockade in patients receiving long-acting NMBDs; 21% to 
50% of patients in the early postoperative period had TOF 
ratios less than 0.70.42-44 Subsequently, the risk of postop-
erative residual blockade was reduced if intermediate-act-
ing NMBDs were used instead of long-acting drugs.44-46 As 
the use of long-acting NMBDs began to decrease in clinical 
practices, many investigators hoped that residual blockade 
would become an uncommon occurrence in the PACU. 
However, incomplete neuromuscular recovery continues 
to be a common postoperative event. Large-scale studies 
(150 to 640 subjects) have demonstrated that approxi-
mately 31% to 50% of patients have clinically significant 
residual neuromuscular blockade with adductor pollicis 
TOF ratios less than 0.90 following surgery.17,47,48 In a 
meta-analysis of data from 24 clinical trials, Naguib and 
colleagues calculated the incidence of residual blockade by 
NMBD type and TOF ratio.44 The pooled rate of residual 
blockade, defined as a TOF ratio less than 0.90, was 41% 
when studies using intermediate-acting NMBDs were ana-
lyzed (Table 35-2). In conclusion, a frequent incidence of 
residual neuromuscular blockade still occurs worldwide in 
the immediate postoperative period; with current practice 
and inadequate monitoring, the incidence of this compli-
cation is not decreasing over time.

The observed incidence of postoperative residual block-
ade varies widely between studies, ranging from 5% to 
93%.44 A number of factors may influence the degree 
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of neuromuscular recovery measured following tracheal 
extubation, accounting for the reported variability in the 
incidence of residual blockade (Box 35-1). The observed 
incidence of residual blockade is more frequent if a thresh-
old definition of 0.90 is used (versus the previous threshold 
of 0.70) (see Table 35-2). Similarly, a frequent incidence of 
residual paralysis is observed if there is a short time interval 
between reversal of NMBDs and quantification of TOF ratios 
(TOF ratios measured at the time of extubation versus mea-
surement in the PACU).49 Furthermore, the technology used 
to quantify neuromuscular recovery may influence the per-
centage of patients with TOF ratios less than 0.90 following 
surgery. For example, when compared with mechanomyog-
raphy (MMG), AMG frequently overestimates the degree of 
neuromuscular recovery.21 Additional factors influencing 
the degree of residual paralysis are discussed later.

Adverse Effects of Residual Blockade
Many investigations have demonstrated that approxi-
mately one half of patients will be admitted to the PACU 
with TOF ratios less than 0.90, as measured with AMG, 
MMG, or electromyography (EMG).44 The impact of this 
residual muscle weakness on clinical outcomes has been 
less well-documented. Yet even minimal levels of neuro-
muscular blockade may have clinical consequences. The 
following section reviews the effects of residual blockade 
in both awake volunteer studies and in postoperative 
surgical patients.
PreoPerative Factors

 1.  Definition of residual neuromuscular blockade
 •  TOF ratio <0.70 (before 1990)
 •  TOF ratio <0.90 (after 1990)
 •  Presence of signs or symptoms of muscle weakness
 2.  Patient factors
 •  Age (higher risk in older adults)
 •  Gender
 •  Preexisting medical conditions (renal or liver dysfunction, 

neuromuscular disorders)
 •  Medications known to affect neuromuscular transmission 

(antiseizure medications)

intraoPerative anesthetic Factors

 1.  Type of NMBD administered intraoperatively
 •  Intermediate-acting NMBD (lower risk)
 •  Long-acting NMBD (higher risk)
 2.  Dose of NMBD used intraoperatively
 3.  Use of neuromuscular monitoring
 •  Qualitative monitoring (studies inconclusive)
 •  Quantitative monitoring (lower risk)
 4.  Depth of neuromuscular blockade maintained
 •  “Deeper blockade” (TOF count of 1-2) (higher risk)
 •  “Lighter blockade” (TOF count of 2-3) (lower risk)
 5.  Type of anesthesia used intraoperatively
 •  Inhalational agents (higher risk)
 •  TIVA (lower risk)

Factors related to antagonism oF residual Blockade

 1.  Use of reversal agents (lower risk)
 •  Neostigmine
 •  Pyridostigmine
 •  Edrophonium
 •  Sugammadex
 2.  Dosage of reversal agent used
 3.  Time interval between reversal agent administration and quanti-

fication of residual blockade

Factors related to measurement oF residual Blockade

 1.  Method of objective measurement of residual neuromuscular 
blockade

 •  Mechanomyography (MMG)
 •  Electromyography (EMG)
 •  Acceleromyography (AMG)
 •  Kinemyography (KMG)
 •  Phonomyography (PMG)
 2.  Time of measurement of residual neuromuscular blockade
 •  Immediately before tracheal extubation (higher risk)
 •  Immediately after tracheal extubation (higher risk)
 •  On arrival to PACU (lower risk)

PostoPerative Factors

 1.  Respiratory acidosis and metabolic alkalosis (higher risk)
 2.  Hypothermia (higher risk)
 3.  Drug administration in the PACU (antibiotics, opioids) (higher risk)

BOX 35-1 Factors Influencing the Measured Incidence of Postoperative Residual Neuromuscular Blockade

NMBD, Neuromuscular blocking drug; PACU, postanesthesia care unit TIVA, total intravenous anesthetic; TOF, train-of-four.

TABLE 35-2 POOLED ESTIMATED INCIDENCE OF RESIDUAL NEUROMUSCULAR BLOCKADE BY MUSCLE 
RELAXANT TYPE AND TRAIN-OF-FOUR RATIO 

Sub-population
Pooled Rate of 

RNMB* Confidence Interval

Heterogeneity

P-value Inconsistency† (%)

Long-acting MR (TOF <0.70) 0.351 (0.25-0.46) <.001 86.7
Intermediate-acting MR (TOF 

<0.70)
0.115 (0.07-0.17) <.001 85.9

Long-acting MR (TOF <0.90) 0.721 (0.59-0.84) <.001 88.1
Intermediate-acting MR (TOF 

<0.90)
0.413 (0.25-0.58) <.001 97.2

From Naguib M, Kopman AF, Ensor JE: Neuromuscular monitoring and postoperative residual curarisation: a meta-analysis, Br J Anaesth 98:302-316, 2007.
MR, Muscle relaxant; RNMB, residual neuromuscular blockade; TOF, train-of-four.
*Pooled rate of RNMB is the weighted average. The weight in the random-effect model takes into account both between and within studies variation.
†Inconsistency is the proportion of between studies variability that cannot be explained by chance.
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aDvErSE EffECtS of rESiDual BloCkaDE—aWakE volun-
tEEr StuDiES. Surgical patients receive a variety of anes-
thetics in the perioperative period, which complicates an 
assessment of the particular effect of residual neuromus-
cular blockade on clinical outcomes. Conducting awake 
volunteer trials allows investigators to more precisely 
quantify the impact of NMBDs and various degrees of 
neuromuscular blockade on physiologic systems in the 
absence of anesthetics. In general, these studies have 
titrated NMBDs to various TOF ratios in awake subjects, 
and measured the effects on the respiratory system and 
on signs and symptoms of muscle weakness.
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Fig 35-4. Incidence of pharyngeal dysfunction during atracurium-
induced partial neuromuscular blockade corresponding to steady-state 
adductor pollicis TOF ratio of 0.70, 0.80, >0.90 and control in young 
volunteers. (Modified from Sundman E, Witt H, Olsson R, et al: The inci-
dence and mechanisms of pharyngeal and upper esophageal dysfunction 
in partially paralyzed humans, Anesthesiology 92:977-984, 2000.)
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Early volunteer investigations concluded that respira-
tory impairment was minimal at TOF ratios of 0.60 to 
0.70.32 Respiratory frequency, tidal volume, vital capacity, 
and peak expiratory flow rates were not altered during the 
study, although vital capacity and inspiratory force were 
both significantly reduced compared with control values 
at a TOF ratio of 0.60.32 The authors concluded that these 
changes were of minor clinical importance. Subsequent 
investigations have revealed that pharyngeal and respira-
tory function is impaired at TOF ratios as high as 0.90 to 
1.0. Return of pharyngeal muscle function is essential for 
airway control following tracheal extubation. In series of 
human studies from the Karolinska Institutet, Sweden, a 
functional assessment of the pharynx, upper esophageal 
muscles, and the integration of respiration with swallow-
ing was performed during various levels of neuromuscular 
blockade.33-34 At adductor pollicis TOF ratios less than 0.90, 
pharyngeal dysfunction was observed in 17% to 28% of 
young adult volunteers33 (Fig. 35-4), increasing more than 
twofold in patients older than 60 years and associated with 
reduced upper esophageal sphincter resting tone and mis-
directed swallowing and aspiration (laryngeal penetration) 
of oral contrast material.33-34a Eikermann and colleagues 
conducted several investigations examining the effect of 
residual paresis on respiratory muscle function in awake 
volunteers. Awake subjects were administered a rocuronium 
infusion, which was titrated to a TOF ratio 0.50 to 1.0. At 
a minimal level of residual blockade (approximately 0.80), 
the authors observed impaired inspiratory air flow and 
upper airway obstruction,35 a marked decrease in upper air-
way volumes and upper airway dilator muscle function,50 
and increased upper airway closing pressure and collapsibil-
ity51 (Fig. 35-5). In addition, evidence from human studies 
of respiratory control suggest that residual blockade inhibits 
hypoxic ventilatory control while leaving the ventilatory 
Figure 35-5. An investigation examining the effect of residual neuromuscular blockade on respiratory muscle function in awake volunteers. 
Subjects were administered a rocuronium infusion, which was titrated to a train-of-four (TOF) ratio 0.5 to 1.0. Supraglottic airway diameter and 
volume was measured by respiratory-gated magnetic resonance imaging. Minimum retroglossal upper airway diameter during forced inspiration 
(A) before neuromuscular blockade (baseline), at a steady-state TOF ratio of (B) 0.50 and (C) 0.80, (D) after recovery of the TOF ratio to 1.0, 
and (E) 15 minutes later. Images from the volunteer show that a partial paralysis evokes an impairment of upper airway diameter increase during 
forced inspiration. *P <.05 versus baseline. (From Eikermann M, Vogt FM, Herbstreit F, et al: The predisposition to inspiratory upper airway collapse 
during partial neuromuscular blockade, Am J Respir Crit Care Med 175:9-15, 2007.)
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control during hypercapnia unaffected. In human volun-
teers, the hypoxic ventilatory response was attenuated by 
30% after administration of either atracurium, vecuronium, 
or pancuronium at an adductor pollicis TOF ratio of 0.70, 
returning to normal after spontaneous recovery to a TOF 
ratio of greater than 0.9052 (Fig. 35-6). An increase in venti-
latory drive during hypoxia is primarily mediated by affer-
ent input from peripheral chemoreceptors in the carotid 
bodies located bilaterally at the carotid artery bifurcation, 
whereas ventilatory regulation during hypercapnia is medi-
ated via CO2 interaction with brainstem chemoreceptors. 
In experimental animals, the firing frequencies of carotid 
body chemoreceptors is almost abolished by the adminis-
tration of a nondepolarizing NMBD because of a choliner-
gic blockade of nicotinic acetylcholine receptors within the 
carotid body oxygen signaling pathway.53

Awake volunteer studies have also revealed that 
unpleasant symptoms of muscle weakness are present 
in subjects with small degrees of residual neuromuscular 
blockade. Conscious subjects given a small “priming” 
dose of pancuronium noted blurred vision, difficulty 
swallowing and keeping their eyes open, and jaw weak-
ness at a TOF ratio of 0.81.54 Symptoms of diplopia, 
dysarthria, and subjective difficulty swallowing were 
reported by subjects at TOF ratios of 0.60 and 0.70.34 
Reduced clarity of vision was described in all subjects 
receiving a mivacurium infusion at a TOF ratio of 0.81.55 
Kopman and associates examined 10 volunteers for 
symptoms and signs of residual paralysis at various TOF 
ratios.37 Testing was performed at baseline (before an 
infusion of mivacurium), at a TOF ratio of 0.65 to 0.75, 
at 0.85 to 0.95, and at full recovery (1.0). All subjects 
had significant signs and symptoms at a TOF ratio of 
0.70 (inability to maintain incisor teeth apposition, sit 
without assistance, or drink from a straw, visual distur-
bances, facial numbness, difficulty speaking and swal-
lowing, general weakness), and in seven subjects, visual 
symptoms persisted for up to 90 minutes after the TOF 
ratio had recovered to unity.
aDvErSE EffECtS of rESiDual BloCkaDE—PoStoPErativE 
SurgiCal PatiEntS. Awake volunteers have impairment of 
respiratory function and a variety of symptoms of muscle 
weakness at TOF ratios of 0.50 to 0.90. Similar adverse 
events have been observed in postoperative surgical 
patients with TOF ratios less than 0.90 measured in the 
PACU. Incomplete neuromuscular recovery is a risk fac-
tor for hypoxemic events, airway obstruction, unpleasant 
symptoms of muscle weakness, delayed PACU length of 
stay, and pulmonary complications during the early post-
operative period.

Clearly, an association exists between neuromuscular 
management characteristics and postoperative morbidity 
and mortality. Beecher and colleagues collected data from 
10 university hospitals between the years 1948 to 1952 to 
determine anesthetic-related causes of mortality.56 Risk of 
death related to anesthesia was six times more frequent 
in patients receiving NMBDs (primarily tubocurarine and 
decamethonium) compared with those administered no 
NMBDs (1:370 versus 1:2100). Although the authors con-
clude that there is “an important increase in anesthesia 
death rate when muscle relaxants are added”56 to an anes-
thetic, the use or omission of pharmacologic reversal in 
patients receiving NMBDs was not reported or analyzed. 
In another large-scale study, mortality data associated 
with anesthesia were collected over a 10-year period 
(1967-1976) at a single institution in South Africa.57 An 
analysis of 240,483 anesthetics revealed that “respira-
tory inadequacy following myoneural blockade” was the 
second-most common cause of death. Again, data relat-
ing to the use of pharmacologic reversal drugs were not 
provided. A study from the Association of Anaesthetists 
of Great Britain and Ireland examined deaths that were 
judged “totally due to anesthesia” and reported that post-
operative respiratory failure secondary to neuromuscular 
management was a primary cause of mortality.58 Rose 
and associates examined patient, surgical, and anesthetic 
factors associated with critical respiratory events in the 
PACU.59 Of the anesthetic management factors assessed, 
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Figure 35-6. Hypoxic ventilatory response (HVR) before (control); during steady-state infusion at train-of-four (TOF) ratio 0.70 of atracurium, 
pancuronium and vecuronium; and after recovery (TOF ratio >0.90). Data presented as means ± SD. * = P <.01. (From Eriksson LI: Reduced hypoxic 
chemosensitivity in partially paralysed man: a new property of muscle relaxants, Acta Anaesthesiol Scand 40:520-523, 1996.)
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the most frequent rate of critical respiratory events was 
observed in patients receiving large doses of NMBDs (the 
use of reversal drugs was not analyzed). Two investigations 
of anesthetic complications resulting in admissions to the 
intensive care unit determined that “failure to reverse after 
muscle relaxants” and “ventilatory inadequacy after rever-
sal of muscle relaxants” were the most common causes of 
admission.60,61 Sprung and colleagues reviewed the medi-
cal records of patients who experienced a cardiac arrest 
over a 10-year period (223 of 518,284 anesthetics).62 The 
most important category was the use of NMBDs, involv-
ing either hypoxia caused by inadequate pharmacologic 
reversal or asystole induced by anticholinesterase drugs. 
A large case-control investigation was performed of all 
patients undergoing anesthesia over a 3-year period (n = 
869,483) in The Netherlands assessing the impact of anes-
thetic management characteristics on the risk of coma or 
death within 24 hours of surgery.63 Reversal of the effects 
of NMBDs was associated with a significant reduction 
(odds ratio, 0.10, 95% CI, 0.03-0.31) in the risk of these 
complications. Epidemiologic studies thus suggest an asso-
ciation between incomplete neuromuscular recovery and 
adverse events in the early postoperative period. Notably, 
an important limitation of these outcome studies is that 
residual paresis was not quantified at the end of surgery. 
Therefore, causality (residual blockade results in postoper-
ative complications) can only be suggested but not proven.

In order to address these limitations, more recent studies 
have quantified TOF ratios in the PACU and documented 
a relationship between residual blockade and adverse out-
comes. Several clinical investigations have documented 
an association between postoperative residual blockade 
and adverse respiratory events. In an observational study 
by Bissinger and colleagues, patients with TOF ratios less 
than 0.70 in the PACU had a more frequent incidence of 
hypoxemia (60%) compared with patients with TOF ratios 
0.70 or greater (10%, P < .05).64 Another small study of 
orthopedic surgical patients randomized to receive either 
pancuronium or rocuronium revealed that patients with 
TOF ratios less than 0.90 on arrival to the PACU were 
more likely to develop postoperative hypoxemia (24 of 39 
patients) than those with TOF ratios greater than 0.90 (7 
of 30 patients, P = .003).65 Murphy and associates con-
ducted a case-control study examining the incidence and 
severity of residual blockade in patients who developed 
critical respiratory events in the PACU.38 Seventy-four 
percent of patients in the group with critical respiratory 
events had TOF ratios less than 0.70, compared with 0% 
in the matched control group (matched for age, sex, and 
surgical procedure). Because the two cohorts did not dif-
fer in any perioperative characteristics with the exception 
of neuromuscular recovery, these findings suggest that 
unrecognized residual paralysis is an important contrib-
uting factor to postoperative adverse respiratory events. 
Another investigation by this same group examined the 
effect of AMG monitoring on postoperative respiratory 
events.26 Few patients randomized to AMG monitoring 
had postoperative TOF ratios less than 0.90, and a less fre-
quent incidence of early hypoxemia and airway obstruc-
tion was observed in this group (compared with patients 
randomized to standard qualitative monitoring). A study 
of 114 patients randomized to neostigmine reversal or 
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placebo (saline) documented a significantly more fre-
quent incidence of both postoperative residual blockade 
and hypoxemia in the placebo group.66 Residual blockade 
in the PACU may also result in pulmonary complications 
within the first postoperative week. Berg and colleagues 
randomized 691 patients to receive pancuronium, atra-
curium, or vecuronium.67 TOF ratios were quantified in 
the PACU, and subjects followed for 6 days for pulmonary 
complications. In the pancuronium group, significantly 
more patients with TOF ratios less than 0.70 developed a 
pulmonary complication (16.9%) compared with patients 
with TOF 0.70 or greater (4.8%). Notably, the study also 
demonstrated a continuously increased risk for postop-
erative pulmonary complications with increased age, a 
finding of significant clinical relevance for older adult 
patients, a growing part of the surgical patient population.

Residual blockade causes unpleasant symptoms of mus-
cle weakness. This symptom of “general weakness” was 
the most sensitive “test” for determining whether patients 
had a TOF ratio of less than 0.90 in the PACU.17 Orthope-
dic surgical patients given pancuronium had a more fre-
quent risk of exhibiting both TOF ratios less than 0.90 and 
symptoms of blurry vision and general weakness during 
the PACU admission, compared with patients randomized 
to receive rocuronium.65 Similar findings were observed in 
a cardiac surgical patient population not receiving anti-
cholinesterase drugs.68 The subjective experience of resid-
ual neuromuscular blockade after surgery was determined 
by examining 155 patients for 16 symptoms of muscle 
weakness during the PACU admission.27 The presence of 
symptoms of muscle weakness was predictive of a TOF 
ratio less than 0.90 (good sensitivity and specificity).

The residual effects of NMBDs on postoperative muscle 
strength may impair clinical recovery and prolong PACU 
discharge times. In a small study of patients randomized 
to receive either pancuronium or rocuronium, the times 
required to meet and achieve discharge criteria were sig-
nificantly longer in the pancuronium group, and patients 
in the cohort as a whole with postoperative TOF ratios 
less than 0.90 were more likely to have a prolonged PACU 
stay compared with those with TOF ratios greater than 
0.90.65 A larger investigation measured TOF ratios in 246 
consecutive patients on arrival to the PACU.39 The PACU 
length of stay was significantly longer in patients with 
TOF ratios less than 0.90 (323 minutes) compared with 
patients with adequate recovery of neuromuscular func-
tion (243 minutes). Multiple regression analysis revealed 
that only age and residual blockade were independently 
associated with PACU length of stay.

In conclusion, a number of studies conducted over 
the past 5 decades have documented the effects of small 
degrees of residual blockade in human volunteers and 
surgical patients. Awake volunteer investigations have 
demonstrated that subjects with TOF ratios less than 0.90 
have reduced upper airway tone and diameters, upper air-
way obstruction, pharyngeal dysfunction with impaired 
airway integrity, decreased upper esophageal tone, and an 
increased risk of aspiration, impaired hypoxic ventilatory 
control, and unpleasant symptoms of muscle weakness. 
Epidemiologic outcome investigations have suggested an 
association between incomplete neuromuscular recovery 
and major morbidity and mortality. Prospective clinical 
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trials have revealed that patients with TOF ratios less 
than 0.90 in the PACU are at increased risk for hypox-
emic events, airway obstruction, postoperative pulmo-
nary complications, symptoms of muscle weakness, and 
prolonged PACU admission times. These data suggest 
that residual blockade is an important patient safety issue 
in the early postoperative period. Therefore, appropriate 
management of reversal of neuromuscular blockade is 
essential to optimize patient outcomes.

DRUGS USED TO ANTAGONIZE (REVERSE) 
NEUROMUSCULAR BLOCKADE

Reversal of neuromuscular blockade is theoretically pos-
sible by three principal mechanisms: (1) an increase in 
presynaptic release of acetylcholine; (2) a decrease in 
enzymatic metabolism of acetylcholine by cholinester-
ase, thereby increasing receptor binding competition; 
and (3) a decrease in the concentration of the NMBD at 
the effect-site, freeing the postsynaptic receptors.

ANTICHOLINESTERASE REVERSAL OF 
NEUROMUSCULAR BLOCK ADE

Nondepolarizing NMBDs inhibit neuromuscular trans-
mission primarily by competitively antagonizing or 
blocking the effect of acetylcholine at the postjunctional 
nicotinic acetylcholine receptor (nAChR). Binding of 
nondepolarizing NMBDs to the nAChR occurs in a com-
petitive fashion. If larger concentrations of acetylcholine 
are present at the neuromuscular junction, acetylcholine 
will attach to the postsynaptic receptor and facilitate 
neuromuscular transmission and muscle contraction. 
Conversely, if larger concentrations of a nondepolarizing 
NMBD are present at the neuromuscular junction, bind-
ing to α subunits of the receptor will preferentially occur, 
preventing central pore opening and muscle depolariza-
tion from occurring. A more detailed description of the 
neuromuscular junction is provided in Chapter 18.

One mechanism of reversing the effects of NMBDs is 
by an increase in the concentration of acetylcholine at 
the neuromuscular junction. This can be accomplished 
using an inhibitor of cholinesterase, which constrains 
the enzyme that breaks down acetylcholine at the neuro-
muscular junction (acetylcholinesterase). Three anticho-
linesterase drugs are commonly used in clinical practice: 
neostigmine, edrophonium, and pyridostigmine. Neo-
stigmine is likely the most commonly administered drug. 
Over the prior 6 decades, anticholinesterases have been 
the only drugs used clinically to reverse neuromuscular 
blockade (until the recent introduction of sugammadex).

Mechanism of Action of Anticholinesterases
Acetylcholine is the primary neurotransmitter that is syn-
thesized, stored, and released by exocytosis at the distal 
motor nerve terminal. Acetylcholinesterase is the enzyme 
responsible for the control of neurotransmission at the neu-
romuscular junction by hydrolyzing acetylcholine. Rapid 
hydrolysis of acetylcholine removes excess neurotrans-
mitter from the synapse, preventing overstimulation and 
tetanic excitation of the postsynaptic muscle. Nearly half 
of the acetylcholine molecules released from the presynap-
tic nerve membrane are hydrolyzed by acetylcholinesterase 
before reaching the nAChR.69 The action of acetylcholines-
terase is quite rapid; acetylcholine molecules are hydrolyzed 
in approximately 80 to 100 μs (microseconds). Acetylcho-
linesterase is concentrated at the neuromuscular junction, 
and there are approximately 10 enzyme-binding sites for 
each molecule of acetylcholine released.70 However, lower 
concentrations of acetylcholinesterase are present along 
the length of the muscle fiber. Each molecule of acetylcho-
linesterase has an active surface with two important bind-
ing sites, an anionic site and an esteratic site. The negatively 
charged anionic site on the acetylcholinesterase molecule 
is responsible for electrostatically binding the positively 
charged quaternary nitrogen group on the acetylcholine 
molecule. The esteratic site forms covalent bonds with the 
carbamate group at the opposite end of the acetylcholine 
molecule and is responsible for the hydrolytic process70 
(Fig. 35-7). In addition, a secondary or peripheral anionic 
site has been proposed. Binding of ligands to the peripheral 
anionic site results in inactivation of the enzyme.

The anticholinesterase drugs used by anesthesiolo-
gists interact with the anionic and esteratic sites of ace-
tylcholinesterase. These drugs are characterized as either 
prosthetic inhibitors (edrophonium) or oxydiaphoretic 
(acid-transferring) inhibitors (neostigmine, pyridostig-
mine) of the enzyme. Edrophonium rapidly binds to the 
anionic site via electrostatic forces and to the esteratic site 
by hydrogen bonding.69,70 Rapid binding may account for 
the short onset of action of edrophonium in clinical prac-
tice. During the time edrophonium is bound, the enzyme 
is inactive and edrophonium is not metabolized. However, 
the interaction between edrophonium and acetylcholines-
terase is weak and short-lived. The dissociation half-life of 
this interaction is approximately 20 to 30 seconds, and 
the interaction between drug and enzyme is competitive 
and reversible. Because the nature of the binding is rela-
tively brief, the efficacy of edrophonium in reversing neu-
romuscular blockade may be limited. Neostigmine and 
pyridostigmine are oxydiaphoretic inhibitors of acetylcho-
linesterase, which also bind to the anionic site. In addition, 
these drugs transfer a carbamate group to acetylcholines-
terase, creating a covalent bond at the esteratic site.69,70 
This reaction results in an inactivation of the enzyme, as 
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Figure 35-7. Active binding sites on acetylcholinesterase. The posi-
tively charged quaternary nitrogen group on acetylcholine (Ach) binds 
by electrostatic forces to the negatively charged anionic site on the 
enzyme. The carbamate group at the opposite end of the Ach mole-
cule forms covalent bonds with and is metabolized at the esteratic site. 
(From Caldwell JE: Clinical limitations of acetylcholinesterase antagonists,  
J Crit Care, 24:21-28, 2009.)
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well as the hydrolysis of the drug. The stronger interac-
tion between neostigmine and enzyme results in dissocia-
tion half-life of approximately 7 minutes.70 Therefore, the 
duration of enzyme inhibition is longer with neostigmine 
and pyridostigmine compared with edrophonium. These 
interactions at the molecular level likely have little impact 
on the duration of action in clinical practice. Duration of 
clinical effect is primarily determined by removal of anti-
cholinesterase from the plasma.71

The administration of anticholinesterases has also 
been reported to produce presynaptic effects.71 Laboratory 
investigations have demonstrated that these prejunctional 
effects may actually facilitate neuromuscular transmis-
sion. Anticholinesterases produce a reversible increase in 
the duration of the action potential and refractory period 
of the nerve terminal. Because the quantity of acetylcho-
line released is a function of the extent and duration of 
the depolarization of the terminal membrane, the period 
of acetylcholine release in response to nerve stimulation 
may be increased by anticholinesterase agents.71 Excessive 
release of acetylcholine, coupled with decreased hydroly-
sis due to acetylcholinesterase inhibition, results in pro-
longed end-plate potentials and repetitive firing of muscle 
fibers. These prejunctional effects appear to account for 
the observations that spontaneous contractions of mus-
cles can occur when anticholinesterases are given in the 
absence of NMBDs.71

Although neostigmine, pyridostigmine, and edropho-
nium inhibit the breakdown of acetylcholine, resulting in 
an increase in acetylcholine in the neuromuscular junc-
tion, there is a clinically relevant “ceiling” effect to the 
maximal concentration of acetylcholine. As concentra-
tions of acetylcholine increase, some of the neurotrans-
mitter diffuses away from the neuromuscular junction, 
while additional acetylcholine undergoes reuptake into 
motor nerve terminals. As the processes of diffusion and 
reuptake reach equilibrium with augmented release by 
enzyme inhibition, a “peak” level at the neuromuscu-
lar junction is reached.70 Once the acetylcholinesterase 
enzyme is maximally inhibited by an anticholinester-
ase agent and peak concentrations of acetylcholine are 
present, the administration of additional drug will not 
further increase acetylcholine levels or enhance recov-
ery of neuromuscular blockade. This “ceiling” effect 
of anticholinesterases is an important limitation of all 
clinically used agents; neuromuscular blockade cannot 
be adequately reversed if high concentrations of NMBDs 
are present at the neuromuscular junction.

Pharmacokinetic and Pharmacodynamic 
Properties of Anticholinesterases
A large number of clinical studies have examined the 
pharmacokinetic and pharmacodynamic characteris-
tics of neostigmine, pyridostigmine, and edrophonium. 
Neostigmine has been the most extensively investigated 
anticholinesterase agent over the past 5 decades. The 
favorable pharmacokinetic profile of neostigmine likely 
explains its popularity in clinical practice as a reversal 
drug.

The pharmacokinetic profiles of neostigmine, pyridostig-
mine, and edrophonium are presented in Table 35-3. Most 
studies have used a two-compartment model to establish 
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pharmacokinetic characteristics of each agent. Following a 
bolus administration, plasma concentrations peak rapidly 
and decline significantly within the first 5 to 10 minutes. 
This is followed by a slower decline in plasma concentra-
tions due to the elimination phase.71 In general, the phar-
macokinetic profiles of all three muscle relaxants are similar. 
Early studies suggested that the duration of edrophonium 
was too short for clinical use. However, studies using larger 
doses (0.5 or 1.0 mg/kg) demonstrated that the elimination 
half-life of edrophonium was not significantly different 
from that of neostigmine or pyridostigmine and that edro-
phonium could produce prompt and sustained reversal of 
neuromuscular blockade.72,73 The longer elimination half-
life of pyridostigmine likely accounts for the longer dura-
tion of action compared with the other anticholinesterase 
drugs.74

The pharmacokinetics of anticholinesterases can be 
influenced by renal function, age, and body temperature. 
The elimination half-lives of all three agents are altered 
by the presence of renal insufficiency or failure (see Table 
35-3). Renal excretion accounts for approximately 50% 
of plasma clearance of neostigmine; elimination half-life 
is significantly prolonged and serum clearance decreased 
in anephric patients.75 Similarly, renal function accounts 
for 70% to 75% of serum clearance of pyridostigmine 
and edrophonium.74,76 The reduced plasma clearance of 
the anticholinesterases in renal failure patients provides 
a “margin of safety” against the risk of postoperative 
“recurarization” (the effects of the NMBD persist longer 
than that of the reversal agent, resulting in a worsening 
of residual paresis). The pharmacokinetics of edropho-
nium have been examined in older adult (age >70 years) 
patients. When compared with a younger cohort, older 
adult patients exhibited a significant decrease in plasma 
clearance (5.9 ± 2 versus 12.1 ± 4 mL· kg−1· min−1) and 
a prolonged elimination half-life (84.2 ± 17 versus 56.6 
± 16 minutes).77 Mild hypothermia (reduction in core 

TABLE 35-3 PHARMACOKINETICS OF 
NEOSTIGMINE, PYRIDOSTIGMINE, AND 
EDROPHONIUM IN PATIENTS WITHOUT AND 
WITH RENAL FAILURE 

Without Renal 
Failure With Renal Failure

N P E N P E

Distribution 
half-life  
(T1/2α, min)

3.4 6.7 7.2 2.5 3.9 7.0

Elimination 
half-life  
(T1/2β, min)

77 113 110 181 379 304

Volume of 
central 
compartment 
(L/kg)

0.2 0.3 0.3 0.3 0.4 0.3

Total plasma 
clearance 
(mL/kg/min)

9.1 8.6 9.5 4.8 3.1 3.9

From Naguib M, Lien CA: Pharmacology of muscle relaxants and their 
antagonists. In Miller RD, editor: Miller’s Anesthesia, ed 7. Philadelphia, 
2010, Saunders.

Data from references 73-76.
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temperature of 2o C) more than doubles the duration 
of action of intermediate-acting NMBDs.78 In a study of 
human volunteers cooled to 34.5o C, the central volume 
of distribution of neostigmine decreased 38% and the 
onset time of maximal blockade increased from 4.6 to 5.6 
minutes.79 However, the clearance, maximal effect, and 
duration of action of neostigmine were not altered by a 
reduction in body temperature. Therefore, if hypother-
mia influences the degree of neuromuscular recovery, it 
is likely secondary to an effect on the pharmacology of 
NMBDs (not the anticholinesterase).

Onset of action may be more rapid with edropho-
nium than with either neostigmine or pyridostig-
mine. When d-tubocurarine neuromuscular blockade 
was reversed with approximately equipotent doses of 
the three clinically used anticholinesterases, the peak 
effect of antagonism was reached significantly faster 
with edrophonium (0.8 to 2.0 minutes) than with 
neostigmine (7 to 11 minutes) or pyridostigmine (12 
to 16 minutes)72 (Fig. 35-8). Similar findings have 
been observed in patients receiving other long- and 
intermediate-acting NMBDs. When larger doses (0.5 
to 1.0 mg/kg) of edrophonium are administered dur-
ing moderate levels of neuromuscular blockade (10% 
recovery of single-twitch height after pancuronium or 
atracurium), the onset time of edrophonium was faster 
than neostigmine.80,81 During deeper levels of block-
ade (<10% recovery of single twitch), edrophonium 1.0 
mg/kg and neostigmine 0.04 mg/kg had similar onset 
times when vecuronium was used (and both were faster 
than edrophonium 0.5 mg/kg).82 When pancuronium 
was antagonized during deep blockade, edrophonium 
1.0 mg/kg had a shorter onset time than neostigmine 
0.04 mg/kg.82 These findings suggest that onset time 
of antagonism is influenced by the type and dose of 
anticholinesterase used, the choice of NMBD adminis-
tered intraoperatively, and the depth of neuromuscular 
blockade at the time of antagonism.
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Figure 35-8. Comparison of onset of action for edrophonium, 
neostigmine, and pyridostigmine. Values plotted are means ± SE. 
Edrophonium’s onset was significantly faster than neostigmine or 
pyridostigmine. (From Cronnelly R, Morris RB, Miller RD: Edrophonium: 
duration of action and atropine requirement in humans during halothane 
anesthesia, Anesthesiology 57:261-266, 1982.)
The duration of action of anticholinesterases is deter-
mined not only by the pharmacokinetic properties of the 
drugs, but also by the concentration of NMBD present at 
the neuromuscular junction at the time of reversal. Dura-
tion of neuromuscular blockade will naturally decrease 
over time as a result of metabolism and elimination of 
NMBDs. To accurately assess the duration of action of anti-
cholinesterases during a stable, constant level of neuro-
muscular blockade, investigators have administered these 
agents to patients receiving an infusion of d-tubocurarine 
titrated to a 90% depression of single-twitch height.72 The 
investigators observed that the duration of action of equi-
potent doses of neostigmine (0.043 mg/kg) and edropho-
nium (0.5 mg/kg) were similar (Fig. 35-9). The duration 
of both drugs, however, was significantly less than with 
pyridostigmine (0.21 mg/kg).

The comparative potencies of clinically used anti-
cholinesterases have been calculated by constructing 
dose-response curves. In general, neostigmine is more 
potent than pyridostigmine, which is more potent than 
edrophonium. Neostigmine-to-pyridostigmine potency 
ratios of 4.4 to 6.7 have been reported (neostigmine is 
4.4 to 6.7 times more potent than pyridostigmine).72,83 
Neostigmine is even more potent than edrophonium, 
with potency ratios of 5.7 to 19.5 estimated from dose-
response curves.72,83,84 The great variability in potency 
ratios described in the literature is related to several fac-
tors, which include the type of NMBD used in the studies, 
the endpoint selected to represent neuromuscular recov-
ery, and the depth of blockade at the time of anticholines-
terase administration.

In conclusion, pharmacokinetic and pharmacody-
namic studies suggest that neostigmine, pyridostig-
mine, and edrophonium are all effective in reversing 
neuromuscular blockade when used in appropriate and 
equipotent doses. The following section will review fac-
tors that determine the efficacy of these agents in revers-
ing neuromuscular blockade in the clinical setting.
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Factors Determining the Adequacy of 
Recovery Following Administration of 
Anticholinesterases
DEPth of nEuroMuSCular BloCkaDE or train-of-four 
Count at thE tiME of rEvErSal. The primary anesthetic 
management variable determining the effectiveness of 
anticholinesterase agents in completely antagonizing neu-
romuscular blockade at the end of surgery is the depth of 
neuromuscular blockade at the time of reversal. As opposed 
to sugammadex (see later in this chapter), reversal of 
blockade by anticholinesterases should not be attempted 
until some evidence of spontaneous recovery is present. 
Kirkegaard-Nielsen and associates examined the optimal 
time for neostigmine reversal of an atracurium block-
ade.85 Administration of neostigmine 0.07 mg/kg during 
deep blockade (before the first twitch height reached 8%) 
resulted in significant prolongation of reversal times. In 
a similar investigation, atracurium was antagonized with 
neostigmine during intense blockade (posttetanic count 
[PTC] of 1 to >13).86 Early administration of neostigmine 
did not shorten total recovery time and offered no clinical 
advantages. Similar findings have been observed during 
reversal of deep vecuronium blockade.87 The total time to 
achieve a TOF ratio of 0.75 was the same whether neostig-
mine (0.07 mg/kg) was given 15 minutes after an intubat-
ing dose of vecuronium or whether single-twitch height 
had recovered to 10% of control.

The time required to achieve a TOF ratio of 0.90 after 
anticholinesterase administration is significantly shorter 
when a higher TOF count is present at reversal. Two stud-
ies have examined the efficacy of antagonizing residual 
blockade at varying TOF counts. Kirkegaard and colleagues 
randomized patients receiving cisatracurium to reversal 
with neostigmine (0.07 mg/kg) at the reappearance of the 
first, second, third, and fourth tactile TOF response (TOF 
count 1-4).88 The median (range) time required to achieve 
a TOF ratio of 0.90 was 22.2 (13.9 to 44.0) minutes when 
reversal was attempted at a TOF count of 1. However, 
even when four responses were present, the time needed 
to attain a TOF ratio of 0.90 was 16.5 (6.5 to 143.3) min-
utes (Table 35-4). Kim and associates performed a similar 
study in which patients administered rocuronium were 
randomized to be reversed at the first through fourth 
tactile TOF responses.89 In those patients receiving sevo-
flurane for anesthetic maintenance, the median (range) 
time required to achieve a TOF ratio of 0.90 was 28.6 (8.8 
to 75.8) minutes when reversed at a TOF count of 1 and 
9.7 (5.1 to 26.4) minutes when reversed at a TOF count 
of 4. In both investigations, a large interindividual vari-
ability in reversal times was observed.88,89 This is likely a 
reflection of the individual response to the NMBD admin-
istered. The reason for marked prolongation of reversal 
times in some patients (up to 143 minutes) was not deter-
mined, but may be due to the “ceiling effect” with respect 
to the blockade (peak effect of the antagonist is followed 
by a plateau phase in which the balance between dimin-
ishing anticholinesterase activity and spontaneous recov-
ery determines the slope of the recovery curve).88 Both 
studies demonstrated that it was not possible to reliably 
achieve full neuromuscular recovery (TOF ratio of >0.90) 
in the majority of patients within 10 minutes of anticho-
linesterase administration.
35: Reversal (Antagonism) of Neuromuscular Blockade 1007

tiME intErval BEtWEEn antiCholinEStEraSE aDMiniStra-
tion anD traChEal ExtuBation. As noted in the studies 
by Kirkegaard and Kim, if four responses to TOF nerve 
stimulation are present, approximately 15 minutes are 
needed to reach a TOF ratio of 0.90 in most patients.88,89 
Achieving a TOF ratio of 0.90 will require significantly 
longer (20 to 30 minutes) if a TOF count of 1 to 3 is 
observed at the time of reversal. In order to ensure patient 
safety, full recovery of neuromuscular function should 
be present at the time of tracheal extubation. Therefore, 
anticholinesterase drugs should be given, on average, 
15 to 30 minutes before clinicians anticipate removal of 
the endotracheal tube in the operating room. In many 
clinical situations, however, anticholinesterases are often 
administered at the conclusion of surgical closure, with 
tracheal extubation performed shortly thereafter. A sur-
vey of anesthesiologists from Europe and the United 
States revealed that approximately one half of respon-
dents allowed only 5 minutes or less between anticho-
linesterase administration and tracheal extubation.11 In a 
study of 120 surgical patients, TOF ratios were quantified 
at the time of tracheal extubation when clinicians had 
determined that full recovery of neuromuscular function 
had occurred using clinical criteria and qualitative neuro-
muscular monitoring (Fig. 35-10).49 Mean TOF ratios of 
0.67 were observed immediately before extubation, with 
88% of patients exhibiting TOF less than 0.90. Of note, 
the median TOF count at reversal was 4, and the average 
time interval between neostigmine administration and 
tracheal extubation was only 8 minutes. The frequent 
incidence of residual blockade reported in multiple stud-
ies is likely attributable to the fact that anticholinester-
ases are not given early enough during the intraoperative 
anesthetic to ensure full neuromuscular recovery.

tyPE of nMBD uSED intraoPErativEly (long-aCting 
vErSuS intErMEDiatE-aCting). Two separate processes 

TABLE 35-4 TIME (MIN) FROM NEOSTIGMINE 
ADMINISTRATION TO A TOF RATIO 0.70, 0.80, 
AND 0.90 WHEN GIVEN AT A TOF COUNT OF 1-4 

Group*

TOF Ratio I II III IV

0.70
 Median 10.3† 7.6‡ 5.0 4.1
 Range 5.9-23.4 3.2-14.1 2.0-18.4 2.4-11.0
0.80
 Median 16.6† 9.8‡ 8.3 7.5
 Range 8.9-30.7 5.3-25.0 3.8-27.1 3.0-74.5
0.90
 Median 22.2 20.2 17.1 16.5
 Range 13.9-44.0 6.5-70.5 8.3-46.2 6.5-143.3

From Kirkegaard H, Heier T, Caldwell JE: Efficacy of tactile-guided reversal 
from cisatracurium-induced neuromuscular block, Anesthesiology 96:45-
50, 2002.

TOF, Train-of-four.
*Group I was reversed at a TOF count of 1, group II was reversed at a TOF 

count of 2, group III was reversed at a TOF count of 3, and group IV 
was reversed at a TOF count of 4.

†P < .05, group I > group II, III, and IV.
‡P < .05, group II > group IV.
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contribute to recovery of neuromuscular function fol-
lowing anticholinesterase administration. The first is the 
inhibition of acetylcholinesterase at the neuromuscular 
junction produced by neostigmine, pyridostigmine, or 
edrophonium. The second is the spontaneous process of 
decrease in the concentration of the NMBD at the neu-
romuscular junction over time due to redistribution and 
elimination. Therefore, NMBDs that are redistributed and 
eliminated more rapidly from the plasma should be associ-
ated with more rapid recovery profiles after anticholines-
terase use. Not surprisingly, the probability of satisfactorily 
antagonizing neuromuscular blockade is a function of 
the NMBD used to provide muscle relaxation. The abil-
ity of edrophonium (0.75 mg/kg) and neostigmine (0.05 
mg/kg) to antagonize neuromuscular blockade produced 
by atracurium, vecuronium, and pancuronium follow-
ing termination of steady-state infusions (single-twitch 
depression 10% of control) has been examined.90 TOF 
ratios 20 minutes postreversal were 0.80 and 0.95 (atracu-
rium with edrophonium or neostigmine), 0.76 and 0.89 
(vecuronium with edrophonium or neostigmine), and 
0.44 and 0.68 (pancuronium with edrophonium or neo-
stigmine). Another clinical study investigated recovery of 
neuromuscular function in patients randomized to receive 
either intermediate-acting (rocuronium, vecuronium, 
atracurium) or long-acting (pancuronium) NMBDs.91 Neo-
stigmine (0.04 mg/kg) was given at 25% recovery of con-
trol twitch height, and TOF ratios were measured for 15 
minutes. Mean TOF ratios had recovered to 0.88 to 0.92 in 
patients receiving intermediate-acting NMBDs, versus only 
0.76 in the pancuronium group (Fig. 35-11).

A number of clinical investigations have examined the 
incidence of residual blockade in the PACU in patients 
receiving either intermediate- or long-acting NMBDs. 
These studies have consistently demonstrated that fewer 
patients given intermediate-acting NMBD have residual 
blockade compared with those receiving long-acting 
agents. A meta-analysis of 24 clinical trials examined the 
pooled estimated incidence of residual blockade (defined 
as a TOF ratio <0.90) by muscle relaxant type.44 The risk of 
residual blockade was significantly less in patients given 
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Figure 35-10. Train-of-four (TOF) ratios measured immediately 
before tracheal extubation and again on admission to the postanes-
thesia care unit (PACU). The graphs illustrate the number of patients 
(of a total of 120) with TOF ratios <0.70, 0.80, and 0.90 at each mea-
surement interval. (From Murphy GS, Szokol JW, et al: Residual paralysis 
at the time of tracheal extubation. Anesth Analg 100:1840-1845, 2005.)
intermediate-acting NMBDs (41%) versus long-acting 
NMBDs (72%). In conclusion, the probability of incom-
plete neuromuscular recovery in the early postoperative 
period is decreased when shorter-acting NMBDs are used 
intraoperatively.

tyPE anD DoSE of antiCholinEStEraSE. Complete recov-
ery of neuromuscular function within 10 to 15 minutes 
with neostigmine, edrophonium, or pyridostigmine is 
difficult to achieve when profound neuromuscular block-
ade is present. Some investigations have suggested that 
edrophonium is less effective than neostigmine when 
reversing deep blockade; this may occur because the 
slopes of the dose-response relationships of neostigmine 
and edrophonium are not parallel (flatter dose-response 
curves are observed with edrophonium; Fig. 35-12).82,84 
In contrast, the recovery profile of edrophonium with 
larger doses (approximately 1.0 mg/kg) does not differ 
from neostigmine and pyridostigmine, and edrophonium 
can produce rapid and sustained reversal of neuromus-
cular blockade.80,82 At moderate levels of neuromuscular 
blockade all three agents appear to be similarly effective 
in reversing blockade, although the onset of edropho-
nium may occur more quickly.

In general, larger doses of anticholinesterases result 
in more rapid and complete reversal of neuromuscular 
blockade than smaller doses. This relationship remains 
true until the maximal dose of anticholinesterase has 
been administered. At this point, acetylcholinester-
ase is maximally inhibited, and additional amounts of 
anticholinesterase will result in no further antagonism. 
Maximal effective doses of neostigmine and edropho-
nium have not been clearly defined, but likely vary in 
relation to depth of blockade and type of NMBD used 
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Figure 35-11. Evolution of the train-of-four (TOF) ratio (mean) 
recorded at 3-minute intervals after administration of neostigmine 40 
μg kg−1 when twitch height had returned to 25% of its initial value in 
groups of Roc (green), Vec (blue), Atr (yellow) and Pan (orange). *P < .05, 
one-way analysis of variance and Duncan multiple classification range 
tests (group Vec versus groups Roc and Atr). **P < .01, one-way analysis 
of variance and Duncan multiple classification range tests (group Pan 
versus groups Vec, Roc, Atr). (From Baurain MJ, Hoton F, D’Hollander 
AA, et al: Is recovery of neuromuscular transmission complete after the use 
of neostigmine to antagonize block produced by rocuronium, vecuronium, 
atracurium and pancuronium? Br J Anaesth 77: 496-499, 1996.)
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intraoperatively. Providing additional anticholinesterase 
beyond these maximum dose limits (neostigmine 60 to 
80 μg/kg, edrophonium 1.0 to 1.5 mg/kg) provides no 
further benefit. When administered during deep neuro-
muscular blockade, a second dose of neostigmine (70 μg/
kg) usually does not enhance recovery times beyond that 
observed with a single dose.87

age

Infants and Children. The dose of neostigmine produc-
ing 50% antagonism of a d-tubocurarine neuromuscular 
blockade was slightly smaller in infants (13 μg/kg) and 
children (15 μg/kg) compared with adults (23 μg/kg) (also 
see Chapter 93).92 The times to peak antagonism and 
duration of antagonism did not differ between infants, 
children, and adults. Pharmacokinetic modeling revealed 
that distribution half-lives and volumes were similar in all 
three cohorts, although elimination half-life was shorter 
in infants and children than adults. As in adults, the depth 
of neuromuscular blockade at the time of antagonism was 
a primary factor determining adequacy of recovery.93,94 
Spontaneous recovery from neuromuscular blockade is 
more rapid in children compared with adults.94 However, 
when neostigmine was administered at various levels of 
blockade, the times to achieve neuromuscular recovery 
were similar in children and adults (the times to reach a 
TOF ratio of 0.90 were reduced by 30% to 40% compared 
with spontaneous recovery).94 Thus, in the clinical set-
ting, reversal of neuromuscular blockade does not appear 
to differ significantly between children and adults.

Older Adults. Physiologic changes occur during the aging 
process that result in alterations in the response of older 
patients to NMBDs (also see Chapter 80). These changes 
include an increase in body fat, a decrease in total body 
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Figure 35-12. Dose-response relationships of train-of-four assisted 
recovery evaluated 5 minutes (blue lines) or 10 minutes (purple lines) 
after administration of the antagonist as a function of the dose of 
neostigmine or edrophonium. The slopes of the curves obtained with 
edrophonium were usually flatter than the corresponding curves for 
neostigmine. (From Smith CE, Donati F, Bevan DR: Dose-response rela-
tionships for edrophonium and neostigmine as antagonists of atracurium 
and vecuronium neuromuscular blockade, Anesthesiology 71: 37-43, 
1989).
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water, and declines in cardiac, hepatic, and renal func-
tion. In addition, anatomic alterations occur at the neu-
romuscular junction in older adults, such as a decrease in 
the concentration of nAChRs at the motor endplate and a 
reduction in the release of acetylcholine from the pretermi-
nal axon. All of these factors contribute to a prolongation 
of effect of most NMBDs in older patients (see also Chapter 
34). In a study comparing older adults (age >70) to younger 
controls, plasma clearance of edrophonium was decreased 
and elimination half-life prolonged in the aged cohort.77 
Despite higher plasma concentrations of edrophonium, 
however, duration of antagonism was not increased. In 
contrast, Young and colleagues observed that the duration 
of action of both neostigmine and pyridostigmine was sig-
nificantly longer in older adults (age >60) compared with 
younger subjects.95 These findings suggest that plasma 
concentrations and/or duration of action of both NMBDs 
and anticholinesterases (neostigmine and pyridostigmine) 
are prolonged in older patients, which should reduce the 
risk of recurarization. Whether older patients who have 
received anticholinesterases are at greater risk for residual 
blockade in the PACU is not documented.

type oF anesthesia. Volatile anesthetics intensify the 
action of nondepolarizing NMBDs when compared with 
intravenous anesthetics. Furthermore, volatile anesthetics 
interfere with the antagonism of neuromuscular block-
ade.96 Kim and colleagues randomized patients to receive 
a propofol or sevoflurane anesthetic (Table 35-5).89 The 
times required to achieve a TOF ratio of 0.70, 0.80, and 
0.90 were significantly longer in patients given the sevo-
flurane-based anesthetic compared with the propofol-
based technique. Similar findings have been observed in 
patients randomized to receive either isoflurane or propo-
fol (neuromuscular recovery was delayed when a volatile 
anesthetic was used).96,97 These findings suggest that the 
probability of achieving a TOF ratio greater than 0.90 
within 10 to 15 minutes of anticholinesterase adminis-
tration is increased if a total intravenous anesthetic tech-
nique is administered as opposed to a volatile anesthetic.

Continuous Infusion Versus Bolus Administration of 
NMBDs. Recovery from neuromuscular blockade may 
also be influenced by mode of NMBD administration. 
Jellish and colleagues examined recovery characteristics 
of rocuronium and cisatracurium when given as either a 
bolus or continuous infusion.97 The time required to reach 
a TOF ratio of 0.75 in the cisatracurium group was similar 
whether bolus or infusion techniques were used, whereas 
recovery was delayed when rocuronium was given as an 
infusion.97 The authors conclude that cisatracurium may 
be the agent of choice for prolonged procedures since its 
recovery is not affected by length of infusion.

Renal Function. As previously noted, renal excretion 
accounts for 50% to 75% of plasma clearance of neostig-
mine, pyridostigmine, and edrophonium. In anephric 
patients, elimination half-life of all three anticholines-
terases is prolonged, and total plasma clearance of these 
agents is decreased (see Table 35-3). Similar changes in 
the pharmacokinetics characteristics of nondepolarizing 
NMBDs have been noted in patients with renal failure. 
Therefore, management of anticholinesterase reversal 
should be similar in patients with normal and impaired 
renal function. Postoperative residual neuromuscular 
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TABLE 35-5 TIME (MIN) FROM NEOSTIGMINE ADMINISTRATION TO A TOF RATIO OF 0.70, 0.80, AND 0.90 
DURING PROPOFOL- OR SEVOFLURANE-BASED ANESTHESIA 

Group*

TOF ratio I II III IV

Propofol
0.70 4.7 (2.5-7.8)† 4.0 (1.5-7.5) 3.4 (0.9-5.5) 2.1 (0.6-3.8)‡§

0.80 6.4 (3.1-10.8) 5.5 (2.2-9.3) 4.4 (0.9-7.1)‡ 3.3 (0.7-4.9)‡§

0.90 8.6 (4.7-18.9) 7.5 (3.4-11.2) 5.4 (1.6-8.6)‡ 4.7 (1.3-7.2)‡§

Sevoflurane
0.70 10.9 (3.6-28.9)¶ 8.3 (2.5-22.3)¶ 6.6 (2.4-18.5)‡¶ 5.4 (2.2-14.3)‡§¶

0.80 16.4 (5.9-47.5)¶ 13.5 (5.1-37.2)¶ 10.8 (4.2-29.2)‡¶ 7.8 (3.5-19.3)‡§¶

0.90 28.6 (8.8-75.8)¶ 22.6 (8.3-57.4)¶ 15.6 (7.3-43.9)‡¶ 9.7 (5.1-26.4)‡§¶

From Kim KS, Cheong MA, Lee HJ, Lee JM: Tactile assessment for the reversibility of rocuronium-induced neuromuscular blockade during propofol or sevoflurane 
anesthesia, Anesth Analg 99:1080-1085, 2004.

TOF, Train-of-four.
*Group I was reversed at a TOF count of 1, group II was reversed at a TOF count of 2, group III was reversed at a TOF count of 3, and group IV was 

reversed at a TOF count of 4.
†Values are median and (range).
‡P < .05 compared with group I.
§P < .05 compared with group II.
¶P < .0001 compared with propofol groups.
blockade in patients with renal failure is more likely sec-
ondary to improper titration of NMBDs intraoperatively 
rather than to inappropriate dosing of anticholinesterase 
agents.

Acid-Base Status. The influence of metabolic status and 
respiratory acid-base balance on reversal of neuromuscu-
lar blockade has been investigated in the laboratory set-
ting. Miller and associates noted that respiratory alkalosis 
and metabolic acidosis did not alter the dose of neostig-
mine needed to reverse a d-tubocurarine or pancuronium 
blockade. However, during respiratory acidosis and meta-
bolic alkalosis, the dose of neostigmine needed to pro-
duce a comparable level of neuromuscular recovery was 
nearly twice as large.98,99 Although clinical studies have 
not been performed, the findings from laboratory investi-
gations suggest that complete reversal of neuromuscular 
blockade may be difficult in the presence of respiratory 
acidosis and metabolic alkalosis. In particular, clinicians 
should be aware of the risk of residual blockade in the 
setting of respiratory acidosis. A number of anesthet-
ics (opioids, benzodiazepines, volatile anesthetics) can 
potentially depress the ventilatory drive in the early post-
operative period. This respiratory depression may result 
in respiratory acidosis, which limits the ability of anti-
cholinesterases to reverse neuromuscular blockade. The 
resultant residual blockade may further depress the respi-
ratory muscle strength and ventilatory drive and increase 
the risk of adverse postoperative events.

Neuromuscular Monitoring. Qualitative and quantita-
tive neuromuscular monitoring (also see Chapter 53) 
should be used to guide dosing of both NMBDs and their 
reversal in the operating room. In general, if deeper levels 
of neuromuscular blockade are present at the end of sur-
gery (1 to 2 responses to TOF stimulation), larger doses of 
anticholinesterases should be given. In these clinical sce-
narios, maximal doses of neostigmine (70 μg/kg), edro-
phonium (1.0 to 1.5 mg/kg), or pyridostigmine (350 μg/
kg) should be considered. If three to four responses to 
TOF stimulation are present with observable fade of the 
fourth response, moderate doses of anticholinesterase 
should be administered (40 to 50 μg/kg of neostigmine, 
0.5 mg/kg of edrophonium, 200 μg/kg pyridostigmine). 
If four responses are present with no fade, low doses of 
anticholinesterases can be considered (e.g., 20 μg/kg of 
neostigmine; see later).

Quantitative monitoring is also useful in guiding 
the dosing of anticholinesterases. Fuchs-Buder and col-
leagues investigated the dose-response relationship of 
neostigmine when administered at shallow levels of an 
atracurium neuromuscular blockade (Fig. 35-13).100 Neu-
romuscular function was monitored with AMG, and neo-
stigmine (10, 20, or 30 μg/kg) was given at a TOF ratio of 
0.40 or 0.60. All patients were able to achieve a TOF ratio 
of 0.90 within 10 minutes of receiving 20 μg/kg of neo-
stigmine. These findings demonstrate that small doses of 
neostigmine can be safely used if neuromuscular recov-
ery is measured with quantitative monitoring. If muscle 
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Figure 35-13. Probability of successful reversal within 10 minutes 
after different doses of neostigmine or placebo. Neostigmine or pla-
cebo was given at a train-of-four ratio of 0.40. (From Fuchs-Buder T, 
Meistelman C, Alla F, et al: Antagonism of low degrees of atracurium-
induced neuromuscular blockade: dose-effect relationship for neostigmine, 
Anesthesiology 112:34-40, 2010).
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function is monitored with a simple nerve stimulator and 
no fade is detected with TOF stimulation, the TOF ratio is 
likely at least 0.40, but may be as high as 0.90 or 1.0. In 
the setting of full neuromuscular recovery, neostigmine 
administration may produce paradoxical muscle weak-
ness (see later). This potential risk should be considered 
if neostigmine is used to reverse shallow blockade based 
on the results of qualitative neuromuscular monitoring.

In many clinical settings neuromuscular monitoring is 
unfortunately not utilized and decisions relating to the 
administration of anticholinesterases are based on the 
time that has elapsed between the last dose of NMBD and 
the conclusion of the anesthetic. Clinical studies do not 
support this practice. In a study of patients receiving a 
single intubating dose of vecuronium (0.1 mg/kg), 8.4% 
of patients had TOF ratios less than 0.80 4 hours after 
NMBD administration.101 Debaene and colleagues exam-
ined the incidence of residual blockade in a large cohort 
of patients given a single intubating dose of vecuronium, 
rocuronium, or atracurium.47 Of the 239 patients who 
were tested 2 or more hours after administration of the 
NMBD, 37% had a TOF ratio less than 0.90 (Fig. 35-14). 
These investigations, as well as a number of pharmaco-
kinetic and pharmacodynamic studies, demonstrate that 
the time course of spontaneous neuromuscular recovery 
is extremely variable from patient to patient. In order 
to detect and appropriately manage patients in whom 
delayed neuromuscular recovery may be present, quanti-
tative neuromuscular monitoring is required.

Patients With Cholinesterase Deficiency. The duration of 
neuromuscular blockade following the administration of 
either succinylcholine or mivacurium is primarily deter-
mined by their rate of hydrolysis by plasma cholinester-
ase (also see Chapter 34). Patients with abnormal plasma 
cholinesterase phenotypes and activity can demonstrate 
significant prolongation of clinical effect of these NMBDs. 
Mivacurium is four to five times more potent in patients 
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Figure 35-14. The incidence of residual neuromuscular blockade 
after a single intubating dose of intermediate-duration nondepolariz-
ing relaxant (rocuronium, vecuronium, or atracurium). Partial paralysis 
rate (percent) according to the delay between the administration of 
muscle relaxant and the arrival in the postanesthesia care unit (PACU). 
Partial paralysis was defined as a train-of-four (TOF) ratio less than 
0.70 or less than 0.90. n = number of patients. *Significantly different 
from TOF <0.90. (From Debaene B, Plaud B, Dilly MP, Donati F: Residual 
paralysis in the PACU after a single intubating dose of nondepolarizing 
muscle relaxant with an intermediate duration of action, Anesthesiology 
98:1042-1048, 2003.)
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phenotypically homozygous for the atypical plasma cho-
linesterase gene than in patients with normal cholines-
terase activity.102 Following standard intubating doses of 
mivacurium, recovery of neuromuscular function may 
require up to 4 to 8 hours in patients with cholinesterase 
deficiency.103 Similar prolonged recovery times have been 
observed in patients administered succinylcholine who 
have atypical plasma cholinesterase genes.104

Human plasma cholinesterase has been used clinically 
to reverse neuromuscular blockade in patients with atypi-
cal serum cholinesterase. In 1977, Scholler and associates 
reported data on 15 patients with unexpected prolonged 
apnea lasting several hours after a dose of succinylcho-
line.105 Adequate spontaneous ventilation was restored 
within an average time of 10 minutes in all subjects fol-
lowing the administration of human serum cholinester-
ase. Naguib and associates reported successful reversal of a 
profound mivacurium-induced neuromuscular blockade 
with three doses of a purified human plasma cholinester-
ase preparation and, in a subsequent study, established a 
dose-response relationship for plasma cholinesterase as a 
reversal agent for mivacurium in normal subjects.103,106 
The efficacy of exogenously administered plasma cho-
linesterase in antagonism of a mivacurium neuromuscu-
lar blockade was assessed in 11 patients phenotypically 
homozygous for atypical plasma cholinesterase.107 A 
purified concentrate of cholinesterase (2.8 to 10 mg/kg) 
was administered 30 or 120 minutes after an intubating 
dose of mivacurium. Administration of cholinesterase 
restored plasma cholinesterase to normal levels, result-
ing in a 9- to 15-fold increased clearance and a shorter 
elimination half-life of mivacurium. The first response 
to TOF stimulation was observed in 13.5 minutes, and 
the time to achieve a TOF ratio of 0.80 ranged from 30 
to 60 minutes. These data suggest that prolonged neuro-
muscular blockade secondary to low or abnormal plasma 
cholinesterase activity can be successfully managed with 
purified human plasma cholinesterase. Decisions relating 
to management of prolonged neuromuscular blockade 
in patients with atypical plasma cholinesterase should 
be based on the availability and cost of human plasma 
cholinesterase versus delaying tracheal extubation until 
spontaneous neuromuscular recovery has occurred.

Box 35-2 summarizes clinical management strate-
gies that can be used by clinicians to reduce the risk of 
residual blockade when NMBDs are antagonized with 
anticholinesterases.

CoMPliCationS aSSoCiatED With inhiBitorS of aCEtyl-
CholinEStEraSE

anticholinesterase-associated muscle Weakness. An-
ticholinesterases can antagonize moderate to shallow lev-
els of neuromuscular blockade. However, if given when 
neuromuscular function is completely recovered, para-
doxical muscle weakness theoretically may be induced. 
Large doses of neostigmine, pyridostigmine, and edropho-
nium may result in cholinergic hyperactivity and more in-
tense fade in response to multiple nerve stimuli (decrease 
in TOF ratio) in an in vitro model.108 The administration 
of a second dose of neostigmine (2.5 mg) to patients with 
small degrees of residual blockade resulted in a decrease in 
TOF ratios, tetanic height, and tetanic fade.109,110 Caldwell 
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Quantitative monitoring used (e.g., acceleromyograPhy)

 1.  TOF count of 1 or no TOF response—delay reversal until 
neuromuscular recovery is more complete (TOF count of 2 or 
greater).

 2.  TOF count of 2 or 3—administer doses of anticholinesterases 
(neostigmine [70 μg/kg], edrophonium [1.0-1.5 mg/kg], or pyr-
idostigmine [350 μg/kg]). Extubate when the adductor pollicis 
TOF ratio has reached 0.90.

 3.  TOF ratio ≥ 0.40—administer moderate pharmacologic reversal 
doses of anticholinesterases (neostigmine [40-50 μg/kg], edro-
phonium [0.5 mg/kg], or pyridostigmine [200 μg/kg]). Extubate 
when the adductor pollicis TOF ratio has reached 0.90.

 4.  TOF ratio between 0.40 and 0.70—administer pharmacologic 
reversal, consider a low dose of neostigmine (20 μg/kg).

 5.  TOF ratio > 0.70—avoid anticholinesterase reversal; risk of 
anticholinesterase-induced muscle weakness if given.

Qualitative monitoring used (PeriPheral nerve stimulator)

 1.  TOF count of 1 or no TOF response—delay reversal until neuro-
muscular recovery is detectable (TOF count of 2 or greater)

 2.  TOF count of 2 or 3 at the end of surgery—administer anticho-
linesterases (neostigmine [70 μg/kg], edrophonium [1.0-1.5 
mg/kg], or pyridostigmine [350 μg/kg]). Allow at least 15-30 
minutes before tracheal extubation is performed.

 3.  TOF count of 4 with observable fade at the end of surgery 
(likely adductor pollicis TOF ratio < 0.40)—administer anticho-
linesterases (neostigmine [40-50 μg/kg], edrophonium [0.5 
mg/kg], or pyridostigmine [200 μg/kg]). Allow at least 10-15 
minutes before tracheal extubation is performed.

 4.  TOF count of 4 with no perceived fade at the end of surgery 
(likely adductor pollicis TOF ratio ≥ 0.40)—administer pharma-
cologic reversal, consider a low dose of neostigmine (20 μg/kg).

no neuromuscular monitoring used

 1.  Anticholinesterases should be considered. Spontaneous recovery 
of neuromuscular function may require several hours in a signifi-
cant percentage of patients, even after a single intubating dose 
of an intermediate-acting NMBD.

 2.  Anticholinesterases should not be given until some evidence of 
recovery of muscle strength is observed since administration of 
an anticholinesterase during deep levels of paralysis may delay 
neuromuscular recovery.

 3.  Decisions relating to the use or avoidance of anticholinester-
ases should not be based upon clinical tests of muscle strength 
(5-second head lift). Many patients can perform these tests 
even in the presence of profound neuromuscular blockade 
(TOF ratio < 0.50). Other muscle groups may be significantly 
impaired (pharyngeal muscles) at the time when patients can 
successfully perform these tests.

BOX 35-2 Clinical Management Strategies to Reduce the Risk of Residual Neuromuscular Blockade 
When Anticholinesterase Reversal Agents Are Used

Modified in part from Brull SJ, Murphy GS: Residual neuromuscular block: lessons unlearned. Part II: methods to reduce the risk of residual weakness, Anesth 
Analg 111:129-140, 2010.

NMBD, Neuromuscular blocking drug; TOF, train-of-four.
and co-workers examined neostigmine reversal (20 or 40 
μg/kg) of residual neuromuscular blockade 1 to 4 hours 
after a single dose of vecuronium.101 TOF ratios increased 
in 52 patients and decreased in 8 patients; TOF ratio de-
creases were only observed in patients with TOF ratios 
0.90 or greater at the time of reversal (with 40 μg/kg doses 
of neostigmine but not 20 μg/kg dosing).

The clinical implications of administration of neostig-
mine after neuromuscular recovery has occurred have 
been examined in studies by Eikermann and colleagues. 
Rats were administered neostigmine after TOF ratios 
recovered to 1.0. Neostigmine administration resulted in 
decreases in upper airway dilator muscle tone and vol-
ume, impairment of diaphragmatic function, and reduc-
tions in minute ventilation.111,112 In healthy volunteers 
given rocuronium, the administration of neostigmine 
after the recovery of the TOF to 1.0 induced genioglossus 
muscle impairment and increased upper airway collaps-
ibility.113 The adverse physiologic effects of neostigmine 
in the setting of complete neuromuscular recovery can 
potentially have negative respiratory consequences in 
postoperative surgical patients. The mechanisms pro-
posed for this effect include sensitivity of the upper air-
way muscles to an overabundance of acetylcholine with 
desensitization of the ACh receptor, depolarizing block-
ade, or an open channel blockade. In contrast, sugamma-
dex does not appear to produce adverse effects on upper 
airway tone or normal breathing when given after neuro-
muscular recovery.111

nausea and vomiting. The impact of anticholinesterases 
on the incidence of postoperative nausea and vomiting 
remains controversial (also see Chapter 97). Systemic an-
ticholinesterases produce effects outside of the neuromus-
cular junction that may influence the risk of unwanted 
side effects following anesthesia and surgery. In addition 
to the action within the neuromuscular junction, an-
ticholinesterase drugs result in muscarinic effects on the 
gastrointestinal tract, resulting in stimulation of secre-
tion of gastric fluid and increases in gastric motility. The 
use of smaller doses of neostigmine in combination with 
 atropine decreases lower esophageal sphincter tone.114 
Furthermore, neostigmine may produce nausea and vom-
iting via a central effect. Intrathecal neostigmine increas-
es the incidence of nausea and vomiting, likely through a 
direct effect on the brainstem.

Anticholinergic drugs (e.g. atropine, glycopyrrolate) 
are routinely administered with anticholinesterases in 
order to attenuate the undesirable muscarinic effects of 
these reversal agents. Perhaps anticholinergic drugs have 
antiemetic properties.115 When given to children receiv-
ing sedation (in the absence of anticholinesterases), 
atropine was associated with significantly less vomiting 
(5.3%) than either glycopyrrolate (10.7%) or no anticho-
linergic (11.4%)116 (also see Chapter 93). Similarly, sur-
gical patients who were randomized to receive atropine 
had significantly less nausea than those given glycopyr-
rolate.117 Atropine is a tertiary amine that can readily 
cross the blood-brain barrier and produce central effects, 
whereas glycopyrrolate is a quaternary amine that does 
not penetrate the blood-brain barrier. The beneficial 
effects of atropine on nausea and vomiting are likely sec-
ondary to a central nervous system effect.
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TABLE 35-6 EARLY AND DELAYED POSTOPERATIVE NAUSEA AND VOMITING WITH NEOSTIGMINE VERSUS 
CONTROL—RESULTS OF A META-ANALYSIS 

Outcome Anticholinergics Number of Studies Number of Participants Relative Risk (95% CI)

Early nausea (0-6 hr) Atropine and 
Glycopyrrolate

6 584 1.24 (0.86-1.80)

Atropine 1 79 0.67 (0.36-1.26)
Glycopyrrolate 5 505 1.39 (0.97-1.99)

Early vomiting (0-6 hr) Atropine and 
Glycopyrrolate

8 768 1.05 (0.72-1.55)

Atropine 2 199 0.75 (0.52-1.08)
Glycopyrrolate 6 568 1.35 (0.88-2.06)

Delayed nausea (6-24 hr) Glycopyrrolate 4 337 1.09 (0.76-1.57)
Delayed vomiting (6-24 hr) Glycopyrrolate 4 337 1.01 (0.58-1.78)

From Cheng CR, Sessler DI, Apfel CC: Does neostigmine administration produce a clinically important increase in postoperative nausea and vomiting? Anesth 
Analg 101:1349-1355, 2005.

CI, Confidence interval.
Several randomized clinical trials have been performed 
to determine whether anticholinesterase administration 
results in an increase in the incidence of postoperative nau-
sea and vomiting. Unfortunately, most study populations 
were small (39 to 120 patients). Two systematic reviews 
have been conducted to address this limitation. Tramer 
and Fuchs-Buder analyzed eight trials with data on 1134 
patients that compared reversal with neostigmine or edro-
phonium with spontaneous recovery from long- or inter-
mediate-acting NMBDs.118 An analysis of the neostigmine 
data across all trials and doses revealed no evidence of an 
increased risk of early and late nausea and vomiting when 
neostigmine was administered. However, some evidence in 
adults suggested that antagonism with larger doses of neo-
stigmine (2.5 mg) might increase the incidence of these 
events. No evidence was found for this effect with edro-
phonium. A later systematic review evaluated the effect of 
neostigmine on postoperative nausea and vomiting while 
considering the different anticholinergics as confound-
ing variables.115 Ten randomized trials (933 patients) that 
compared neostigmine to inactive control were included. 
The combination of neostigmine with either glycopyrro-
late or atropine did not increase the incidence of nausea 
or vomiting, nor was there an increased risk when large 
doses of neostigmine were compared with smaller doses 
(Table 35-6). Atropine was associated with a reduction in 
the risk of vomiting, but glycopyrrolate was not. In conclu-
sion, there is at present insufficient evidence to conclude 
that neostigmine or edrophonium is associated with an 
increased risk of postoperative nausea and vomiting.

cardiovascular eFFects. Pronounced vagal effects are 
observed following the administration of anticholinest-
erases—bradycardia and other bradyarrhythmias, such as 
junctional rhythms, ventricular escape beats, complete 
heart block, and asystole, have been reported. The time 
course of these bradyarrhythmias parallels the onset of 
action of the anticholinesterases, with the most rapid on-
set observed with edrophonium, slower for neostigmine, 
and slowest for pyridostigmine.71 In order to counteract 
these cardiovascular effects, atropine and glycopyrrolate 
are administered concurrently with anticholinesterases. 
Atropine and glycopyrrolate have muscarinic (parasym-
pathetic) blocking effects, but do not block nicotinic  
receptors. Atropine has a more rapid onset of action 
(approximately 1 minute) compared with glycopyrro-
late (2 to 3 minutes), although the duration of action 
of both agents is similar (30 to 60 minutes). Despite 
the concurrent administration of anticholinergic drugs, 
a high incidence of bradyarrhythmias is observed fol-
lowing anticholinesterase reversal (up to 50% to 60% of 
patients in some studies).72,119 The risk of arrhythmias 
is influenced by the type of anticholinesterase and an-
ticholinergic used, the dose of anticholinesterase and 
anticholinergic administered, and background anes-
thetic used (opioid-based versus volatile anesthetic and 
type of NMBD).

Several investigations have examined the heart rate and 
rhythm responses to various anticholinesterase/anticho-
linergic combinations. In general, it is preferable to use 
atropine with edrophonium, because the onset of action 
of both drugs is rapid. Edrophonium-atropine mixtures 
induced small increases in heart rate, whereas edropho-
nium-glycopyrrolate mixtures caused decreases in heart 
rate and occasionally severe bradycardia.120 Similarly, 
the onset of cholinergic effects of neostigmine coincides 
with the onset of the anticholinergic effects of glycopyr-
rolate; glycopyrrolate is superior to atropine in protecting 
against neostigmine-induced bradyarrhythmias.121 When 
atropine is given with edrophonium (0.5 to 1.0 mg/kg), 
doses of 5 to 7 μg/kg are recommended, although larger 
doses may be used in certain circumstances.120,122 If gly-
copyrrolate is given with neostigmine, minimal changes 
in heart rate are observed if a dose equivalent of one 
fourth the dose of neostigmine is used (e.g., 1 mg gly-
copyrrolate with 4 mg of neostigmine).71,121 Because the 
onset of action is slow with pyridostigmine, tachycardia 
may be observed when either atropine or glycopyrrolate 
is coadministered.71

More recent investigations have examined the impact 
of atropine and glycopyrrolate, given with neostigmine, 
on autonomic control in the postoperative period. During 
physiologic stressful events, control of heart rate and arterial 
blood pressure is regulated by the sympathetic and parasym-
pathetic nervous systems. Anticholinergic drugs attenuate 
the efferent parasympathetic regulation of heart rate and 
suppress cardiac baroreflex sensitivity and heart rate vari-
ability. This suppression of the parasympathetic system 
may predispose patients to cardiac arrhythmias following 
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surgery. Marked decreases in baroreflex sensitivity and 
high-frequency heart rate variability have been observed in 
healthy volunteers given either atropine (20 μg/kg) or glyco-
pyrrolate (7 μg/kg).123 Although the times required to return 
to baseline values were prolonged in both groups, recovery 
times were significantly longer in the subjects given atropine 
(177 to 212 minutes) compared with those administered 
glycopyrrolate (82 to 111 minutes). Similar effects have been 
observed in healthy patients undergoing general anesthesia 
reversed with neostigmine and anticholinergics.124 Neuro-
muscular blockade was antagonized with neostigmine 50 
μg/kg and either atropine 20 μg/kg or glycopyrrolate 8 μg/
kg. Two hours after giving neostigmine, patients given atro-
pine had persistent impairment of baroreflex sensitivity and 
high-frequency heart rate variability, whereas these vari-
ables had returned to baseline values in patients receiving 
glycopyrrolate. These investigations demonstrate that the 
parasympathetic nervous system control of heart rate is less 
impaired by glycopyrrolate than by atropine.

Bronchoconstriction. Bronchospasm can occur after the 
administration of neostigmine in surgical patients.125,126 
Anticholinesterases (e.g., neostigmine) stimulate mus-
carinic receptors in airway smooth muscle; stimulation of 
these receptors can provoke broncho constriction. Neos-
tigmine and pyridostigmine induce a phosphatidylinositol 
response (a reflection of smooth muscle contraction in-
duced by a muscarinic agonist) in airway muscle, which 
can result in bronchoconstriction.127 This response was 
inhibited in the presence of atropine, a direct bronchodi-
lator. Edrophonium did not induce a phosphatidylinositol 
response. In patients with cervical spinal cord injuries, 
neostigmine alone caused bronchoconstriction, whereas 
neostigmine combined with glycopyrrolate caused bron-
chodilation.128 The risk of perioperative bronchospasm 
appears low if anticholinesterases are administered 
concurrently with anticholinergics.

SUGAMMADEX REVERSAL OF 
NEUROMUSCULAR BLOCKADE

Sugammadex (Org 25969) is a modified γ-cyclodextrin 
and the first selective relaxant–binding agent based on an 
encapsulating principle for inactivation of a neuromuscu-
lar blocking agent (su refers to sugar, and gammadex refers 
to the structural molecule γ-cyclodextrin). This principle 
for reversal of rocuronium- and vecuronium-induced 
neuromuscular blockade was first introduced into clini-
cal practice in 2008 and is now available for pediatric 
and adult anesthesia in most countries worldwide. The 
complex formation of sugammadex and rocuronium or 
vecuronium occurs at all levels of neuromuscular blockade 
(profound through shallow) and results in a more fast-
acting pharmacologic reversal when compared with anti-
cholinesterase drugs. Consequently, sugammadex may 
markedly reduce postoperative residual neuromuscular 
blockade in the PACU.129

Structure-Activity Relationships and 
Mechanism of Action
The three natural unmodified cyclodextrins consist of 
six, seven, and eight cyclic oligosaccharides (i.e., dextrose 
units joined through one to four glycosyl bonds) and are 
called α-, β-, and γ-cyclodextrins, respectively.130, 131 Their 
three-dimensional structure resembles a hollow, truncated 
cone or a doughnut. The structure has a hydrophobic cav-
ity and hydrophilic exterior because of the presence of 
polar hydroxyl groups. Hydrophobic interactions trap the 
lipophilic molecules in the cyclodextrin cavity, thereby 
resulting in the formation of a water-soluble guest-host 
complex. Sugammadex is built on this principle ring 
structure but is a modified γ-cyclodextrin. Although an 
unmodified γ-cyclodextrin possesses a larger lipophilic 
cavity (7.5 to 8.3 Å) than α- or β-cyclodextrins, it is still 
not deep enough to accommodate the larger rigid struc-
ture of the rocuronium molecule. Therefore, the cavity is 
modified by adding eight side chains to extend it to 11 Å 
for better accommodation of the four hydrophobic steroi-
dal rings of rocuronium. Furthermore, at the end of these 
side chains, negatively charged carboxyl groups are added 
to enhance electrostatic binding to the positively charged 
quaternary nitrogen of rocuronium (Fig. 35-15).131,132 
The stability of the rocuronium-sugammadex com-
plex is a result of the combination of intermolecular 
forces (van der Waals forces), including thermodynamic 
(hydrogen bonds) and hydrophobic interactions.131-133 
Sugammadex forms a rigid complex in a 1:1 ratio with 
steroidal neuromuscular blocking drugs (rocuronium and 
vecuronium) (Fig. 35-16).131 There is some binding affin-
ity with pancuronium, but this interaction is too low to 
have a significant clinical effect. The molecular mass of 
the sugammadex-rocuronium complex is 2532 g/mol 
(sugammadex 2002 g/mol and rocuronium 530 g/mol), 
and that of the sugammadex-vecuronium complex is 
2640 g/mol (vecuronium 638 g/mol).131 The rocuronium-
sugammadex complex exists in an equilibrium with an 
association/dissociation rate of 1 molar concentration 
of sugammadex and rocuronium of 25,000,000:1, which 
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Figure 35-15. Structure of the synthetic γ-cyclodextrin sugam-
madex (Org 25969). (From Bom A, Bradley M, Cameron K, et al: A 
novel concept of reversing neuromuscular block: chemical encapsulating 
of rocuronium bromide by a cyclodextrin-based synthetic host, Angew 
Chem 41:266-270, 2002.)
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means that sugammadex forms a very rigid complex and 
encapsulates rocuronium at 25 million times the rate that 
one molecule complex dissociates. The affinity of sugam-
madex toward vecuronium is 2.5 times smaller, but still 
high enough to form a tight complex.131 Rapid binding 
of rocuronium and sugammadex results in removal of 
free rocuronium molecules from the plasma. This cre-
ates a concentration gradient favoring movement of the 
remaining rocuronium molecules from the effect site at 
the neuromuscular junction into plasma, where the drug 
is encapsulated by free sugammadex molecules. Neuro-
muscular blockade is quickly reversed as rocuronium 
is removed from the binding sites at the neuromuscu-
lar junction. Sugammadex administration results in an 
increase in the total plasma concentration of rocuronium 
(free and that bound to sugammadex).134 Because sugam-
madex acts as a selective binding agent and has no direct 
or indirect action on the molecular components of cho-
linergic transmission (cholinesterase, nicotinic receptors, 
or muscarinic receptors), the need for coadministration 
of anticholinergic drugs is eliminated.135

Pharmacokinetics
The pharmacokinetic profile of sugammadex and 
rocuronium has been investigated in healthy volunteers 
and surgical patients.136 Sugammadex, in a dose range 
of 0.1 to 8.0 mg/kg in healthy adult volunteers (without 
neuromuscular blockade), exhibited a dose-linear phar-
macokinetic profile, a volume distribution of 18 L, an 
elimination half-life of 100 minutes, and a plasma clear-
ance rate of 120 mL/min, with up to 80% of the dose being 
excreted in urine over 24 hours.136 After encapsulation by 
sugammadex, rocuronium is less free to distribute to com-
partments other than those associated with the compart-
ment in which sugammadex resides. During an infusion 
of rocuronium to maintain a stable depth of neuromus-
cular blockade, administration of sugammadex increased 
the measured plasma concentration of rocuronium; 
rocuronium redistributed from the effect compartment 

Figure 35-16. The sugammadex-rocuronium complex. (From Bom A, 
Bradley M, Cameron K, et al: A novel concept of reversing neuromuscular 
block: chemical encapsulating of rocuronium bromide by a cyclodextrin-
based synthetic host, Angew Chem 41:266-270, 2002.)
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(including the neuromuscular junction) to the central 
compartment (mostly as the sugammadex complex) as 
it was encapsulated by sugammadex.134 The volume of 
distribution of rocuronium decreases with increasing 
doses of sugammadex until the volume of distribution 
of rocuronium approaches the volume of distribution of 
sugammadex at higher doses.134 Encapsulation changes 
the pharmacokinetics of rocuronium. In the absence of 
sugammadex, rocuronium is eliminated mainly by biliary 
excretion (>75%) and to a lesser degree by renal excretion 
(10% to 25%).137 The main difference in the pharmacoki-
netic profile of sugammadex and rocuronium is that the 
clearance of sugammadex is approximately three times 
slower than that of rocuronium.136 The rate and amount 
of urinary excretion of rocuronium when administered 
alone is slow and small, but when sugammadex (a dose 
of 2.0 mg/kg or more) is administered, the plasma clear-
ance of rocuronium was decreased by a factor of more 
than two.136 This decreased clearance occurs because the 
biliary route of excretion becomes unavailable for the 
rocuronium-sugammadex complex as the large size of 
this complex prohibits additional renal excretion. The 
clearance of rocuronium after binding by sugammadex 
decreases to a value approaching the glomerular filtration 
rate (120 mL/min).137 However, the renal excretion of 
rocuronium is increased by more than 100% after admin-
istration of 4.0 to 8.0 mg/kg of sugammadex.137 Follow-
ing the administration of sugammadex, encapsulation 
of rocuronium in the plasma results in a rapid decrease 
in free rocuronium in this compartment, although the 
total plasma concentration of rocuronium (both free 
and bound by sugammadex) increases. This results in a 
concentration gradient between the relatively high level 
of free rocuronium in the effect compartment (the neu-
romuscular junction) and the low level in the plasma 
compartment.134 As a result, free rocuronium molecules 
return to the plasma compartment and are encapsulated 
by sugammadex. Thus, the increase in plasma levels of 
rocuronium after sugammadex administration illustrates 
the mechanism responsible for the rapid reversal of neu-
romuscular blockade by sugammadex.

Because renal excretion is the primary route for the 
elimination of sugammadex and the rocuronium-sugam-
madex complex, studies on elimination by dialysis have 
considerable relevance in clinical practice. In a small sub-
set of patients with severe renal impairment, an investiga-
tion on dialysis showed that the clearance of sugammadex 
and rocuronium in blood was 78 and 89 mL/min, respec-
tively. Therefore, hemodialysis using a high-flux dialy-
sis method is effective in removing sugammadex and 
the sugammadex-rocuronium complex in patients with 
severe renal impairment.138

Pharmacodynamics
CliniCal uSE of SugaMMaDEx in hEalthy PatiEntS. The first 
human exposure of sugammadex in male volunteers showed 
a large dose-dependent, more rapid recovery time from a 
rocuronium-induced neuromuscular blockade with sugam-
madex (0.1 to 8.0 mg/kg) as compared with placebo.136 
Administration of 8 mg/kg of sugammadex 3 minutes after a 
bolus dose of 0.6 mg/kg of rocuronium resulted in a recovery 
of the TOF ratio to 0.90 within 2 minutes compared with  
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52 minutes for placebo. Decreasing the dose of sugam-
madex to 4 mg/kg resulted in recovery of the TOF ratio to 
0.90 in less than 4 minutes.136 Similar recovery times were 
found in a study in which surgical patients received 0.6 mg/
kg rocuronium, followed by different doses of sugammadex 
or placebo administered at a TOF count of 2.139 Sugamma-
dex reduced the median recovery time in a dose-dependent 
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Figure 35-17. The dose-response relation of sugammadex dose and 
time to recovery of the T4/T1 ratio to 0.9 with rocuronium 0.6 mg/kg.  
(From Suy K, Morias K, Cammu G, et al: Effective reversal of moderate 
rocuronium- or vecuronium-induced neuromuscular block with sugamma-
dex, a selective relaxant binding agent, Anesthesiology 106:283-288, 
2007.)
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Figure 35-18. The dose-response relation of sugammadex dose 
and time to recovery of the T4/T1 ratio to 0.9 with vecuronium 
0.1 mg/kg. (From Suy K, Morias K, Cammu G, et al: Effective reversal 
of moderate rocuronium- or vecuronium-induced neuromuscular block 
with sugammadex, a selective relaxant binding agent, Anesthesiology 
106:283-288, 2007.)
manner from 21 minutes in the placebo group to 1.1 min-
utes in the group receiving 4.0 mg/kg of sugammadex.139 In 
another study, administration of sugammadex resulted in 
a more rapid and effective recovery from a rocuronium 
(0.6 mg/kg) or vecuronium (0.1 mg/kg) neuromuscular 
blockade.140 After a dose of 4.0 mg/kg of sugammadex, the 
mean recovery time to a TOF ratio of 0.90 was 1.1 minutes 
and 1.5 minutes after rocuronium and vecuronium, respec-
tively (Figs. 35-17 and 35-18).140 Reversal of neuromuscular 
blockade with larger doses of rocuronium (1.0 to 1.2 mg/
kg) by different doses of sugammadex (2.0 to 16.0 mg/kg) 
at different time points (3 to 15 minutes after rocuronium) 
showed a dose dependent, rapid, and effective reversal com-
pared with placebo.141-144

Whereas anticholinesterase drugs, such as neostig-
mine, are unable to reverse deeper levels of neuromus-
cular blockade (e.g., posttetanic count of 1 to 2) because 
of a ceiling effect, sugammadex is effective in reversing 
profound neuromuscular blockade.141,145 Optimal doses 
of sugammadex of 4.0 mg/kg produced prompt recovery 
of the TOF ratio to 0.90 within minutes (Table 35-7).140-145 
Therefore, reversal of moderate and profound rocuronium 
and vecuronium neuromuscular blockades can be reliably 
achieved by administration of sugammadex, provided a 
dose of 2.0 and 4.0 mg/kg, respectively, is used. Because 
neostigmine has neuromuscular effects when given alone, 
some spontaneous recovery of the TOF should be evident 
before it is given. In contrast, sugammadex has no neuro-
muscular effects when given alone. Accordingly, sugam-
madex can be given even if there is no response to TOF 
stimulation. Sugammadex allows a profound neuromus-
cular blockade to continue until the end of surgery.

In contrast to the anticholinesterase drugs (e.g., neo-
stigmine), intense neuromuscular blockade (no response 
to TOF and PTC stimulation) can be reversed by sugamma-
dex immediately after the administration of rocuronium. 
In a multicenter investigation, patients were randomized 
to receive 1.2 mg/kg of rocuronium followed 3 minutes 
later by 16 mg/kg of sugammadex or a dose of 1.0 mg/
kg of succinylcholine.146 The mean time to 90% recov-
ery of the first twitch (T1) from the start of sugammadex 
administration was 2.9 minutes and to a recovery of the 
TOF ratio to 0.90 was 2.2 minutes.146 In contrast, the 
spontaneous recovery time from a succinylcholine neuro-
muscular blockade to 90% recovery of T1 was 10.9 min-
utes. Thus, reversal of large doses of rocuronium with 16 
mg/kg sugammadex was significantly faster than spon-
taneous recovery from succinylcholine (Fig. 35-19).146 
TABLE 35-7 RECOVERY TIMES* OF REVERSAL OF A ROCURONIUM-INDUCED (1.2 mg/kg) NEUROMUSCULAR 
BLOCKADE WITH EITHER SUGAMMADEX OR PLACEBO (NaCl 0.9%) 

Placebo (n = 4)

Sugammadex

2.0 mg/kg  
(n = 5)

4.0 mg/kg  
(n = 5)

8.0 mg/kg  
(n = 12)

12.0 mg/kg  
(n = 7)

16.0 mg/kg  
(n = 7)

Mean (SD) 122.1 (18.1) 56.5 (5.4) 15.8 (17.8) 2.8 (0.6) 1.4 (0.3) 1.9 (2.2)
Median 126.1 55.3 12.3 2.5 1.3 1.3
Min-max 96.8-139.4 50.5-65.1 3.3-46.6 2.2-3.7 1.0-1.9 0.7-6.9

From de Boer HD, Driessen JJ, Marcus MA, et al: Reversal of a rocuronium-induced (1.2 mg/kg) profound neuromuscular block by sugammadex: a multicenter, 
dose-finding and safety study, Anesthesiology 107:239-244, 2007.

SD, Standard deviation.
*Recovery times (minutes) from the start of administration of sugammadex or placebo to recovery of the TOF ratio to 0.90.
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These findings were confirmed in a randomized trial that 
assessed how rapidly spontaneous ventilation could be 
reestablished after rapid sequence induction of anesthesia 
and intubation of the trachea, using either the combina-
tion of rocuronium (1.0 mg/kg)–sugammadex (16 mg/kg)  
or succinylcholine (1.0 mg/kg).147 The median time 
from tracheal intubation to spontaneous ventilation 
was 406 seconds with succinylcholine and 216 seconds 
with rocuronium-sugammadex (Table 35-8).147 These 
data demonstrated that sugammadex reversal of a large-
dose rocuronium neuromuscular blockade was not only 
significantly faster than spontaneous recovery from suc-
cinylcholine, but that spontaneous ventilation could be 
restored more rapidly (i.e., this dose can be used to replace 
succinylcholine for endotracheal intubation). In clinical 
practice and during an unexpected difficult airway (can-
not intubate, cannot ventilate scenario), a rocuronium 
neuromuscular blockade may be reversed by sugammadex 
immediately in order to restore spontaneous ventilation.

When sugammadex was compared with neostigmine or 
edrophonium, the time course of neuromuscular recovery 
was markedly different.148-150 In a clinical study, patients 
r 35: Reversal (Antagonism) of Neuromuscular Blockade 1017

received 0.6 mg/kg of rocuronium after which neuromus-
cular blockade was sustained with supplemental boluses 
of rocuronium given at the reappearance of the second 
twitch (second response to TOF stimulation or T2).148 Fif-
teen minutes after the last dose of rocuronium either 70 
μg/kg of neostigmine, 1 mg/kg of edrophonium, or 4.0 
mg/kg sugammadex was administered. The average time 
to achieve a TOF ratio of 0.90 was 10 times longer after the 
administration of neostigmine than it was after sugamma-
dex (1044 seconds versus 107 seconds) and 3 times longer 
after the administration of edrophonium (331 seconds). 
In another study by Blobner and associates, similar differ-
ences were found when comparing reversal of rocuronium 
at the reappearance of the second twitch in the TOF 
response using 2 mg/kg sugammadex versus neostigmine 
50 μg/kg.149 This was also confirmed in an investigation 
that assessed the efficacy of sugammadex versus neostig-
mine for reversal of profound rocuronium-induced neuro-
muscular blockade.150 More than 97% of patients reversed 
with sugammadex (4.0 mg/kg) at a PTC of 1 to 2 recov-
ered to a TOF ratio of 0.90 within 5 minutes. In contrast, 
73% of the patients administered neostigmine (70 μg/kg) 
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Figure 35-19. A, Recovery of T1 twitch height (blue tracings) and the train-of-four (TOF) ratio (red dots) after the administration of 1.2 mg/kg of 
rocuronium, followed 3 minutes later by 16 mg/kg of sugammadex, both given intravenously. Recovery to a first twitch height (T1) of 90% and 
a TOF ratio of 0.94 occurred 110 seconds later. The onset-offset time with this sequence (i.e., time from the end of the injection of rocuronium 
until T1 recovery to 90%) was 4 minutes, 47 seconds. B, Effects of administering 1.0 mg/kg of succinylcholine (Sch) with spontaneous recovery to 
a T1 recovery to 90% occurring after 9 minutes, 23 seconds. Black dashed line represents hand skin temperature (degrees Celcius).  (From Naguib 
M: Sugammadex: another milestone in clinical neuromuscular pharmacology, Anesth Analg 104:575-581, 2007.)
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TABLE 35-8 HOW RAPIDLY CAN SPONTANEOUS VENTILATION BE REESTABLISHED AFTER A RAPID  
SEQUENCE INDUCTION AND INTUBATION OF ANESTHESIA USING EITHER SUCCINYLCHOLINE- OR  
ROCURONIUM-SUGAMMADEX*

Succinylcholine (1 mg kg−1) 
(n = 26)

Rocuronium (1 mg kg−1) 
Sugammadex (16 mg kg−1)  
(n = 29) P-value

Time from start of procedure to 
tracheal intubation (sec)

330 (313-351) 324 (312-343) .45

Intubation conditions .13
 Excellent 20 (76%) 27 (93%)
 Good 6 (24%) 2 (7%)
 Poor 0 (0%) 0 (0%)
Intubation difficulty score .23
 ≤ 5 24 (92%) 28 (100%)
 > 5 2 (8%) 0 (0%)
Time from tracheal intubation to 

spontaneous ventilation (sec)
406 (313-507) 216 (132-425) .002

Time from tracheal intubation 
to T1 90% (sec)

518 (451-671) (n = 17) 168 (122-201) (n = 27) <.0001

Time from injection of NMBD to 
T1 90% (sec)

719 (575-787) (n = 17) 282 (242-319) (n = 27) <.0001

From Sørensen MK, Bretlau C, Gätke MR, et al: Rapid sequence induction and intubation with rocuronium-sugammadex compared with succinylcholine: a ran-
domized trial, Br J Anaesth 108:682-689, 2012.

*These data include tracheal intubation conditions, time to reappearance of spontaneous ventilation, and recovery of neuromuscular function from either  
succinylcholine or the combination of rocuronium-sugammadex.
recovered between 30 and 60 minutes after administra-
tion, with 23% requiring more than 60 minutes to recover 
to a TOF ratio of 0.90 (Fig. 35-20).

A randomized trial compared the efficacy of sugamma-
dex reversal of a rocuronium (0.6 mg/kg) neuromuscular 
blockade with that of neostigmine reversal of a cisatracu-
rium (0.15 mg/kg) neuromuscular blockade.151 Time from 
the start of administration of reversal agent sugammadex 
2.0 mg/kg or neostigmine 50 μg/kg) to recovery of the TOF 
ratio to 0.90 was 4.7 times faster with sugammadex than 
with neostigmine, 1.9 versus 9.0 minutes, respectively.

100

0 60 16020 40 10080

20

60

80

40

0

P
at

ie
nt

s 
(%

) 
ac

hi
ev

in
g 

a 
T

O
F

 r
at

io
 o

f 0
.9

0

Time (min)

Sugammadex
Neostigmine

140120

Figure 35-20. Time to recovery of the train-of-four ratio to 0.90 from 
profound rocuronium-induced neuromuscular blockade after adminis-
tration of sugammadex 4 mg/kg or neostigmine 70 μg/kg. (From Jones 
RK, Caldwell JE, Brull SJ, et al: Reversal of profound rocuronium-induced 
blockade with sugammadex: a randomized comparison with neostigmine, 
Anesthesiology 109:816-824, 2008.)
Unlike with neostigmine or edrophonium, the choice 
of anesthetic (e.g., propofol versus sevoflurane) does 
not influence the ability of sugammadex to reverse 
rocuronium-induced neuromuscular blockade.152,153 Pro-
vided that sugammadex is used in recommended dosages 
according to the level of neuromuscular blockade, a small 
risk exists of incomplete neuromuscular recovery or reoc-
currence of neuromuscular blockade following surgery.

CliniCal uSE of SugaMMaDEx in PEDiatriC anD olDEr 
aDult PatiEntS

pediatrics. The use of sugammadex in pediatric patients 
(also see Chapter 93) was examined in a study enrolling 
8 infants (28 days to 23 months), 24 children (2 to 11 
years), and 31 adolescents (12 to 17 years).154 Patients 
were anesthetized with propofol and opioids and received 
rocuronium 0.6 mg/kg. At the reappearance of T2 (second 
twitch), patients were given sugammadex 0.5, 1.0, 2.0 or 
4.0 mg/kg or placebo. Recovery time to a TOF ratio of 0.90 
decreased in a dose-dependent manner in all age groups. 
Residual neuromuscular blockade or recurarization was 
not observed, and no side effects were reported. In a 
more recent case report, sugammadex was used success-
fully in reversing a vecuronium-induced neuromuscular 
blockade in a 7-month-old infant.155 Another case report 
described a 2-year-old patient who received readministra-
tion of rocuronium for reoperation after an initial suc-
cessful reversal with sugammadex.156 Sugammadex can 
be used safely in children and adolescents (2 to 17 years 
old). Information on the use of sugammadex in pediatric 
patients less than 2 years old is still limited.

older adult patients. Reversal of neuromuscular blockade 
by sugammadex has been assessed in older patients (also 
see Chapter 80). One hundred and fifty patients were di-
vided into three groups; an adult group (18 to 64 years old),  
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TABLE 35-9 ROCURONIUM RECOVERY TIME (min) FROM THE ADMINISTRATION OF SUGAMMADEX (2 mg/kg 
AT APPEARANCE OF T2) UNTIL THE RECOVERY OF TRAIN-OF-FOUR RATIOS AS INDICATED IN PATIENTS WITH 
AND WITHOUT RENAL FAILURE

Patient Group

CLCR <30 mL min−1 (n = 15) CLCR ≥80 mL min−1 (n = 14)* ANOVA

Recovery to TOF ratio 0.7, mean (SD) 1.45 (0.47) 1.17 (0.38) NS
Recovery to TOF ratio 0.8, mean (SD) 1.60 (0.57) 1.32 (0.45) NS
Recovery to TOF ratio 0.9, mean (SD) 2.00 (0.72) 1.65 (0.63) NS

From Staals LM, Snoeck MM, Driessen JJ, et al: Multicenter, parallel-group, comparative trial evaluating the efficacy and safety of sugammadex in patients with 
end-stage renal failure or normal renal function, Br J Anaesth 101:492-497, 2008.

ANOVA, Analysis of variance; CLCR, total plasma creatinine clearance; NS, not significant; SD, standard deviation.
*One patient was excluded from the control group (normal renal function) because of unreliable TOF traces.
an older adult group (65 to 75 years old), and an oldest 
adult group (75 years or older).157 Patients received an 
intubating dose of rocuronium 0.6 mg/kg with mainte-
nance doses of 0.15 mg/kg as required. Sugammadex 2.0 
mg/kg was administered after the last dose of rocuroni-
um at the reappearance of T2. Recovery of neuromuscu-
lar blockade by sugammadex was slightly (0.7 minutes) 
faster in patients younger than 65 years of age. In gen-
eral, a prolonged circulation time secondary to a reduced 
cardiac output in older patients was anticipated to result 
in a longer recovery time from neuromuscular blockade 
after administration of sugammadex.158,159 However, 
based on these results, no dose adjustments are needed 
in older patients.157

CliniCal uSE of SugaMMaDEx in SPECial PatiEnt 
 PoPulationS

cardiac disease. Studies evaluating the safety and efficacy 
of sugammadex in patients with underlying cardiovas-
cular disease have not demonstrated an effect of sugam-
madex on electrocardiogram (no indication of a possible 
prolongation effect on the QTc interval).160,161 A study 
designed to evaluate the effects of sugammadex on QTc 
prolongation in healthy subjects (in doses up to 32 mg/
kg, alone or in combination with rocuronium or vecuro-
nium) revealed that the administration of sugammadex 
was not associated with QTc prolongation.161 In a case 
report of a patient with long QT syndrome, a vecuronium 
neuromuscular blockade was reversed with sugammadex 
2 mg/kg without adversely affecting the QT interval.162 
Based on current data, sugammadex reversal is not associ-
ated with cardiovascular side effects in healthy patients 
or in those with cardiovascular comorbidities (also see 
“Complications Associated With Inhibitors of Acetylcho-
linesterase”).

pulmonary disease. Patients with a history of pulmo-
nary disease have an increased risk of postoperative pul-
monary complications such as pneumonia, respiratory 
failure, and exacerbation of the underlying pulmonary 
disease.163 Sugammadex has been studied in patients 
with pulmonary disease.163 Seventy-seven surgical pa-
tients with a diagnosis or known history of pulmonary 
disorders received sugammadex in doses up to 4 mg/kg 
in order to reverse a rocuronium neuromuscular block-
ade. As in other adult patient groups, reversal of a rocu-
ronium-induced neuromuscular blockade was rapid,  
and there were no signs of residual neuromuscular 
blockade or recurarization.164 Of the 77 patients treated 
with su gammadex, 2 patients developed bronchospasm, 
1 minute and 55 minutes respectively, after the admini-
stration of sugammadex. Both patients were asthmatic, 
and there was no evidence that these symptoms were 
related to sugammadex. In other subsets of high-risk 
pulmonary patients (cystic fibrosis and end-stage lung 
disease), the successful use of sugammadex has been 
reported.165 Reversal of a neuromuscular blockade with 
sugammadex has potential advantages compared with 
anticholinesterase drugs (e.g., neostigmine) in patients 
with pulmonary disease, because sugammadex lacks in-
teractions with the muscarinic cholinergic system, and 
there is no need for coadministration of anticholinergic 
compounds (also see “Complications Associated With 
Inhibitors of Acetylcholinesterase”).

renal Failure. The use of sugammadex to reverse 
rocuronium neuromuscular blockade was investigated 
in 15 patients with severe renal impairment (creatinine 
clearance <30 mL/min) and compared with 15 patients 
with normal renal function (creatinine clearance >80 
mL/min).166 Sugammadex 2 mg/kg was administered 
at the reappearance of T2. There were no differences 
between groups in the recovery profile or the incidence 
of residual blockade after sugammadex (Table 35-9). 
Because complete elimination of the sugammadex-
rocuronium complex remains poorly understood in 
renal impairment, sugammadex is at present not rec-
ommended for use in patients with severe renal fail-
ure. However, it can be used in patients with mild or 
moderate renal dysfunction.166 Theoretically, because 
of the molecular mass of the rocuronium/vecuronium- 
sugammadex complex, it is possible to decrease the 
plasma levels of this complex by dialysis. Hemodialysis 
using a high-flux dialysis method has been demon-
strated to be effective in removing sugammadex and 
the sugammadex-rocuronium complex in patients with 
severe renal impairment.138

hepatoBiliary disease. Sugammadex has not been studied 
in animal models or in patients with hepatic impairment. 
However, it is known that the biliary route of excretion 
becomes unavailable for either sugammadex or the rocu-
ronium/vecuronium-sugammadex complex, because the 
large size of this complex prohibits such excretion.167 A 
population pharmacokinetic/pharmacodynamic (PK-PD) 
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model was used to simulate the scenario of an immediate 
reversal and reversal of a profound rocuronium-induced 
neuromuscular blockade in patients with hepatic impair-
ment.167 Under such study conditions, hepatic impairment 
had little effect on the reversal time when sugammadex (16 
mg/kg) was administered 3 minutes after rocuronium (1.2 
mg/kg). However, in other scenarios (sugammadex 2 mg/kg  
at reappearance of T2 and 4 mg/kg after 15 minutes), 
recovery from a rocuronium-induced (1.2 mg/kg) neuro-
muscular blockade was predicted to be longer than that 
seen in healthy patients.167 In patients with hepatobiliary 
disease, the recovery of neuromuscular function after su-
gammadex administration will likely be faster than reversal 
with anti cholinesterase drugs (but not be as rapid as patients 
without hepatobiliary disease). The explanation of the 
slower reversal is not yet fully understood and needs to be 
investigated in clinical studies. Based on limited available 
data, sugammadex should be used with caution in patients 
with hepatobiliary disease.

oBesity. Patients with obesity, particularly morbid 
obesity (body mass index [BMI] > 40 kg/m2), are at risk 
for cardiovascular and respiratory complications peri-
operatively (also see Chapter 71).168 These patients are 
susceptible to critical respiratory events in the postopera-
tive period, including hypoventilation, hypoxia, airway 
obstruction, and acute respiratory failure.38,67 The pres-
ence of postoperative residual neuromuscular blockade 
may further increase the risk for postoperative complica-
tions in these patients by producing impairment of the in-
tegrity of the upper airway and upper airway collapse.33,34 
Therefore, a rapid and complete reversal of neuromuscular 
blockade must be achieved before tracheal extubation is 
attempted. In this setting, sugammadex may have a more 
favorable recovery profile than traditional anticholinest-
erase drugs because it provides a more reliable recovery 
of neuromuscular functions and a less frequent risk of 
incomplete neuromuscular recovery.168 A key issue is 
determining the appropriate dose of sugammadex to ad-
minister in a morbidly obese patient that is sufficient to 
capture remaining NMBD molecules. Whereas the dos-
ing of NMBDs in obese patients should be based on lean/
ideal body weight (because these drugs are hydrophilic 
and their volume of distribution is minimally affected by 
obesity), the dosing of sugammadex in obese patients is 
currently under debate. In order to ensure complete neu-
romuscular recovery, the dose of sugammadex must be 
sufficient to affect the gradient between the peripheral 
and central compartments and effectively encapsulate all 
rocuronium molecules. An inadequate dose of sugamma-
dex may be incapable of sustaining this redistribution of 
rocuronium and lead to reoccurrence of the neuromuscular 
blockade.

The current product monograph recommends calculat-
ing the sugammadex dose based on the patient’s actual 
body weight. However, because the low volume of distri-
bution at steady state (estimated at 0.16 L/kg) restricts dis-
tribution to the intravascular space, it might be relevant 
to determine the dose of sugammadex based on the lean/
ideal body weight and not on the actual body weight.166 
Several studies have investigated the dosage of sugamma-
dex based on lean or variations on the lean/ideal body 
weight.169-172 In one investigation, a sugammadex dose 
of 4 mg/kg based on a lean/ideal body weight calculation 
was administered to morbidly obese patients during a pro-
found rocuronium neuromuscular blockade.171 Approxi-
mately 40% of these patients were inadequately reversed 
with a lean/ideal body weight–based dose of sugammadex. 
In these patients, an additional dose of sugammadex 2 
mg/kg based on lean/ideal body weight was required to 
achieve a TOF ratio 0.90. The conclusion of the authors 
was that a sugammadex dose calculated according to lean/
ideal body weight was insufficient for reversing both pro-
found and moderate blockade in a considerable number of 
morbidly obese patients.171

In another study in morbidly obese patients, inves-
tigators examined reversal of a moderate level of a 
rocuronium neuromuscular blockade (at T1-T2) using 
a dose of sugammadex of 2.0 mg/kg.170 Four different 
weight corrections were used: lean/ideal body weight, 
lean/ideal body weight +20%, lean/ideal body weight 
+40%, and actual body weight. This study demonstrated 
that a moderate rocuronium neuromuscular blockade 
could be effectively reversed with sugammadex 2.0 mg/
kg using the calculation lean/ideal body weight +40%.170 
However, longer and great interindividual variability of 
recovery times occur when dosing is based on lean/ideal 
body weight compared with dosing based on actual body 
weight.170,171 Additionally, reoccurrence of neuromuscu-
lar blockade after suboptimal dosing of sugammadex has 
been reported in a morbidly obese patient.172 Therefore, 
the dosing of sugammadex in obese patients is still under 
debate. Until more data are available, the dose of sugam-
madex should be based on the actual body weight.

cesarean section and pregnant patients. Induction of 
general anesthesia in late pregnancy and for patients un-
dergoing cesarean section typically involves a rapid se-
quence induction of anesthesia with either thiopental or 
propofol and a rapid-onset neuromuscular blocking drug 
(also see Chapter 77). For decades, succinylcholine has 
been the prototypic NMBD used in these procedures to 
produce optimal endotracheal intubation conditions.173 
Rocuronium is an acceptable alternative to succinylcho-
line in rapid sequence induction of anesthesia proce-
dures; rocuronium in doses larger than 1.0 mg/kg not 
only provides onset of action within 60 seconds, but also 
identical intubation conditions compared with succinyl-
choline.174 However, the duration of action of rocuroni-
um in dosages of 1.0 mg/kg or greater will result in a pro-
found neuromuscular blockade of long duration (often 
more than 2 hours). Furthermore, the risk of failed intu-
bation in the obstetric population is at least eight times 
higher compared with nonpregnant females.175 In case 
of a failed endotracheal intubation scenario or a “cannot 
intubate, cannot ventilate” situation, rocuronium, even 
in dosages up to 1.2 mg/kg, can be immediately reversed 
with sugammadex 16 mg/kg.146

Preclinical animal data demonstrated that utero- 
placental transfer of sugammadex is very small (<2% to 
6%). Sugammadex does not have negative effects on 
pregnancy or on embryonic, fetal, or postnatal develop-
ment.173,176,177 Although no data are available about the 
excretion of sugammadex in human breast milk, excre-
tion in breast milk is likely minimal, with insignificant 
clinical impact because oral absorption of cyclodextrins 
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in general is small. Therefore, sugammadex can be used in 
breastfeeding females. In two case series examining obstet-
ric patients who received rocuronium and sugammadex  
(7 and 18 patients), no side effects were observed.176,177 
The efficacy and safety of sugammadex in obstetric anes-
thesia has not been determined; yet serious adverse events 
for the mother or the neonate have not been reported 
after sugammadex.

neuromuscular disorders. Neuromuscular disorders 
are frequently associated with an increased incidence 
of perioperative respiratory complications due to mus-
cle weakness.178,179 In these patient groups, administra-
tion of succinylcholine is often contraindicated and 
associated with potential life-threatening side effects. 
The use of nondepolarizing NMBDs can on occasion 
be associated with prolonged spontaneous neuromus-
cular recovery, even after a single dose. Consequently, 
these patients have an increased risk for postoperative 
muscle weakness of multifactorial origin, one being re-
sidual neuromuscular blockade.178,179 Prompt recovery 
of neuromuscular function is essential in order to op-
timize patient safety and reduce the risk of pulmonary 
complications. However, reversal with anticholinest-
erase (e.g., neostigmine), especially in neuromuscular 
disorders, can be associated with postoperative compli-
cations.179

Multiple case reports describe the use of sugammadex 
in patients with various neuromuscular disorders such 
as myasthenia gravis, myotonic dystrophy, and spinal 
muscular atrophy (Fig. 35-21).180-184 In general, dosing 
regimens for sugammadex were consistent with recom-
mended doses adjusted to actual body weight and based 
on the level of neuromuscular blockade at the time of 
reversal. Sugammadex administration resulted in prompt 
reversal of neuromuscular blockade with a similar recov-
ery profile as observed in normal patients. Although no 
studies have been performed in patients with neuromus-
cular disorders, the reported cases indicate that sugamma-
dex should be considered as an alternative reversal drug 
(e.g., instead of neostigmine) in this patient population. 
These observations need to be confirmed in a larger series 
of patient studies.

Side Effects and Drug Interactions
Sugammadex is contraindicated in patients with known 
hypersensitivity to the drug. The potential for hypersen-
sitivity is currently under investigation. At the time this 
chapter was written, sugammadex had been approved 
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in many countries in the world, but not in the United 
States or Canada. Hypersensitivity was the major con-
cern; however, this is difficult to study because hyper-
sensitivity reactions occur rarely. Other reported side 
effects include coughing, movement, parosmia (abnor-
mal sense of smell), and elevated levels of N-acetyl-glu-
cosaminidase in the urine.167 Coughing and movement 
after the administration of sugammadex may have been 
due to the unmasking of inadequate anesthesia rather 
than a direct side effect of sugammadex. These observa-
tions recall the old saying that patients are often “ade-
quately paralyzed, but not anesthetized.” This concern 
has existed for decades, well before the introduction 
of sugammadex. Cyclodextrins, such as sugammadex, 
are well known for their ability to form inclusion com-
plexes with other compounds. Sugammadex forms a 
very tight complex with rocuronium or vecuronium in 
a 1:1 molecular ratio; however, because of its mecha-
nism of action, it is possible that other relevant drug 
interactions may occur.185 Theoretically, two important 
drug interactions can take place. First, sugammadex is 
capable of encapsulating endogenous or pharmaceutical 
molecules other than steroidal neuromuscular blocking 
drugs, resulting in reduced efficacy of the encapsulated 
molecules. However, the ability to form complexes 
with steroidal or nonsteroidal molecules such as cor-
tisone, atropine, and verapamil is clinically insignifi-
cant, because the affinity for sugammadex is 120 to 700 
times less than that of rocuronium.185 In preclinical 
studies, an interaction of sugammadex with other ste-
roidal compounds could be excluded up to a dose of 
sugammadex of 500 mg/kg/day.186 Second, if the affin-
ity of sugammadex for another molecule is very high, 
this molecule may displace rocuronium or vecuronium 
from the complex with sugammadex, resulting in reoc-
currence of neuromuscular blockade. Both drug interac-
tions may have potential clinical safety implications.185 
A modeling approach has been developed to evaluate 
300 compounds (including the most commonly used 
drugs in the perioperative period) for possible displace-
ment interactions with sugammadex.185 In this screen-
ing, three compounds were identified as having possible 
displacement interactions: toremifene, fusidic acid, and 
flucloxacillin.185 However, no clinically relevant reoc-
currence of neuromuscular blockade was identified 
when sugammadex was used in combination with these 
drugs.185 A clinical study reported that flucloxacillin did 
not cause reoccurrence of neuromuscular blockade after 
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Figure 35-21. Original tracing of sugammadex reversal in a patient with myasthenia gravis. The time to spontaneous recovery from the first profound 
rocuronium-induced neuromuscular blockade to a TOF ratio was 36.5 minutes. The time from the start of the administration of sugammadex 4.0 mg/kg 
after the second dose of rocuronium to the recovery of the TOF ratio to 0.90 was 2.7 minutes. Blue tracing represent T1 recovery while red dots represent 
TOF ratio recovery. Black dashed line indicates hand skin temperature (degrees Celcius). (From de Boer HD, van Egmond J, Driessen JJ, et al: A new approach 
to anesthesia management in myasthenia gravis: reversal of neuromuscular blockade by sugammadex, Rev Esp Anesthesiol Reanim 57: 81-84, 2010.)
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reversal with sugammadex; no clinically important dis-
placement interaction was observed.187

Special Considerations
rEintuBation of thE traChEa AftEr initial rEvErSal of 
nEuroMuSCular BloCkaDE With SugaMMaDEx. Patients 
receiving sugammadex before extubation of the trachea who 
need reintubation require special consideration because the 
remaining circulating sugammadex molecules may poten-
tially interfere with readministration of rocuronium or 
vecuronium. In this setting, two alternate strategies can 
reestablish a neuromuscular blockade. Within 24 hours of 
sugammadex administration, it is currently recommended 
that a nonsteroidal NMBD be used instead of rocuronium 
or vecuronium. This conservative approach is based on the 
maximum clearance time for sugammadex. However, pre-
clinical and clinical studies have shown that it is possible to 
safely reestablish neuromuscular blockade with rocuronium 
earlier than 24 hours.188 A modeling-based study in healthy 
volunteers revealed that high-dose rocuronium given 5 to 
60 minutes after sugammadex reversal produced a com-
plete neuromuscular blockade (T1 = 0%).189 Rocuronium  
(1.2 mg/kg) administrated 5 minutes after sugammadex 
reversal produced a rapid onset of neuromuscular blockade 
(T1 = 0%), with a mean onset time of approximately 3 min-
utes. Thirty minutes after administration of sugammadex, an 
onset time of 1.5 minutes can be achieved with rocuronium 
(1.2 mg/kg). Hence an inverse relationship exists between 
the onset time and the time interval between sugammadex 
and the repeat dose of rocuronium, and a direct relationship 
exists between the duration of neuromuscular blockade and 
the time interval between sugammadex and the repeat dose 
of rocuronium.

Based on dose calculations using a model in which the 
equilibrium is described in the common volume of distri-
bution of rocuronium and sugammadex, even a second 
reversal is possible using sugammadex with large doses 
between 8 and 20 mg/kg.188

inCoMPlEtE rEvErSal of nEuroMuSCular BloCkaDE. 
Although sugammadex encapsulates rocuronium and 
vecuronium to form a rigid complex, case reports have 
described incomplete reversal of neuromuscular block-
ade.141,190 In a dose-finding study, a case was described 
in which a temporary decrease in the TOF response was 
observed in a healthy patient after reversal with 0.5 mg/
kg sugammadex.190 The TOF ratio initially reached 0.70 
before decreasing to 0.30 and then gradually increasing 
to 0.90 (Fig. 35-22). The authors hypothesized that the 
decrease in TOF ratio occurred because of redistribution of 
unbound rocuronium from the peripheral compartments, 
with insufficient sugammadex available for additional 
encapsulation of rocuronium. Similarly, incomplete rever-
sal was reported in two healthy patients given suboptimal  
doses of sugammadex (0.5 mg/kg) during profound 
rocuronium-induced neuromuscular blockade.141 There-
fore, the recommended dose adjusted to the depth of 
neuromuscular blockade should be administered.

fEMalE PatiEntS. Sugammadex may interact with hor-
monal contraceptive drugs. Possible capturing interac-
tions, whereby unwanted encapsulation of a third drug 
by sugammadex reduces its clinical efficacy, have been 
investigated. In pharmacokinetic-pharmacodynamic sim-
ulations, it was predicted that 34% of (free) etonogestrel 
might be captured by 4 mg/kg sugammadex under very 
conservative modeling assumption conditions.186 The 
interaction with this bolus dose of sugammadex resulted 
in a decrease in etonogestrel exposure, which was sim-
ilar to the decrease seen after one missed daily dose of 
an oral contraceptive. Patients using hormonal contra-
ceptives should be informed about the possible reduced 
effectiveness of hormonal contraceptive drugs after the 
administration of sugammadex. The use of an additional 
nonhormonal contraceptive method for the next 7 days 
should be considered in this patient population.

ElECtroConvulSivE thEraPy. Electroconvulsive therapy is 
the transcutaneous application of small electrical stimuli 
to the brain for treatment of selected psychiatric disorders 
like major depression. The tonic-clonic convulsions associ-
ated with electroconvulsive therapy can result in injuries 
such as limb fractures and compression fractures of ver-
tebral bodies. The introduction of anesthesia, especially 
neuromuscular blockade, can mitigate tonic-clonic motor 
activity and reduce the physiologic trauma associated with 
uncontrolled tetanic muscle contractions.191 Succinylcho-
line is commonly used as a neuromuscular blocking drug 
in these patients, and its use is associated with well-known 
unwanted side effects.191 Rocuronium has similar efficacy 
as succinylcholine in electroconvulsive therapy, making it 
an appropriate alternative to succinylcholine.192 However, 
the increased doses of rocuronium required to decrease 
the onset time are associated with a prolonged duration 
of neuromuscular blockade. Several reports have evaluated 
the use of sugammadex in electroconvulsive therapy. These 
investigations demonstrated that sugammadex produced 
a complete and rapid reversal of neuromuscular blockade 
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Figure 35-22. The train-of-four data (dots) and the results of simu-
lations (solid lines) of various sugammadex dosing amounts. Muscle 
relaxation rebound only occurs for sugammadex doses in a limited 
range. The simulations indicate that for this patient, doses larger than 
about 1 mg/kg are sufficient to achieve rapid muscle relaxation rever-
sal and avoid muscle relaxation rebound. (From Eleveld DJ, Kuizenga K, 
Proost JH, et al: A temporary decrease in twitch response during reversal of 
rocuronium-induced muscle relaxation with a small dose of sugammadex, 
Anesth Analg 104:582-584, 2007.)
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induced by rocuronium, without signs of residual blockade 
or other safety concerns.192-195 Therefore, the combination 
of rocuronium and sugammadex may be an alternative to 
succinylcholine for electroconvulsive therapy. However, 
the required dose of sugammadex in this clinical situation 
is not well established.

Historically, an important strategy in anesthesia has 
been to ensure that neuromuscular blockade is sufficiently 
recovered to achieve adequate antagonism by neostig-
mine. Having an intense neuromuscular blockade at the 
end of surgery would more likely result in residual block-
ade. With the availability of sugammadex, a profound, 
or deep, neuromuscular blockade has been recommended 
for the entire duration of laparoscopy. A profound neu-
romuscular blockade increases surgical space with smaller 
pressures for the pneumoperitoneum.196 It is even possible 
that reducing insufflation pressures may improve patient 
outcomes.196 Furthermore, Staehr-Rye and associates197 
have postulated that a deep or profound neuromuscular 
blockade is associated with more optimal surgical condi-
tions, which leads to less postoperative pain and nausea 
and vomiting. Sugammadex, at doses of 2 to 8 mg/kg, was 
given to reverse the blockade when the TOF ratio was less 
than 0.90.

In Japan, the use of sugammadex is widespread, and 
Japanese anesthesiologists have one of the largest clinical 
experiences with sugammadex in the world. A recently 
published report describes the clinical experience in Japan 
and provides a look at the role of sugammadex in clinical 
practice.198 Notably, although neuromuscular blockade 
was not routinely monitored intraoperatively, the TOF 
ratio was determined after tracheal extubation. A total 
of 249 patients were studied in three separate groups: 
patients with spontaneous recovery (n = 23) were com-
pared with patients being reversed with either neostigmine  
(n = 109) or sugammadex 2.7 mg/kg (n = 117). Although 
the sugammadex group had the least frequent incidence 
of residual neuromuscular blockade, all three groups had 
a surprisingly frequent incidence of residual neuromuscu-
lar blockade.198

A scholarly editorial written by Naguib and associ-
ates199 placed prime emphasis on the dose of sugam-
madex used for reversal in combination with the lack of 
neuromuscular monitoring. Although proper monitoring 
is strongly advisable, an adequate dose of sugammadex is 
under current debate. Although the reversal effect of neo-
stigmine is not improved by increasing the dose above 
the recommended dose interval, there are strong reasons 
to believe that sugammadex in doses larger than 2.7 mg/
kg would be more effective for reversal. Others argue that 
a dose of sugammadex larger than 2.0 mg/kg would not 
be necessary if proper monitoring were used. Of course, 
another possibility exists. It would seem that a larger dose 
of sugammadex plus neuromuscular monitoring would 
be ideal.

In conclusion, sugammadex is an innovative addi-
tion to the armamentarium of reversal of neuromuscular 
blockade options. Although the expense of sugammadex 
continues to be an important factor that may limit its 
use, many institutions currently use sugammadex for 
routine reversal of neuromuscular blockade. We specu-
late whether, in the future, larger doses of sugammadex 
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will likely be used and whether routine neuromuscular 
monitoring will finally be mandatory in anesthetic prac-
tice among countries worldwide.

CYSTEINE REVERSAL OF FUMARATE 
NEUROMUSCULAR BLOCKING DRUGS

A new class of nondepolarizing NMBDs called fumarates 
has been recently developed. These NMBDs are olefinic 
(double-bonded) isoquinolinium diester compounds 
that differ from symmetric benzylisoquinolines such as 
mivacurium in their unique method of inactivation. The 
developed drugs (gantacurium [GW280430A, AV430A], 
CW002, and CW011) bind to l-cysteine to form less 
active degradation products (Fig. 35-23). The administra-
tion of l-cysteine can rapidly inactivate fumarate com-
pounds and reverse neuromuscular blockade.

Gantacurium is an asymmetric α-chlorofumarate that 
was developed to be a replacement for succinylcholine.200 
Gantacurium has a rapid onset and short duration of effect. 
The brief duration of gantacurium is primarily due to rapid 
reaction and subsequent inactivation of the drug with free 
cysteine in the plasma. The process of adduction of cyste-
ine to gantacurium occurs at the central fumarate double 
bond. The adduction changes the stereochemistry of ganta-
curium so that it can no longer bind to the nAChR at the 
neuromuscular junction. Degradation also occurs through 
a slower secondary route (pH-sensitive ester hydrolysis) that 
yields two products without neuromuscular blocking prop-
erties.200,201 CW 002 (a symmetrical fumarate) and CW 011 
(an asymmetric maleate) are investigational NMBDs with 
no halogen (chlorine) substitution at the central double-
bonded carbons. The absence of chlorine results in a slower 
adduction with cysteine; the inactivation of CW 002 and 
CW 011 is slower than gantacurium, resulting in a duration 
of action consistent with an intermediate-acting NMBD.

Cysteine is a nonessential endogenous amino acid 
derived from one molecule of serine and one molecule 
of methionine. It is composed of l- and d-enantiomers. 
l-cysteine is a normal building block of protein and is a 
conditionally essential amino acid in infants.202 Several 
therapeutic applications of cysteine in medicine are com-
mon. It is often added to total parenteral nutrition solu-
tions for pediatric patients in doses of approximately 80 
mg/kg/day. An acetylated derivative of cysteine (N-acetyl 
l-cysteine) is approved for use in the treatment of acute 
acetaminophen toxicity. In the doses used clinically for 
these applications, there does not appear to be obvious 
toxicity. l-cysteine has also been studied for reversal of 
the neuromuscular blockade for fumarate NMBDs. Sev-
eral laboratory investigations have attempted to define 
the l-cysteine dose necessary to effectively reverse ganta-
curium, CW 002, and CW 011 neuromuscular blockade.

The first of the fumarate NMBDs studied was ganta-
curium. In monkeys, the total duration of action was 
one half to one third that of mivacurium at equipotent 
doses; at three times the ED95 doses, the time until 95% 
twitch recovery was 8.5 ± 0.5 minutes versus 22.0 ± 2.6 
minutes, respectively.201 The administration of edropho-
nium 0.5 mg/kg accelerated the recovery of blockade. In 
a human volunteer trial, the time from administration of 
0.40 mg/kg of gantacurium (2 × ED95) until a TOF ratio 
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0.90 or greater was achieved was studied during sponta-
neous recovery or reversal with edrophonium 0.5 mg/
kg.203 Mean recovery time was significantly more rapid 
in the reversal group (3.8 minutes) compared with the 
spontaneous recovery group (14.3 minutes). The reversal 
of gantacurium with cysteine was investigated in mon-
keys.202 A bolus of l-cysteine (10 mg/kg) given 1 minute 
after gantacurium reduced duration from 10.4 ± 3.1 min-
utes (spontaneous recovery) to 3.0 ± 1.0 minutes (P < .001). 
Antagonism of gantacurium was significantly faster at 1 
minute with l-cysteine than edrophonium. These stud-
ies suggest that although gantacurium is a short-acting 
NMBD, recovery can be further enhanced by the admin-
istration of l-cysteine.

In contrast to gantacurium, CW 002 and CW 011 have 
a duration of action between a short-acting and interme-
diate-acting NMBD. In monkeys given four to five times 
the ED95 of CW 002 and CW 011, the duration of blockade 
was three times longer than gantacurium (28.1 and 33.3 
minutes versus 10.4 minutes), but only half the duration 
of cisatracurium.202 The administration of neostigmine 1 
minute after CW 002 did not accelerate neuromuscular 
recovery. Immediate reversal of CW 002 with cysteine (50 
mg/kg), however, was highly effective in antagonizing 
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neuromuscular blockade (95% of baseline twitch height 
within 2.2 ± 0.3 minutes and to a TOF ratio of 100% 1 
to 2 minutes later)202 (Fig. 35-24). Similar findings were 
observed with CW 011 using this model. Larger doses of 
l-cysteine were needed to optimally reverse CW 002 and 
CW 011 (50 mg/kg) compared with gantacurium (10 mg/
kg); this is likely related to the slower rate of adduction 
of l-cysteine to these compounds, as well as the greater 
potency of CW 002 and CW 011. l-Cysteine reversal of 
CW 002 has also been investigated in a dog model given 
a dose of 9 × ED95.204 l-Cysteine (50 mg/kg) reduced the 
median duration of blockade from 70 minutes (spontane-
ous recovery) to less than 5 minutes. Doses of up to 200 
mg/kg produced minimal hemodynamic changes and 
resulted in no anatomic, biochemical, or histologic evi-
dence of organ toxicity.

In summary, fumarates are a new class of NMBDs that 
are inactivated primarily via adduction of cysteine to the 
double bond of the compounds, resulting in breakdown 
products that do not bind to the neuromuscular junction. 
Initial laboratory studies have shown that the administra-
tion of exogenous l-cysteine results in complete reversal 
of deep neuromuscular blockade within 2 to 3 minutes. 
These studies suggest that chemical antagonism of fuma-
rate NMBDs will allow clinicians to rapidly and com-
pletely antagonize neuromuscular blockade, even when 
large doses of an NMBD have been recently administered. 
Early clinical trials in human volunteers have examined 
the pharmacology of gantacurium, and investigations of 
CW 002 in volunteers are currently ongoing. The opti-
mal dose of l-cysteine is 50 mg/kg in an animal model. 
The dosing of l-cysteine needed to reverse the effects 
of gantacurium, CW 002, and CW 011 in humans has 
not been established. Additional investigations are also 
needed to determine whether large doses of cysteine pro-
duce adverse effects in humans. If future studies are con-
sistent with these early findings, fumarate NMBDs may 
allow clinicians to maintain profound neuromuscular 
blockade throughout the surgical procedure with little 
risk of postoperative residual paralysis.
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